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Abstract 

Optochemical Approaches for Controlling Protein Dimerization and Protein Function 

 

Taylor Marie Courtney, PhD 

 

University of Pittsburgh, 2020 

 

 

 

 

Light activation of small molecules, peptides, and proteins is a useful tool for the precise, 

spatiotemporal control of various biological processes. The incorporation of light-responsive 

amino acids into proteins in cells and organisms with an expanded genetic code has enabled the 

precise activation/deactivation of numerous, diverse proteins, such as kinases, nucleases, 

proteases, and polymerases. Herein, I describe my contributions toward: (1) the application of 

genetically encoded, photo-activatable cysteine and lysine derivatives for improved understanding 

of the Ras/Raf/MEK/ERK pathway (specifically, using the dual-specificity phosphatase, MKP3) 

in mammalian cells, (2) the development of a site-specific light-induced oxidation approach for 

targeted protein inactivation, and (3) development and application of new, photoswitchable amino 

acids for future use in controlling metal complex formation. 

In addition to the regulation of protein function using light-controlled amino acids, I have 

contributed to the development of photo-controlled small molecules for manipulating protein 

dimerization.  Rapamycin is a small molecule which dimerizes two proteins, FKBP and FRB, and 

has been applied for the conditional control of protein-protein interactions. To provide additional 

levels of control, three different approaches were developed and applied in this thesis: (1) red-

shifted caged rapamycin analogs for light-activation of dimerization, (2) ROS-generating analogs 

for light-inactivation of the ternary complex, and (3) photoswitchable analogs which undergo a 

configurational change to allow for preferential ternary complex of one isomer over another. The 



 v 

development of these various optically controlled dimerizers expands the range of tools available 

to chemical biologists for conditional control of protein dimerization. 
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1.0 Introduction to Optical Control and Genetic Code Expansion 

This chapter was reprinted in part from: Courtney, T.; Deiters, A. Curr. Opin. Chem. Biol. 

2018, 46, 99-107 and Courtney, T.; Deiters, A. Cell Chem. Biol. 2019, 26, 1481-1483. 

1.1 Introduction to Genetic Code Expansion 

Proteins are required for all cellular processes and participate in a wide range of cellular 

functions such as signal transduction, cellular structure, enzymatic catalysis, and many others. 

Nature utilizes 20 canonical amino acid building blocks that are genetically encoded by 64 triplet 

codons. Deoxyribonucleic acid (DNA) is transcribed into messenger ribonucleic acid (mRNA), 

which is the template used for protein synthesis in the cell through the process of translation. 

Translation requires several components to generate a full-length, functional protein. Protein 

synthesis occurs in ribosomes located in the cytoplasm of the cell. The mRNA template, which 

codes for specific amino acids, binds to the ribosome to initiate translation. Transfer RNAs 

(tRNAs) are aminoacylated (“charged”) by amino-acyl tRNA synthetases and carry the amino 

acids to the ribosome. The mRNA sequence is read in three-base sequences known as codons, 

which base pair with the anticodon loop of the charged tRNA to incorporate a specific amino acid 

into the growing polypeptide chain. Upon reaching one of three codon sequences (UAG, UGA, or 

UAA), a release factor is recruited to the ribosomal machinery to terminate translation. 

While these natural 20 amino acids provide a diverse set of proteins that can be synthesized, 

nature requires additional modifications beyond the 20 amino acids. The endogenous chemical 
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functionality of amino acids is limited to alcohols, thiols, amines, aromatics, acids/bases, and 

hydrophobic groups. To date, more than 25 unique post-translational modifications have been 

identified in prokaryotes and eukaryotes combined, including, in order from most to least frequent: 

phosphorylation, acetylation, N-linked glycosylation, amidation, hydroxylation, methylation, O-

linked glycosylation, and ubiquitylation, to name just a few.1 This indicates the need for more 

diversity than the 20 amino acids alone. In certain prokaryotes and archaea, it was found that 

selenocysteine (21st amino acid) or pyrrolysine (22nd amino acid) are incorporated using the UGA 

or UAG codon, respectively.2-3 The discovery of pyrrolysine incorporation into the UAG amber 

codon paved the way for the development of some UAA mutagenesis machinery components that 

are widely utilized today.4-5 

Wang and Schultz demonstrated that an engineered M. jannaschii tyrosyl-tRNA/synthetase 

pair could be used to suppress translational termination at the UAG stop codon by incorporating 

o-methyl tyrosine into that position in E. coli (Figure 1-1).6 This approach relies on evolution of 

the tRNA synthetase to charge the cognate tRNA exclusively with the unnatural amino acid and 

no other endogenous amino acid. Additionally, mutations were made to the tRNA such that the E. 

coli machinery would not recognize it as an endogenous tRNA. This initial, orthogonal 

tRNA/synthetase pair has been widely utilized to incorporate ~40 amino acids in E. coli over the 

last several years.7 
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Figure 1-1 Schematic overview of unnatural amino acid (UAA) mutagenesis 

The tRNA and the synthetase (light blue) need to be orthogonal to all endogenous tRNA/synthetase (light orange) 

pairs, and the synthetase needs to be engineered to exclusively recognize the UAA (blue) as a substrate. The 

aminoacylated tRNA is then used by the ribosome to deliver the UAA site-specifically into the growing polypeptide 

chain in response to an amber stop codon (yellow). Reprinted from Courtney and Deiters, Cell Chem. Biol. 2019, 26, 

1481-1483. Copyright 2019 Elsevier Ltd. 

Unfortunately, this original pair is not orthogonal in mammalian cells, thus alternative pairs 

have been explored for expanding this approach to mammalian cells.8 The two commonly utilized 

pairs for mammalian cells are PylRS/tRNA and EcTyrRS/tRNA (Figure 1-2).9 Due to the high 

degree of orthogonality observed for the PylRS/tRNA system in bacterial, yeast, and mammalian 

cells, our lab primarily uses this system for incorporation of unnatural amino acids into proteins. 

The UAA work presented in this document primarily utilized the M. barkeri PylRS/tRNA pair, 

except where noted in various cases. 
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Figure 1-2 Three commonly utilized tRNA/synthetase pairs 

Black lines correspond to systems where the tRNA/synthetase pair has been utilized and the dotted, gray line 

represents non-orthogonal systems. Adapted from Davis et al., Nat. Rev. Mol. Cell Biol. 2012, 13, 168-182. Copyright 

2012 Macmillan Publishers Ltd. 

1.2 Introduction to Photocaged Amino Acids 

In order to study and manipulate biological processes with the same precision as nature, 

chemical biologists have developed a number of optical tools.10 The use of light to control protein 

activity provides non-invasive, precise, spatiotemporal control and allows for more acute 

perturbation than other methods (such as RNA interference or gene editing). Optical control of 

protein function in live systems has primarily been achieved through two approaches: genetic 

encoding of light-responsive amino acids or optogenetic methods using natural photo-responsive 

protein domains.  Over the last two decades, more than a hundred non-canonical amino acids have 

been genetically encoded in a range of organisms to provide functionalities not found in the 

common set of 20 amino acids.4 The incorporation of light-triggered amino acids into proteins has 

been used to control a wide range of biological processes in cells and animals,11 and this 

introduction highlights prominent examples from recent years in order to demonstrate the 

versatility of this approach. Important methodologies, such as protein bioconjugation of 

photoswitchable ligands,12-13 and purely optogenetic approaches are outside the scope of the work 

presented herein.14-17 

bacteria eukaryotes

MjTyrRS-tRNA PylRS-tRNA EcTyrRS-tRNA
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1.2.1 Caged Lysines 

Optical control of lysine, which plays an essential role in enzymatic catalysis of many 

biological processes, has been instrumental in gaining a deeper understanding of living systems at 

the molecular level. The photocaged lysine PCK (Figure 1-3) has been applied toward optical 

triggering of Cas9 nuclease,18 T7 RNA polymerase,19 Cre recombinase,20 MEK,21-22 and LCK23 

kinases, isocitrate dehydrogenase,24 and protein-protein interactions.25-26 This photocaged lysine 

utilizes 365 nm light for activation and may be incompatible with certain experiments performed 

in E. coli due to the abundance of nitroreductases. In order to develop a system that is compatible 

with a range of organisms and to provide activation with blue (405 nm) and near-IR (two-photon 

760 nm) light, the coumarin-caged lysines HCK and BHCK were developed.27 Both were applied 

in mammalian cells for the optical control of luciferase function and of GFP folding and the 

different decaging wavelengths for HCK (405 nm) and BHCK (760 nm) enable sequential, 

wavelength-selective activation. Additionally, the coumarin chromophore provides fluorescent 

tracking of the incorporated amino acid prior to decaging, thus HCK and BHCK can act as both 

fluorescent and photo-activatable probes in live cells. Introduction of the additional methylene 

group in HC2K, blocks photolysis and provides a stable and small fluorophore that can be site-

specifically placed into proteins. The caged lysine HCK has subsequently been applied to control 

MEK kinase in zebrafish embryos22 and DNA helicase.28 

While lysine often plays an essential role in enzymatic catalysis, replacement of the -

carbon with oxygen generates an amino-oxy functionality which can undergo bio-orthogonal 

oxime ligation with a ketone or aldehyde. The Virdee group generated the corresponding lysine 

analog PAOK with a nitrobenzyl caging group to render it unreactive until UV-induced photolysis 

and encoded it using the same synthetase/tRNA pair engineered for PCK.29 
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Figure 1-3 Genetically encoded, photocaged amino acids 

These include caged lysines (PCK, HCK, BHCK, HC2K), caged cysteines (NBC, NPMC, NVC, NVMC, PCC, 

PCHC), caged selenocysteine (NVU), and caged tyrosines (ONBY, NPY, MNPY, and NPPY). Figure modified from 

Courtney and Deiters, Curr. Opin. Chem. Biol. 2018, 46, 99-107. Copyright 2018 Elsevier Ltd. 

1.2.2 Caged Cysteines and Caged Selenocysteine 

Although it is the least abundant amino acid found in proteins, cysteine plays an essential 

role in nucleophilic catalysis, redox signaling, metal binding, and structural support through 

disulfide formation.30 In order to optically control these different functions, several caged cysteine 

analogs have emerged in the last few years. Schultz genetically encoded NBC in yeast using an E. 

coli leucyl synthetase/tRNA pair to cage the active site of caspase-3.31 More recently, the Chin lab 
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developed the caged cysteine NPMC, which was incorporated by an engineered pyrrolysine tRNA 

synthetase/tRNA pair and applied in mammalian cells for the photo-activation of TEVp (Figure 

1-4a).32 

Photoactivated proteins are typically generated through replacement of an essential amino 

acid with a caged analog. In contrast, the Ai lab developed an approach that can be utilized in cases 

where such a critical amino acid residue is not available, by developing a light-triggered intein.33 

Inteins are protein segments which can self-cleave and excise, thereby rejoining the cleaved N- 

and C-terminal fragments to form a new, truncated protein. This cleavage event often utilizes a 

nucleophilic cysteine residue, making it amenable to optical control through incorporation of the 

caged cysteines NVC and NVMC. As proof-of-concept, a caged Nostoc punctiforme DnaE intein 

(splicing occurs with a reaction half-life of one minute) was placed in the middle of the mCherry 

protein sequence such that an inactive, non-fluorescent protein was expressed. Following UV 

irradiation and protein splicing, full-length, active mCherry was generated. In a second application, 

the caged intein was placed into the catalytic domain of Src kinase in order to control its enzymatic 

activity and downstream phosphorylation (Figure 1-4b). One limitation of the approach is the 

necessity of a cysteine residue at the splice site; which, if not naturally present, will leave a scar 

following intein excision. In addition, optically controlled inteins have been applied to protein 

splicing in yeast34 and generation of cyclic peptides in E. coli.35 
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Figure 1-4 Optical control of TEV protease function and intein splicing using photocaged cysteine 

a) Upon caging of TEVp, the catalytic activity is blocked until photolysis of the caged, catalytically active cysteine, 

which performs a nucleophilic attack onto the protein target to generate cleaved protein fragments. b) A caged intein, 

indicated by the region in yellow, can be strategically placed within a protein (shown in blue; e.g., mCherry or Src 

kinase) such that it is misfolded and inactive prior to irradiation. Upon photo-activation, the native cysteine is 

generated and the intein is excised, leading to full-length, active protein (with only a cysteine scar). Reprinted from 

Courtney and Deiters, Curr. Opin. Chem. Biol. 2018, 46, 99-107. Copyright 2018 Elsevier Ltd. 

The light-activated cysteines discussed above required tRNA synthetase engineering for 

genetic encoding. Alternatively, the Deiters lab engineered the caged cysteine structure and 

developed the caged cysteine PCC and the homocysteine PCHC, which structurally mimic the 

caged lysine PCK and serve as substrates for the corresponding tRNA synthetase.36 Not 

surprisingly, the homocysteine PCHC was incorporated as efficiently as caged lysine PCK, while 

incorporation of PCC was slightly less efficient. Light activation of PCC and PCHC was 

demonstrated through optical control of Renilla luciferase. While both PCC and PCHC showed 

an increase in luminescence following UV irradiation, the activity of the homocysteine containing 

enzyme was substantially lower. Thus, site-specific incorporation of homocysteine through light-
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activation of PCHC may enable perturbation of an active site with single-atom resolution due to 

the introduction of an additional methylene unit. 

Selenocysteine (Sec) is structurally and functionally similar to its periodic neighbor 

cysteine. Recently, the role of Sec in functional proteins and enzymes has received much 

attention37 and clever approaches to its introduction have been developed.38-40 The Klimasauskas 

group masked the nucleophilic selenium with a nitrobenzyl moiety to generate NVU and 

incorporated it into sfGFP.41 Following UV irradiation, native Sec was generated and reacted with 

maleimide-modified biotin. 

1.2.3 Caged Tyrosines 

The tyrosine side chain plays important roles in catalysis when found in an enzyme active 

site and in cell signaling as it is a widely utilized substrate for protein kinases for signal 

propagation. Photocaged tyrosine ONBY was genetically encoded a decade ago and has been 

applied to the optical control of several enzyme classes;42-47 however, in order to facilitate decaging 

through red-shifting of the chromophore’s absorption maximum, the Deiters group developed 

three additional photocaged tyrosine derivatives MNPY, NPY, and NPPY.48 Use of a dual-

luciferase reporter allowed for simultaneous assessment of incorporation and decaging efficiency. 

While MNPY delivered the most efficient optical activation of protein function, the caged tyrosine 

NPY proved to be the better analog when both incorporation efficiency and decaging efficiency 

are considered. Thus, caged tyrosine NPY was subsequently applied to the demonstration of spatial 

control of luciferase activity and the efficient optical triggering of TEV protease (TEVp) activity 

in mammalian cells. Optical control of TEVp may enable the engineering of precise spatiotemporal 

activation/deactivation of a protein of interest at a desired subcellular region or protein 
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translocation through light-triggered peptide cleavage. Furthermore, caged amino acids may be 

applicable to the photocontrol of other proteases.31 

1.2.4 Select Applications of Caged Amino Acids 

In addition to technical advances involving the development of new photocaged amino 

acids with improved photochemical properties, advancements in applications have been made in 

recent years. The photocaged amino acids described above have been applied for controlling 

various enzymes involved in DNA and RNA processing, for controlling essential enzymes 

involved in signaling cascades, and for regulating protein-protein interactions. 

1.2.4.1 Optical Control of Nucleic Acid Processing 

The CRISPR/Cas9 system is a highly versatile genome-editing tool that enables 

modification, insertion, or deletion of sequences of genomic DNA.49-51 While natural Cas9 is 

constitutively active, conditional control of its function enables applications with spatio-temporal 

precision and may minimize off-target effects.51 The Deiters group developed the first optically 

controlled CRISPR/Cas9 system by replacing a lysine residue in the HNH nuclease domain with 

the photocaged lysine PCK, in order to prevent the conformational change necessary for nuclease 

activity (Figure 1-5a).18 Using a dual fluorescent reporter, which relies on the excision of mCherry 

and the subsequent expression of GFP, spatial and temporal control of Cas9 activity was achieved 

in mammalian cells. Additionally, light-triggered gene silencing of an endogenous target, the cell 

surface receptor CD71, was demonstrated. 

In order to expand the toolkit of optically controlled DNA-processing enzymes, the Deiters 

group developed a caged helicase (UvrD)28 and a caged DNA recombinase20 for spatiotemporal 
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control of DNA unwinding and recombination, respectively. UvrD was rendered light responsive 

through the installation of the photocaged lysine HCK at a conserved lysine residue within the 

ATPase domain. In conjunction with optical control of kinase function,21, 23 this indicates the 

possibility of universal photochemical triggering of ATP-dependent processes. Cre recombinase 

was initially photocaged at an active-site tyrosine with ONBY; however, in order to improve 

enzyme expression levels in mammalian cells, a conserved lysine residue was replaced with PCK. 

Excellent off to on photocontrol of Cre recombinase was achieved and the potential for performing 

knock-in/knock-out experiments with high spatiotemporal resolution was demonstrated in 

developing zebrafish embryos.52 

 

Figure 1-5 Optical control of nucleic acid processing via caged CRISPR/Cas9 and T7 RNA polymerase 

a) CRISPR/Cas9 was rendered inactive by the incorporation of the photocaged lysine PCK, which blocks HNH 

nuclease activity. UV irradiation generates active Cas9, which results in DNA double strand cleavage and subsequent 

genomic editing. b) Caged T7 RNA polymerase is catalytically inactive, preventing transcription of genes under 

control of the T7 promoter. Upon UV-induced decaging, wild-type T7 RNA polymerase is restored and T7-promoter 

induced genes (e.g., mRNAs to code for protein or shRNA for gene silencing) are transcribed. Reprinted from 

Courtney and Deiters, Curr. Opin. Chem. Biol. 2018, 46, 99-107. Copyright 2018 Elsevier Ltd. 
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In order to optically control transcription in mammalian cells, the Deiters group developed 

a photocaged T7 RNA polymerase in which an active site lysine was replaced with the caged lysine 

PCK (Figure 1-5b).19 This enables light-activation of a transcriptional pathway (gene of interest 

placed under the T7 promoter) that is orthogonal to the endogenous cellular machinery, and the 

caged T7 RNA polymerase was applied to the triggering of gene expression (control of EGFP 

mRNA as a proof-of-concept), as well as, gene silencing (control of shRNA targeting the motor 

protein Eg5 as a proof-of-concept) with spatial and temporal resolution. 

1.2.4.2 Optical Control of Cell Signaling 

Cell signaling networks exhibit a high degree of spatial and temporal dynamics, suggesting 

light as a preferred external control element. Unlike genetic tools, which require days or hours to 

knock down or inhibit signaling proteins, light activation of caged amino acids enables one to 

study the acute effects of kinase function. Since the caged amino acids are genetically directed to 

their incorporation site in cell signaling proteins, they provide an unmatched specificity that is 

difficult to achieve with small molecule inhibitors. 

LCK (lymphocyte-specific protein tyrosine kinase) is responsible for initiating the T-cell 

receptor (TCR) signaling pathway, following MHC protein recognition by the TCR. The Chin and 

James groups used the photocaged lysine PCK to place LCK function under optical control by 

following the general strategy of blocking an essential and conserved lysine residue in the ATP 

binding pocket.23 Through light-triggering of kinase function, they were able to quantify the 

phosphorylation kinetics of LCK and identified its ability to stimulate its own activation. This 

work nicely showcases that acute optical activation of kinase function allows for uncovering of 

mechanistic details of cell signaling activity. 
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Using a similar strategy with the caged lysine PCK, the Deiters and Haugh groups 

developed a light responsive MKK6, a MAPK kinase within the p38 pathway responsible for 

stress-induced apoptosis.53 Light-activation of MKK6 was validated by monitoring cellular 

morphology for typical markers of apoptosis (e.g., blebbing and shrinkage) and the release of 

fluorescently tagged cytochrome c from mitochondria, both of which were shown to be p38-

dependent processes. Interestingly, when exploring cross-talk with the ERK pathway, the light 

activated MKK6 inhibited ERK kinase activity both in the presence and absence of p38 inhibitors 

suggesting a new, p38-independent mechanism of negative regulation. Additionally, the caged 

MKK6 was successfully activated in a murine melanoma cell line overexpressing high levels of 

the oncogenic B-Raf mutant (V600E), thus demonstrating that light activated kinases can be 

employed as tools for dissecting both normal and disease states. 

The photocaged lysine PCK has previously been utilized to render the MEK/ERK pathway 

light-responsive in mammalian cells.21 More recently, MEK kinase was placed under light control 

using the more sensitive caged lysine HCK in zebrafish embryos (Figure 1-6a).22 Temporal control 

of MEK function in the developing animal revealed an essential time window in which hyperactive 

MEK affects dorsal/ventral patterning, a discovery that is relevant to human birth defects caused 

by Ras/MAPK pathway mutations. The expansion of optical control of cell signaling to 

multicellular model organisms will enable investigations in complex systems through more precise 

perturbation of enzymes/pathways required for normal/mutant embryonic development. 



 14 

 

Figure 1-6 Optical control of kinase activity via genetic incorporation of the caged lysine HCK and optical control 

of nuclear translocation through caging of a protein-protein interaction 

a) Upon replacement of an essential lysine in the ATP-binding site of a kinase with the caged lysine HCK, the enzyme 

is rendered catalytically inactive. Following UV irradiation, the native, active kinase is generated and is capable of 

phosphorylating its downstream substrate. b) Replacement of the endogenous nuclear localization sequence (NLS) in 

the transcription factor FOXO3 (mCherry labeled) with an optoNLS sequence from SatB1 (indicated in yellow), 

containing a single caged lysine residue enables optical triggering of nuclear translocation. Reprinted from Courtney 

and Deiters, Curr. Opin. Chem. Biol. 2018, 46, 99-107. Copyright 2018 Elsevier Ltd. 

Control of neural circuits with light has been extensively explored via optogenetic 

approaches using light-responsive ion channels.14 In addition to classical optogenetic methods, the 

use of unnatural amino acid mutagenesis has been utilized by the Wang group by genetically 

incorporating the caged cysteine NVC into an inward rectifying potassium channel in mouse 

neocortex tissue slices in order to obtain precise activation of neuronal suppression as measured 

by patch-clamp recordings.54-55 

1.2.4.3 Optical Control of Protein-Protein Interactions 

Most examples of using photocaged amino acids for optical control of protein function 

target enzymatic processes through caging of an essential residue within the active site. However, 

even a relatively small nitrobenzyl caging group can be efficiently used in the regulation of protein-

protein interactions when strategically placed into the protein binding interface. The Engelke and 
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Deiters groups replaced an important lysine residue in the nuclear localization sequence (NLS) of 

the transcription factor SatB1 with caged lysine PCK.25 This led to sequestration of NLS fusion 

protein in the cytoplasm until UV irradiation generated the native NLS sequence, followed by 

translocation into the nucleus (Figure 1-6b). This optical NLS approach was applied to controlling 

FOXO3 transcription factor-DNA binding and TEVp-nuclear substrate interaction. Due to the 

small size of this optical NLS (20 amino acids), it can easily be appended to any protein of interest 

to modulate cytoplasmic to nuclear localization. One limitation of the approach is the relatively 

slow rate of translocation to the nucleus compared to other NLS. 

A similar strategy was applied for optically controlling a virus-host protein-protein 

interaction using the caged lysine PCK.26 The Chatterjee group incorporated PCK into VP1, a 

surface protein, of the adeno-associated virus (AAV) capsid. This blocked interaction with human 

heparin sulfate proteoglycan (HPSG) and prevented viral infection of HEK293T cells, until 

photolysis released the caging group, forming the native capsid. This approach provides an 

innovative tool to probe the cellular entry process of human viruses by disrupting the interactions 

between the virus and the host cell through introduction of photocaged residues and should be 

broadly applicable to viruses that utilize Lys/Arg, Cys/Ser/Thr, or Tyr as critical regulatory 

residues at the binding interface. 

1.2.4.4 Optical Control of other Enzymatic Processes 

Isocitrate dehydrogenase (IDH) is an essential enzyme in the citric acid cycle, and has been 

found mutated through an active site arginine to lysine mutation in various cancers. In order to 

better study the effects of mutant IDH2 activation, the Chin group replaced an active site lysine 

with the photocaged lysine PCK to block substrate binding until UV induced decaging.24 Upon 
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photoactivation of IDH2, a decrease in 5-hydroxymethylcytosine was observed, validating a 

previously proposed sequence of events in cancer cell epigenetic modifications. 

The study of pathogenic bacteria has increased over the last several years as the result of a 

spike in MRSA-related illnesses. Traditionally, it has been challenging to purify S. aureus toxin-

antitoxin proteins due to the toxicity caused in E. coli upon overexpression. The Hergenrother 

group developed a strategy to overcome this limitation by replacing the active site tyrosine with 

ONBY, rendering the toxin inactive until a defined activation time-point post-expression and 

purification.56 This approach of expressing toxic proteins as their benign, caged precursors may 

constitute a general method for obtaining otherwise hard-to-isolate proteins. 

1.3 Summary 

Optical control of proteins in cells and organisms with an expanded genetic code has 

provided precise, spatiotemporal regulation of a diverse range of protein functions.10-11 These 

include optical control of proteolysis,31-32, 48 genome editing,18 protein splicing,33, 35 

phosphorylation,21-23, 53 DNA recombination,20 RNA polymerization,19 neuronal activity,54 and 

protein translocation.25 In many of the applications discussed above, replacement of an essential 

residue with a photocaged analog in either an active site or a binding interface rendered the protein 

inactive. In instances where an essential residue cannot be identified, incorporation of a 

photocaged intein into the protein may provide an alternative approach for optical control. 

However, requirements and kinetics of the splicing event will need to be considered in 

experimental designs. In recent years, photocaged amino acids with improved optical properties, 
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e.g., red-shifted excitation maxima, have been developed, further broadening the scope of this 

approach.  

Compared to other means to optically controlling protein function (e.g., optogenetic tools, 

see Chapter 5.1.4),15-17 the site-specific, genetic encoding of photocaged and photoswitchable 

amino acids in cells and animals has several unique advantages: (i) the small size of the various 

caging groups (~150 − 250 Da) results in modification of only the most essential site of the protein 

of interest; (ii) the location of the caged residue can often be predicted based on structural and 

mechanistic protein data, thereby minimizing the need for extensive trial-and-error experiments; 

(iii) light-triggered removal of the caging group yields the native, wild-type protein; and (iv) only 

the photocaged/-switchable amino acid needs to be synthesized and the unnaturally modified 

protein is generated by the biosynthetic machinery within the cell or organism. For structurally 

complex unnatural amino acids, protein yields can (depending on the protein and the site of 

incorporation) be significantly reduced, leaving room for improvement of the existing tRNA/tRNA 

synthetase expression systems. This is particularly important for expansion of photocaged amino 

acid mutagenesis into multicellular model organisms such as zebrafish, fruit flies, and mice which 

will enable enhanced developmental studies with spatio-temporal precision in order to better 

understand the complex underpinnings of metazoan development. 
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2.0 Optical Activation of Protein Function 

2.1 Optical Control of Dual Specific Phosphatase 6 (DUSP6 or MKP3) 

This chapter was reprinted in part with permission from Courtney, T.; Deiters, A., Nat 

Commun. 2019, 10, 4384. 

2.2 Introduction to MAPK Signaling and MKP3 

Protein phosphorylation is an essential post-translational modification that plays a key role 

in signal transduction.57 The transfer of a single phosphate group from ATP to a protein substrate 

is catalyzed by protein kinases, while the reverse process of removing a phosphate group is 

catalyzed by protein phosphatases. A typical signaling event results in a cascade of 

phosphorylations by protein kinases; however, protein phosphatases play an equally important 

regulatory role in all cell signaling networks by reversing kinase action through phosphate removal 

from target proteins.58 Over the last few decades, several optically controlled protein kinases have 

been developed and applied in gaining a deeper understanding of the extensive regulatory 

mechanisms involved in signaling pathways;21-23, 59-69 however, optical control of protein 

phosphatase function has not been achieved (Table 2-1).70 

Both optochemical and optogenetic approaches have been used to render various kinases 

light responsive. In the case of kinases, use of an unnatural amino acid containing a photocaging 

group to block the ATP binding site is a broadly applied strategy.21-23 For obtaining reversible 
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control of kinase activity, optogenetic tools have been employed.60-61 Less commonly, a 

photocaged rapamycin analog has been used to control the activation of different kinases fused to 

a rapamycin binding protein71 (caged rapamycin analogs are discussed in extensive detail in 

Chapter 5). A single example of a light responsive phosphatase with a phospho-sugar substrate has 

been developed using optogenetic tools.70 Protein phosphatases are often difficult to study due to: 

i) the necessity of detecting a negative signal (removal of a phosphate; which, obviously, needs to 

be installed first), and ii) the highly conserved, shallow active site, which renders the development 

of specific inhibitors nearly impossible.72 

Table 2-1 Representative examples of light controlled kinases and phosphatases for studying cell signaling 

Enzyme 
Class 

Enzyme Name 
Optochemical/ 
genetic 

Approach 

Kinases 

MEK1 optochemical Photocaged UAA to block ATP binding site 

LCK optochemical Photocaged UAA to block ATP binding site 

SOS optogenetic 
PhyB:PIF fusion for upstream activation of 
MEK/ERK pathway 

MEK1, c-Raf, CDK optogenetic Dronpa 

FAK, Src optochemical Photocaged rapamycin analog 

Phosphatase 
Phosphatidylinositol 5-
phosphatase 

optogenetic CRY2PHR:CIBN fusion 

 

Mitogen-activated protein kinases (MAPKs) are serine/threonine kinases that convert 

extracellular stimuli (input) into a range of cellular responses (output). The three conventional 

MAPK families that have been extensively studied are ERK, JNK, and p38.73 MAPK signaling is 

implicated in a number of pathological phenotypes, which generally result from MAPK 

upregulation or MAPK phosphatase (MKP) down-regulation.74 MKP3, one of ten MKPs, has high 

specificity for ERK over JNK or p38 (Figure 2-1).75-76 Unlike the inducible class of MKPs, the 

cytoplasmically localized MKPs are constitutively expressed and in the case of MKP3 undergoes 

activation upon substrate binding and subsequent conformational change. 
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Figure 2-1 Schematic representation of the domain structures of the three groups of MAP kinase phosphatases. 

The three classes of MAP kinase phosphatases (MKPs) are inducible, nuclear MKPs (blue), cytoplasmic, ERK-

specific MKPs (green), and JNK/p38-specific MKPs (orange). Key features and domains are indicated with varying 

shapes. Figure adapted from Seternes et. al., Biochim. Biophys. Acta, Mol. Cell Res. 2019, 1866, 124-143. Copyright 

2018 The Authors. 

MKP3 is a dual-specificity (it acts on both phosphorylated Thr and Tyr) cytoplasmic 

phosphatase that recognizes dually-phosphorylated ERK (pERK) and rapidly dephosphorylates it, 

thus preventing nuclear translocation and activation of downstream targets (Figure 2-2). Aberrant 

MKP3 levels (both over-expression and down-regulation) have been linked, without a clear 

mechanistic understanding, to both oncogenic and tumor-suppressive roles in numerous forms of 

cancer, including pancreatic, lung, colorectal, and thyroid cancer.74, 77-78 Within the same cancer, 

varying levels of MKP3 expression have been observed, demonstrating the complexity of the role 

that protein phosphatases play in disease pathology. Thus, an improved understanding of the 

mechanisms and dynamics of phosphatase-mediated effects on signaling pathways will yield a 

better understanding of human physiology and disease.  
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Figure 2-2 Overview of the MAPK/MKP3 signaling pathway 

Reprinted from Courtney and Deiters, Nat. Commun. 2019, 10, 4384. 

We aimed to generate the first light-activated protein phosphatase and selected MKP3 as a 

target due its link to the well-understood substrate pERK. This work lays the foundation to 

investigate other, poorly characterized phosphatases through placement under optical control. We 

envisioned two distinct approaches for generating a photocaged MKP3: (i) caging of the catalytic 

cysteine to completely abolish enzymatic activity until photo-activated and (ii) caging of the 

protein-protein binding interface between MKP3 and ERK2 to abrogate phosphatase-substrate 

interaction until photoactivation. 

2.3 Optical Control through Active Site Caging 

The catalytic domain of MKP3 contains the conserved PTPase sequence HCX5R, in which 

the cysteine acts as a nucleophile in the dephosphorylation reaction of pERK and the arginine 

interacts with the phosphate group to stabilize the transition state (Figure 2-3a). An aspartate 

facilitates a proton transfer and is essential for efficient catalysis. We hypothesized that 
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replacement of the catalytic cysteine with caged cysteine NVC (Figure 2-3b) would mask the 

nucleophilicity through a thioether bond and block enzymatic activity until UV irradiation removes 

the caging group (Figure 2-3c). Due to the flexibility of the active site pocket, incorporation of 

NVC is expected to have no effect on protein folding thereby enabling rapid activation of 

enzymatic function after photolysis. 

 

Figure 2-3 The active site of MKP3 and structure of caged cysteine NVC 

a) The mechanism of MKP3-catalyzed ERK dephosphorylation. Dashed lines indicate electrostatic and/or hydrogen-

bond interactions. b) Irradiation of NVC removes the nitrobenzyl caging group (green) and restores a native cysteine 

residue. c) The crystal structure of MKP3 (PDB: 1MKP) is shown with the three critical active site residues labeled 

in black. On the left, the catalytic cysteine was replaced with NVC, which sterically blocks the active site and prevents 

catalysis, until exposed to 365 nm light. Reprinted from Courtney and Deiters, Nat. Commun. 2019, 10, 4384. 

We utilized the E. coli LeuRS/tRNA pair (pMAH-CageCys) for genetic encoding of the 

caged cysteine NVC in human cells and incorporation into MKP3.33 In our initial testing with 

pMKP3(C293TAG-EGFP)-HA, we were unable to detect the caged protein via western blot. 

Therefore, we used the pMAH-CageCys plasmid, which contains the LeuRS and three copies of 
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LeuT, to cut out the LeuRS and replace with the MKP3-EGFP-HA coding sequence of the wild-

type, catalytically dead, and TAG mutants, thus effectively doubling the copies of tRNA. When 

transiently expressing the LeuRS/tRNA pair with the new pMAH-MKP3-EGFP-HA constructs in 

HEK293T cells, full-length MKP3(C293NVC)-EGFP-HA was detected by western blot only in 

the presence of NVC (Figure 2-4).  

 

Figure 2-4 Western blots for incorporation of NVC into MKP3 

Western blot analysis confirms expression of caged MKP3 only in the presence of NVC (1 mM) using an anti-GFP 

antibody. Reprinted from Courtney and Deiters, Nat. Commun. 2019, 10, 4384. 

In order to validate that the catalytic activity was blocked by the nitroveratryl group, we 

performed an in vitro biochemical assay. Unfortunately, the synthetase/tRNA pair used for NVC 

incorporation is incompatible with bacterial protein expression of the caged proteins. Thus, MKP3-

EGFP-HA variants were immunoprecipitated from HEK293T cells and phosphatase activity of the 

immobilized enzymes was measured using the fluorogenic substrate DiFMUP (1). MKP3 

undergoes an activating conformational change upon binding to ERK2 and previous in vitro 

analysis has shown a 50 – 70 fold increase in activity (comparing kcat/Km) in the presence vs 

absence of ERK2.79-80 Thus, we recombinantly expressed GST-ERK2 in E. coli81 and used this in 

our enzyme assays. In the absence of irradiation, the caged sample displayed similar activity to the 

catalytically dead (C293S) mutant; however, following UV activation, phosphatase enzymatic 

function was fully restored (Figure 2-5), indicating excellent OFF to ON switching behavior. 
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Figure 2-5 Biochemical phosphatase assay with catalytically caged MKP3 

a) The phosphatase sensor 1 is non-fluorescent until an active phosphatase generates the phenolate to turn on 

fluorescence. b) Biochemical phosphatase assays show complete loss of activity for the caged enzyme, until 365 nm 

irradiation restores the wild-type enzyme. Error bars denote standard deviation from three biological replicates; **, p 

< 0.01 from unpaired two-tailed Student’s t test. Reprinted from Courtney and Deiters, Nat. Commun. 2019, 10, 4384. 

To apply our photocaged MKP3 in live cells, we utilized an ERK2-mCherry nuclear 

translocation reporter (Figure 2-6).82 In a resting cellular state, ERK2 is primarily found in its 

dephosphorylated form. Upon phosphorylation and activation by upstream kinases, ERK2 

translocates to the nucleus. Once in the nucleus, endogenous phosphatases dephosphorylate ERK 

and the reporter fusion translocates back to the cytoplasm.  

 

Figure 2-6 Overview of ERK2-mCherry reporter 

a) Gene sequence of the ERK-mCherry reporter. b) When expressed in cells, ERK-mCherry resides primarily in the 

cytoplasm in the absence of growth factor stimulation (inactive MAPK signaling); however, following activation with 

EGF, ERK is phosphorylated and translocates to the nucleus. Reprinted from Courtney and Deiters, Nat. Commun. 

2019, 10, 4384. 

When HEK293T cells expressed ERK2-mCherry alone, cytoplasmic accumulation of ERK 

was observed until stimulation with epidermal growth factor (EGF, 100 ng/mL) induced nuclear 

translocation (Figure 2-7a, top row).82 Upon co-expression of wild-type MKP3, ERK2 remains in 

the cytoplasm before and after pathway stimulation with EGF (Figure 2-7a, second row).83-84 This 
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is a result of the rapid dephosphorylation of pERK2 by MKP3, which prevents any significant 

nuclear accumulation and thus dampens the EGF signal. Next, we tested whether the active site 

C293NVC caged MKP3 would have an effect on EGF-induced ERK translocation to the nucleus. 

When the caged MKP3 and ERK2-mCherry were co-expressed in HEK293T cells, complete 

cytoplasmic localization was again observed before and after EGF stimulation (Figure 2-7a, third 

row), regardless of UV activation (Figure 2-7a, bottom row). The affinities of wild-type and 

catalytically dead MKP3 for dually-phosphorylated ERK2 are essentially the same (22 and 31 nM, 

respectively),85 thus sequestration of pERK2 by catalytically dead (or catalytically caged) MKP3 

anchors pERK2 in the cytoplasm and prevents nuclear translocation regardless of its 

dephosphorylation activity (±UV).83 These results indicate that the introduction of a bulky caging 

group has no effect on the MKP3:ERK2 interaction. Due to the inherent sequestration of ERK2-

mCherry by MKP3 variants, we concluded that a different reporter was needed to study the optical 

triggering of enzymatic dephosphorylation activity in live cells. Additionally, to avoid any 

potential issues with the imbalance of MEK/ERK signaling components due to the overexpression 

of ERK2, we sought to utilize a live cell reporter that monitors endogenous ERK levels.86 

Moreover, these results also indicated that control of the phosphatase:substrate protein-protein 

interaction may be a second, complementary approach to optically control the cellular function of 

phosphatases (see Optical Control through Protein-Protein Interaction Caging). 
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Figure 2-7 Optical control of the MKP3 catalytic site in the ERK2-mCherry reporter 

a) Using an ERK2-mCherry reporter, the activity of wildtype, caged (at the catalytic cysteine), and photoactivated 

MKP3 was investigated in HEK293T cells. Following pathway stimulation, nuclear exclusion of an ERK2-mCherry 

reporter is observed for all MKP3 variants. Scale bar 10 μm. b) Quantification of nuclear/cytoplasmic ratios shows 

successful nuclear translocation for the reporter only control; however, none of the MKP3 variants show any 

significant change. Error bars represent standard error of the mean from nine individual cells combined from three 

biological replicates. One-way ANOVA tests at the 60-minute time point results in p < 0.0001 for the reporter 

compared to all MKP3 samples, indicating this a significant difference. Comparing C293NVC –UV to C293NVC 

+UV results in p > 0.1, indicating no significant difference. Reprinted from Courtney and Deiters, Nat. Commun. 

2019, 10, 4384. 

Since the binding of MKP3:ERK2 is a dynamic process58 and imaging only depicts an 

average state of ERK2 localization within the cell, we hypothesized that utilization of a reporter 

that reports on a downstream target of ERK2 (instead of directly detecting ERK2 localization) 

might enable live-cell monitoring of MKP3 photoactivation. For this, we applied an ERK-KTR-

mCherry reporter which utilizes the ERK binding region of Elk-1 fused to a bipartite NLS and 

NES sequence and is localized in the nucleus in the absence of active pERK, but translocates to 

the cytoplasm when active pERK is present (Figure 2-8).87  
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Figure 2-8 Overview of the ERK-KTR-mCherry reporter 

a) Gene sequence of the ERK-KTR-mCherry reporter.87 The ERK docking site of the transcription factor Elk1 

(residues 312 – 356) is fused to a bipartite nuclear localization sequence (bNLS) and a nuclear export sequence (NES), 

followed by mCherry. The two “P-sites” indicate residues in the NLS and NES which are phosphorylated by pERK. 

b) Prior to stimulation of the MAPK/ERK pathway with external growth factors, the reporter resides in the nucleus. 

Upon ERK phosphorylation, pERK translocates to the nucleus where it binds the docking domain and phosphorylates 

both P-sites. Phosphorylation of the reporter represses the nuclear localization signal and activates the nuclear export 

sequence, resulting in transport of mCherry to the cytoplasm. Unlike other FRET-based kinase reporters (e.g., 

EKARs), the KTR technology requires only a single fluorescent protein, has excellent dynamic range, and can be 

activated/deactivated faster. Reprinted from Courtney and Deiters, Nat. Commun. 2019, 10, 4384. 

Importantly, this reporter couples ERK (and pERK) translocation with pERK activity, thus 

overcoming the inherent limitations of using the direct ERK2-mCherry reporter. HEK293T cells 

expressing the ERK-KTR-mCherry reporter alone displayed nuclear accumulation prior to EGF 

addition; however, 60 minutes after pathway stimulation, complete nuclear exclusion occurred 

(Figure 2-9a, top row). Upon co-expression of the reporter and wild-type MKP3, we observed 

maintenance of nuclear localization before and after stimulation (Figure 2-9a, second row), due to 

signal dampening through MKP3 dephosphorylation of pERK2. When the active site-caged 

C293NVC MKP3 was expressed together with the ERK-KTR-mCherry reporter, we observed 

significant nuclear exclusion following pathway stimulation (Figure 2-9a, third row). This reflects 

the dynamic nature of the MKP3:ERK interaction in that pERK is still capable of dissociating from 

MKP3 and triggering the reporter, while imaging of ERK localization indicates that, on average, 

the majority of pERK is anchored in the cytoplasm. Upon irradiation of the caged MKP3, nuclear 

localization of the reporter is maintained, thus demonstrating successful optical control of 

phosphatase enzymatic function in live cells (Figure 2-9a, fourth row). 
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Figure 2-9 Optical control of the MKP3 catalytic site in the ERK-KTR-mCherry reporter 

a) An ERK-KTR-mCherry reporter was utilized to report on the activity of endogenous ERK2 levels in the presence 

of wild-type, caged, and photo-activated MKP3 variants in HEK293T cells. Wild-type MKP3 prevents EGF-induced 

triggering of the reporter, while the caged MKP3 is only active following UV exposure (365 nm, 2 min). Scale bar 10 

μm. b) Quantification of the cytoplasmic/nuclear ratio for the MKP3 variants shows successful photoactivation of 

MKP3. Error bars represent standard error of the mean for nine individual cells combined from three biological 

replicates. One-way ANOVA tests at the 60-minute time point resulted in p < 0.0005 when comparing C293NVC –

UV to C293NVC +UV, and reporter only to WT. No significant difference (p > 0.1) was observed between WT and 

C293NVC +UV or reporter only and C293NVC –UV. Reprinted from Courtney and Deiters, Nat. Commun. 2019, 

10, 4384. 

Unlike our results with the ERK2-mCherry reporter, utilization of the ERK-KTR-mCherry 

reporter allowed for successful demonstration of optical OFF to ON switching of MKP3. While 

the ERK2-mCherry reporter exclusively measures ERK (or pERK) localization, the ERK-KTR-

mCherry construct actually reports on the enzymatic activity of ERK (or pERK). Thus, these two 

reporters allow for two different functions/outputs to be observed. Additionally, it has been 

reported that working with physiologically-relevant ERK concentrations is essential for 

investigating this highly dynamic pathway;86 therefore, the ERK-KTR reporter presumably 

reflects biologically relevant findings more accurately. In light of these observations, all remaining 

experiments were performed with the ERK-KTR-mCherry reporter. 
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2.4 Optical Control through Protein-Protein Interaction Caging 

In order to abrogate any potential for substrate sequestration by a caged phosphatase, we 

next explored the possibility of optically controlling the phosphatase:substrate interface. While 

optical control of protein active sites through site-specific caging group installation has been used 

to study a wide range of enzymatic functions (e.g., kinase,21-23, 59 polymerase,44 nuclease,46 

recombinase,88 helicase,28 and others),89 optical control of protein-protein interactions has 

remained underexplored. In this context of transitioning from optical control of enzymatic function 

to optical control of protein-protein interactions, caged amino acid mutagenesis represents an 

advantage over other optogenetic approaches, since the position of the caging group is simply 

defined by the position of the TAG codon and thus can be readily moved to other sites on the 

protein, e.g., from the active site to the protein surface. 

The kinase interaction motif (KIM) of MKP3 is the region responsible for binding to both 

ERK and pERK with equal affinity and for conferring a high degree of selectivity for ERK over 

other MAP kinases. Upon binding of ERK, MKP3 undergoes a conformational change in which a 

loop in the active site becomes positioned for efficient catalysis; therefore, in the absence of ERK 

binding, MKP3 catalytic activity is greatly diminished.79 We hypothesized that caging an essential 

residue at the MKP3:ERK interface would provide a complementary approach to optically 

controlling MKP3 function in cells. By blocking the KIM with a light-removable protecting group, 

both ERK and pERK binding, and thus enzymatic activity and pERK dephosphorylation would be 

blocked.  

For caging the protein-protein interaction, analysis of the crystal structure of ERK2 bound 

to the 17 amino acid KIM peptide of MKP3 (residues 60-76) revealed several positions that could 

be targeted.90 The MKP3 KIM peptide contains four basic amino acid sites that we hypothesized 
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could be replaced with a caged lysine to sterically block the protein-protein interaction and 

abrogate electrostatic interaction, until light exposure removes that sterically demanding caging 

group and restores a positive charge (Figure 2-10). The optimal scenario would be replacement of 

K68 with a caged lysine in order to generate the native phosphatase upon light activation. Whereas, 

replacement of R64, R65, or R74 would require confirmation that an R-to-K mutation retained 

substrate recognition and enzymatic activity. We tested all four of these positions in the cell-based 

KTR assay and found that caging at K68 and R74 was not sufficient to inhibit the phosphatase-

kinase interaction. Oddly, we were unable to incorporate a caged lysine at R64; however, 

successful caging at R65 is described below. 

 

Figure 2-10 Crystal structure of the MKP3 KIM peptide bound to ERK2 reveals four targetable residues 

The KIM peptide sequence is provided above the crystal structure. The MKP3 KIM peptide is shown in gray with 

basic residues indicated in green, while ERK2 is tan. PDB: 2FYS 

Two electrostatic interactions between R64 and R65 of MKP3 with D316 and D319, 

respectively, of ERK2 play a major role in the high affinity binding of these proteins (Figure 

2-11a). We speculated that optically controlling the electrostatics (positive charge) at either the 

R64 or R65 site, plus introducing significant steric hindrance, would allow us to optically control 

the phosphatase:substrate interaction. The photocaged lysine HCK27 enables light-induced 

ammonium ion generation under physiological conditions, since the carbamate greatly reduces the 
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basicity of the -amino group, thus providing a potential switch for this protein-protein interaction 

(Figure 2-11b-c). 

 

Figure 2-11 Optical control of the phosphatase-kinase interaction motif (KIM). 

a) The crystal structure of ERK2 (tan) bound to the KIM peptide of MKP3 (grey) shows essential electrostatic 

interactions of R64 and R65 with D316 and D319 (PDB: 2FYS). b) Irradiation of HCK removes the coumarin caging 

group (green) and restores a native lysine residue. c) Replacement of R65 with HCK generates steric hindrance and 

prevents electrostatic interaction until light exposure release K65, which enables the ERK2-MKP3 interaction. 

Reprinted from Courtney and Deiters, Nat. Commun. 2019, 10, 4384. 

It has been reported that replacement of R64 with lysine had no effect on ERK2 binding 

affinity; however, an R65K mutation resulted in a 50-fold lower affinity for ERK2 compared to 

wild-type MKP3.91 Interestingly, almost identical MKP3 phosphatase activity was reported for 

both mutants. Based on these results, we tested both the R64K and R65K mutants using the ERK-

KTR-mCherry reporter in HEK293T and compared their activity to wild-type MKP3. Not 

surprisingly, both lysine mutants showed similar phosphatase activity (Figure 2-12) and were only 

slightly less active than wild-type in the KTR reporter assay. 
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Figure 2-12 MKP3 R64K and R65K mutants retain near wild-type activity 

Co-expression of wild-type MKP3, R64K MKP3, or R65K MKP3 with the ERK-KTR-mCherry reporter demonstrates 

that both R64K and R65K closely mimic the activity of the wild-type phosphatase. The cytoplasmic/nuclear ratio over 

time for the four conditions shows significant nuclear exclusion in the case of the reporter alone; however, upon co-

expression of wild-type (WT), R65K, or R64K MKP3, minimal change in reporter localization is observed due to 

similar levels of phosphatase activity under all three conditions. Error bars indicate standard deviation of five 

individual cells per condition from two biological replicates. Reprinted from Courtney and Deiters, Nat. Commun. 

2019, 10, 4384. 

Since R65 is reported to be the more critical residue for ERK2 binding, we incorporated 

HCK at that position (Figure 2-13a). We again utilized the ERK-KTR-mCherry reporter for 

exploring photoactivation of the caged KIM. HEK293T cells expressing only the reporter showed 

complete nuclear exclusion after EGF stimulation (Figure 2-13b, first row), while cells co-

expressing the R65K mutant led to mostly nuclear reporter accumulation, as expected (Figure 

2-13b, second row). When the reporter and KIM-caged R65HCK MKP3 were co-expressed, we 

observed complete nuclear exclusion following EGF stimulation, indicating inactivity of the 

phosphatase (Figure 2-13b, third row). Upon irradiation and activation of the caged MKP3, nuclear 

localization of the reporter is maintained, thus demonstrating that the cellular function of the 

phosphatase, specifically its ability to engage its substrate, was optically triggered (Figure 2-13b, 

fourth row). Quantification of the micrograph fluorescence clearly displays the ability to optically 

control the ERK2-MKP3 interaction via caging of the phosphatase KIM, thereby enabling light-

triggered substrate binding and dephosphorylation (Figure 2-13c). As in the case of active site 

cysteine caging, introduction of a caging group into the phosphatase:substrate interface also 

provides excellent optical OFF to ON switching behavior. 
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Figure 2-13 ERK activity in response to optical activation of the MKP3 kinase interaction motif 

a) Western blot of wild-type, R65K, and caged MKP3 shows full-length expression only in the presence of 0.25 mM 

HCK. b) KIM-caged MKP3 cannot efficiently bind to and dephosphorylate pERK until UV irradiation (365 nm, 2 

min) generates an active enzyme. Scale bar 10 μm. c) Quantification of cytoplasmic-to-nuclear (C/N) ratios support 

the micrograph findings. Error bars represent standard error of the mean of nine individual cells from three biological 

replicates. One-way ANOVA tests at the 60-minute time point resulted in p < 0.0001 when comparing R65HCK –

UV to R65HCK +UV, and reporter only to R65K. No significant difference (p > 0.1) was observed between R65K 

and R65HCK +UV or reporter only and R65HCK –UV. Reprinted from Courtney and Deiters, Nat. Commun. 2019, 

10, 4384. 

After demonstrating that we could successfully photo-activate the MKP3:ERK interaction 

and subsequently control phosphatase activity, we sought to explore the effect of titrating the level 

of active vs inactive phosphatase in order to further characterize the role of MKP3 in 

downregulating the ERK pathway. It is well established that ERK phosphorylation occurs in a 

graded manner, meaning pERK levels increase almost proportionally to an increase in external 

stimulus.92-93 However, downstream targets of the ERK pathway often act in a switch-like manner, 

meaning there is an all-or-nothing response. This has been reported for the nuclear translocation 

of ERK2 monitored as an ERK2-EGFP fusion in both HeLa and PC12 cells.94 We utilized the 

ERK-KTR-mCherry reporter to characterize ERK nuclear translocation behavior in HEK293T 
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cells and observed a graded response upon varied EGF stimulation (Figure 2-14a-b). For 

classification as a graded or switch-like response, the cytoplasmic/nuclear ratio for increasing EGF 

concentrations was fitted with a Hill function to calculate the Hill slope. A slope of approximately 

1 indicates a graded response, while a slope of  >>1 is representative of switch-like behavior.94 A 

slope of 1.5 was calculated, thus indicating a graded response. Unlike the monitoring with an 

ERK2-GFP fusion which only reports protein localization, this reporter couples nuclear 

translocation with reporting of nuclear activity of pERK. Our results showcase the complexity and 

variability of the ERK signaling pathway within different cell types. We were curious how titrating 

MKP3 phosphatase levels would affect the ERK activity response in the KTR reporter. We 

observed a graded reporter response to increasing MKP3 activity upon increasing UV exposure 

(Figure 2-14c). Almost complete activation is achieved with a two-minute irradiation, thus 

irradiation for shorter times is expected to allow for titration of increasing levels of active versus 

inactive phosphatase. With shorter irradiation times, a partial response was observed where only a 

small amount of pERK is dephosphorylated and results in incomplete exclusion of the reporter. 

This graded response indicates that MKP3 functions to dampen the response to growth factor 

stimulation like a rheostat rather than completely blocking signal propagation above a certain 

threshold like a switch. The MKP family has been considered more of a modulator of MAPK 

signal intensity and duration, rather than an ‘off switch’,58 thus the graded response observed by 

us supports those previous hypotheses. 
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Figure 2-14 Analysis of ERK activity in response to different doses of growth hormone stimulation and optically 

tuned phosphatase function 

a) The cytoplasmic/nuclear ratios for the ERK-KTR-mCherry reporter in HEK293T cells were plotted for a range of 

EGF concentrations and fitted with a Hill function. Based on the calculated Hill slope, a graded response is observed. 

Error bars represent the standard error of the mean of 85-90 cells per condition pooled from three biological replicates. 

b) Histogram representation of the obtained data more clearly depicts the graded response as seen by a unimodal 

distribution. c) Optical activation of KIM-caged MKP3 shows a graded response for the regulation of pERK 

translocation upon increased UV irradiation and cell surface stimulation with EGF (100 ng/mL), and thus increased 

levels of active MKP3. Each dot represents a single cell, black lines represent the mean, n = 40-45. Quantified cells 

were pooled from three biological replicates. One-way ANOVA tests showed p < 0.0001 comparing 0 minute to 0.5 

minute irradiation, p = 0.0002 for 0.5 minute to 1 minute irradiation, and p > 0.1 for 1 minute to 2 minute irradiation, 

indicating a significant difference for the first two comparisons and no significant difference for the third. Reprinted 

from Courtney and Deiters, Nat. Commun. 2019, 10, 4384. 

In order to validate that the responses we observed were due to light activation of the caged 

phosphatase (and not due to light alone), we conducted a few control experiments. Cells expressing 

either the ERK-mCherry or ERK-KTR-mCherry reporter were treated with or without EGF both 

in the presence and absence of a two-minute UV irradiation (Figure 2-15a-b). No significant 

difference was observed when comparing the irradiated versus non-irradiated samples. 

Additionally, although we observed no phototoxicity throughout our time course imaging, we 

wanted to validate that the UV exposure did not adversely affect cell viability (Figure 2-15c). In 
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an XTT assay, we observed no change in cell viability upon a two-minute UV irradiation, followed 

by a 72-hour incubation.   

 

Figure 2-15 UV control experiments with ERK-mCherry and ERK-KTR-mCherry reporters 

a) The nuclear/cytoplasmic ratio over time for the ERK-mCherry reporter in the presence or absence of UV irradiation 

with or without EGF treatment (100 ng/mL) shows no significance difference between the irradiated and non-

irradiated samples. b) The cytoplasmic/nuclear ratio over time for the ERK-KTR-mCherry reporter in the presence or 

absence of UV irradiation with or without EGF treatment (100 ng/mL) shows no significant difference between the 

irradiated and non-irradiated samples. Error bars represent standard error of the mean for nine individual cells obtained 

from three biological replicates. One-way ANOVA was used to compare the +/–UV samples; p > 0.05 equals ns. c) 

HEK293T cells were left non-treated (NT), treated with 100 µM doxorubicin (as a positive control for toxicity), 

irradiated for 2 minutes with UV light, or treated with 0.1% DMSO, then incubated for 72 hours. An XTT cell viability 

assay was performed and values were normalized to the non-treated sample. No effect on cell viability was observed 

with the UV irradiation. Reprinted from Courtney and Deiters, Nat. Commun. 2019, 10, 4384. 

2.5 Summary and Outlook 

These results represent the first example of photo-activation of a protein phosphatase. 

Unlike traditional methods employed for studying phosphatases (e.g., gene knockdown), the 

optochemical approaches developed here allow for acute triggering of enzyme activity, generation 

of tunable levels of activity depending on the length of light exposure, and temporal control of 

activation. Two complementary approaches were developed in order to render the dual-specific 

phosphatase MKP3 light-activatable, thereby enabling independent optical control of catalytic 

function and of phosphatase-substrate interaction. In the first approach, incorporation of caged 

cysteine into the active site enabled direct control of catalytic activity by blocking an essential 
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catalytic residue. Based on the extensive active site conservation of dual-specificity phosphatases, 

this approach is generalizable and can be used to optically control other members of the DUSP 

family. In addition to DUSPs, most tyrosine phosphatases utilize a catalytic cysteine, enabling 

expansion of our strategy to many of the 200 protein phosphatases. In addition, we applied a second 

approach by strategic caging of lysine-mediated electrostatic interaction in the MKP3:ERK 

protein-protein interface. Optical control of the kinase interaction motif will be useful for placing 

other phosphatase-MAPK interactions under optical control since electrostatic interactions are 

most often the main determinants of these high affinity interactions. More broadly, light-regulation 

of catalytic sites through introduction of caged amino acids has been demonstrated numerous 

times; however, the use of caged amino acids to control protein-protein interactions remains 

underdeveloped25-26, 59, 95 and extension of this approach to other scaffolding proteins will further 

facilitate the optical dissection of cell-signaling networks. 

2.6 Methods 

Reagents. The photocaged amino acids NVC and HCK were synthesized as previously 

reported.27, 33 Reagents used for synthesis were obtained from commercial vendors and used 

without additional purification. Recombinant animal-free human epidermal growth factor (EGF) 

was purchased from PeproTech (AF-100-15) and reconstituted per the manufacturer’s 

recommendation. Live Cell Imaging Solution (LCIS) was purchased from Molecular 

Probes/Invitrogen (A14291DJ). All antibodies used in western blots and immunoprecipitations 

were purchased from ProteinTech: GFP (50430-2-AP), GAPDH (10494-1-AP), and goat anti-

rabbit HRP (SA00001-2).  
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DNA constructs. All cloning was performed using chemically-competent Top10 cells. The 

synthetase plasmid (pMAH2-CageCys) used for caged cysteine (NVC) incorporation was a gift 

from Hui-wang Ai (UVA).33 The MKP3 gene was PCR-amplified using primers P1 and P2 from 

Addgene plasmid #27975 and ligated into EGFP-N1 (Clontech 6085-1) using restriction sites 

HindIII and BamHI to generate pMKP3-EGFP. Plasmid sequence was confirmed by Genewiz 

Sanger sequencing with their CMV-forward primer. An HA epitope tag was added to the C-

terminus of the MKP3-EGFP fusion using primers P3 and P4 following a site-directed mutagenesis 

method96 with pMKP3-EGFP as the template to yield pMKP3-EGFP-HA which was confirmed 

by sequencing at Genewiz with their SV40 polyA reverse primer.  

To improve incorporation levels for caged cysteine, the MKP3-EGFP-HA coding sequence 

was PCR amplified with primers P5 and P6 and ligated into the pMAH vector following digestion 

with SacI and PmeI to remove the synthetase (doubling the number of tRNAs genes in a given 

experiment), thus generating pMAH-MKP3-EGFP-HA-WT. Site-directed mutagenesis96 was 

performed to generate pMAH-MKP3-EGFP-HA-C293TAG (primers P7 and P8) and pMAH-

MKP3-EGFP-HA-C293S (primers P9 and P10) mutations using the pMAH-MKP3-EGFP-HA-

WT construct. All pMAH constructs were confirmed by Sanger sequencing (Genewiz) using their 

CMV forward primer and BGH polyA reverse primer. 

The pMKP3-EGFP-HA construct was used for generating pMKP3-EGFP-HA-R65K 

(primers P11 and P12), pMKP3-EGFP-HA-R65TAG (primers P13 and P14), and pMKP3-EGFP-

HA-R64K (primers P15 and P16) mutants via site-directed mutagenesis.96 Sanger sequencing 

(Genewiz) was performed to confirm successful mutagenesis with their CMV-forward primer. 

Two PylRS HCKRS/tRNA vectors were utilized: pU6-PylT-H1-PylT-HCKRS and p(U6-PylT)x4-

HCKRS.97 Due to the significant difference in size of these two plasmids, the smaller plasmid, 
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pU6-PylT-H1-PylT-HCKRS, was used in live cell imaging experiments as triple transfections 

were required, while the larger plasmid, p(U6-PylT)x4-HCKRS, was used for western blot analysis 

after double transfections. 

The pERK2-mCherry reporter was a gift from Jason Haugh (NCSU).98 The pERK-KTR-

mCherry reporter was generated by PCR amplifying the ERK-KTR fragment from Addgene 

plasmid #59150 with primers P17 and P18 and the backbone fragment was generated by PCR 

amplifying from an mCherry-N1 construct (gift from Gerry Hammond, University of Pittsburgh) 

with primers P19 and P20. The two fragments (ERK-KTR and mCherry) underwent Gibson 

assembly99 to generate pERK-KTR-mCherry. Plasmid sequence was confirmed by Genewiz using 

their CMV-forward primer. For a list of all primer sequences, see Table 2-2. For maps of all 

plasmids, see Appendix A. 

Table 2-2 List of primers used for MKP3 experiments 

Restriction site sequences are indicated in bold, base mutations are indicated with CAPITALIZATION, and the HA 

tag DNA sequence is highlighted in gray. 

Primer Sequence (5’ → 3’) 

P1 agaaagcttatgatagatacgctcagacccgtgccc 

P2 tctggatcccccgtagattgcagagagtccacc 

P3 gcatggacgagctgtacaagtacccatacgatgttccagattacgcttaaagcggccgcgactctagatcataatcagc 

P4 cttgtacagctcgtccatgccgagagtgatcccggcggcggtc 

P5 gcatgagctctcaagcttatgatagatacg 

P6 cgtagtttaaacttaagcgtaatctggaacat 

P7 caagaactgtggtgtcttggtacatTAGttggctggc 

P8 gcggctaatgccagccaaCTAatgtacc 

P9 gtacatAGCttggctggcattagccgctca 

P10 agccaaGCTatgtaccaagacaccacagttcttg 

P11 ctgcggAAGctgcagaagggtaacctgccggtgc 

P12 ctgcagCTTccgcagcatgatgcccgggatggc 

P13 ctgcggTAGctgcagaagggtaacctgccggtgc 

P14 ctgcagCTAccgcagcatgatgcccgggatggc 

P15 atgctgAAGcgcctgcagaagggtaacctgccggt 

P16 caggcgCTTcagcatgatgcccgggatggccac 

P17 gatccaccggtcgccaccatgaagggccgaaagcct 

P18 ctcgcccttgctcaccatactagtggatgggaattg 

P19 caattcccatccactagtatggtgagcaagggcgag 

P20 aggctttcggcccttcatggtggcgaccggtggatc 
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General cell culture and transfection. HEK293T cells (ATCC, CRL-11268) were maintained at 

37 °C in 5% CO2 atmosphere in DMEM High Glucose with 4.5 mM L-glutamine (GE Life 

Sciences, SH30003.03) supplemented with 1 mM sodium pyruvate (Alfa, A11148), 10% fetal 

bovine serum (Sigma, F0926), and 1% penicillin-streptomycin (Corning, 30-002-CI). For a 96-

well format used in all imaging-based experiments, 100 µL of media was used for culturing, 

whereas for a 12-well plate used for western blot or biochemical assays, 1 mL of media was used. 

Cells were monitored every 3 months to confirm the absence of mycoplasma contamination 

(Genlantis, MY01100). Cells were transiently transfected with LPEI (Polysciences, 23966) using 

a 0.5 mg/mL solution at a 5:1 LPEI:DNA (w/w) ratio in antibiotic-free DMEM. Following 

overnight transfection, the media was removed and the cells were gently washed once with regular 

DMEM to remove any excess unnatural amino acid. Cells were serum-starved (DMEM with 0.1% 

FBS, without antibiotics) for 4 h. The media was replaced with 90 µL of LCIS immediately prior 

to irradiation. Irradiation was performed on a UV transilluminator (VWR Dual Transilluminator 

at 365 nm) for two minutes (unless specified otherwise).  

General live cell imaging. HEK293T cells were imaged at ambient temperature with an Axio 

Observer Z1 microscope using a 20x Plan Apochromat objective equipped with an AxioCam MRm 

camera using Zen 2 Blue Edition software. Growth factor stimulation was performed by diluting 

a 10X (1 µg/mL) stock directly into media containing cells on the microscope stage to a final 

concentration of 100 ng/mL. Images were acquired using EGFP and mCherry filter sets (Zeiss 

38HE and 43HE, respectively). All image analysis and quantification was performed using FIJI 

and specific details are provided in the corresponding sections. 

Expression of MKP3 with a caged catalytic site. To validate the expression of wild-type, 

catalytically dead, and caged MKP3 via western blot, HEK293T cells were plated at ~200,000 
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cells per well in a 12-well clear bottom plate (Greiner). At ~80% confluence, cells were transfected 

as follows: (1) 1000 ng of pMAH-MKP3-EGFP-HA-WT and 1000 ng of pMAH2-CageCys, (2) 

1000 ng of pMAH-MKP3-EGFP-HA-C293S and 1000 ng of pMAH2-CageCys, or (3) 1000 ng of 

pMAH-MKP3-EGFP-HA-C293TAG and 1000 ng of pMAH2-CageCys with 20 µL of LPEI using 

100 µL of OptiMEM. The transfection mix (OptiMEM, DNA, and LPEI) was incubated at room 

temperature for 20 minutes, then the entire volume was added to wells containing 1 mL of DMEM 

(antibiotic-free). For NVC-containing wells, 10 µL of NVC stock solution (100 mM in DMSO) 

were diluted into 990 µL of DMEM for a final 1 mM NVC concentration. Cells were incubated 

for ~24 hours prior to harvesting for western blot analysis (see next section). 

Western blot analysis. Proteins were expressed in HEK293T cells as described (see Expression 

of MKP3 with a caged catalytic site or Expression of MKP3 with a caged kinase interaction motif) 

and the 12-well plate was placed on ice, the media was removed, and the cells were washed with 

200 µL of ice-cold phosphate buffer saline (PBS), then lysed with 100 µL of ice-cold RIPA lysis 

buffer (150 mM NaCl, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris pH 8.0) 

supplemented with 1X protease inhibitor cocktail (Thermo Scientific, 78429). Cellular debris was 

pelleted at 21,000 g for 15 minutes at 4 ºC and the supernatant was collected and mixed with 4X 

Laemmli sample buffer (12 µL lysate + 4 µL 4X buffer). Samples were heated at 95 ºC for 10 

minutes, then frozen at –80 ºC. The samples (all 16 µL per condition) were resolved on a 10% 

SDS-PAGE (60 V for 20 minutes, 150 V for 1.25 hours), then transferred to a 0.45 µm PVDF 

membrane (Millipore, IPVH00010) at 80 V for 1.5 hours using Towbin buffer (25 mM Tris-HCl, 

192 mM glycine, pH 8.3, 20% methanol [v/v]). The membrane was blocked for 2 hours with 5% 

milk in TBST (0.1% Tween-20 in 1X TBS) at room temperature with rocking. After blocking, the 

membrane was cut in half horizontally. The top half was probed with anti-GFP, while the bottom 



 42 

half was probed with anti-GAPDH. Anti-GFP was diluted 1:5000 and anti-GAPDH was diluted 

1:5000 in 5% milk in 6 mL of TBST and the membranes were incubated with primary antibodies 

overnight with rocking at 4 ºC. The following day, membranes were washed thrice with TBST 

(~10 mL), then probed with goat anti-rabbit HRP using 1:10,000 dilution in 6 mL of TBST for 2 

hours. The membranes were again washed thrice with TBST (~10 mL). Membranes were 

developed with SuperSignal West Pico PLUS Chemiluminescent Substrate (Thermo Scientific, 

34580) and imaged on a BioRad ChemiDoc using the Chemi setting. Images were exported using 

the “auto scale” feature in the BioRad Image Lab software.  

Biochemical phosphatase assays. MKP3 variants were expressed in a 12-well format identical to 

the method used above for western blot analysis. The plate was chilled on ice, the media was 

removed, and cells were gently washed with 1 mL of ice-cold PBS. Cells were gently lysed with 

100 µL of GE Mammalian Protein Extraction Buffer (28941279) on ice. The plate (still on ice) 

was placed on a rotary shaker and shaken at 250 rpm for 15 minutes. The lysate was collected, and 

cellular debris was pelleted at 21,000 g for 10 minutes at 4 ºC. The supernatant (~90 µL to avoid 

disturbing the pellet) was collected into a fresh tube. Anti-GFP antibody was added to each sample 

(0.1 µg) and incubated for 1 hour at 4 ºC. Protein A resin (SCBT, sc-2001) was added to each 

sample (10 µL) and rocked for 2 hours in a cold room. The resin was gently pelleted at 100 g for 

5 minutes at 4 ºC. The supernatant was removed (and discarded) and the resin was washed twice 

(500 µL each time) with chilled phosphatase assay buffer (25 mM HEPES, 50 mM NaCl, 2.5 mM 

EDTA, 10 mM DTT, pH 7.2). To activate MKP3 for in vitro assays, 5 µg of purified GST-ERK2 

was added to each sample (see below for its expression in E. coli). DiFMUP (1, Invitrogen – 

D6567) was added to a final concentration of 50 µM (from a 10 mM stock prepared in DMSO) 

and reactions were incubated at 37 ºC for 30 minutes. Fluorescence was measured using a Tecan 
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M1000 pro with settings of 358/5 nm for excitation and 450/5 nm for emission. Background 

hydrolysis was measured in buffer plus 1 and was subtracted from all data points. Expression and 

immunoprecipitation were performed in biological triplicates and fluorescence readings were 

averaged with error bars representing standard deviations. 

To generate GST-ERK2 protein, Addgene plasmid pGEX-4T-1 3xFlag-ERK2 (#47573) 

was transformed into BL21(DE3) using LB broth supplemented with ampicillin (100 µg/mL) and 

protein expression was performed following a literature procedure at a 100 mL scale.81 In short, a 

100 mL LB culture (plus ampicillin) was prepared by inoculating with 1 mL of saturated overnight 

culture, then grown to OD600 of 0.6 at 37 ºC with shaking. At this point, expression was induced 

by the addition of IPTG (using a 1 M stock solution prepared in water) to a final 2 mM 

concentration, and the culture was shaken for 5 hours at 37 ºC. Cells were harvested by 

centrifugation at 4200 g at 4 ºC for 10 minutes, and purification commenced by resuspending the 

cell pellet in 20 mL of ice-cold PBS containing 1X protease inhibitor (Sigma, P8849). Cell lysis 

was performed using an EmulsiFlex C3 Homogenizer (Avestin). Cells were passed through 

without pressure for 5 minutes, then cycled through with pressure (20,000 psi) for 15 minutes. 

Cellular debris was pelleted at 21,000 g for 15 minutes at 4 ºC, and the soluble protein fraction 

was transferred to a fresh tube. GST-ERK2 was purified using Pierce Glutathione Agarose 

(PI16100) following the manufacturer’s protocol. Purified protein was buffer exchanged thrice 

using centrifuge filters (Amicon Ultra 10 kDa, 0.5 mL) into phosphatase assay buffer prior to use 

in the in vitro assays and diluted to a final concentration of 1 µg/µL. Protein concentration was 

determined using a Coomassie-stained SDS-PAGE gel with a BSA standard curve.  

Catalytic site-caged MKP3 and ERK2-mCherry reporter. HEK293T cells were plated at 

~50,000 cells per well in a black, poly-D-lysine coated 96-well clear bottom plate (Greiner). At 
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~80% confluence, cells were transfected as follows: (1) 75 ng of pERK2-mCherry and 300 ng of 

pMAH2-CageCys, (2) 75 ng of pERK2-mCherry, 150 ng of pMAH-MKP3-EGFP-HA-WT, and 

150 ng of pMAH2-CageCys, or (3) 75 ng of pERK2-mCherry, 150 ng of pMAH-EGFP-HA-

C293TAG, and 150 ng of pMAH2-CageCys using 3.75 µL of LPEI (0.5 mg/mL) in 20 µL of 

OptiMEM. Transfection mix was added to wells containing 100 µL of DMEM. For NVC-

containing wells, DMEM was prepared as above to yield 1 mM NVC. Cells were incubated with 

the transfection mix for ~24 hours prior to serum starving. Cells were serum-starved (DMEM with 

0.1% FBS, without antibiotics) for 4 hours. The media was replaced with 90 µL of LCIS and the 

cells were irradiated for 2 minutes with a UV transilluminator (from the bottom of the plate), then 

immediately placed on the microscope stage for fluorescence imaging. EGF activation was 

performed as described previously (see General live cell imaging) using a final concentration of 

100 ng/mL. Images were acquired every 10 minutes for 60 minutes using GFP and mCherry filters.  

Circular ROIs were selected using the EGFP channel in order to discriminate between 

nuclear and cytoplasmic signal. Mean fluorescence was used for determining nuclear/cytoplasmic 

(N/C) ratios. For comparison of the MKP3 mutants over time, nine cells were analyzed at each 

time point from 0 to 60 from the three biological replicates and the average values +/– standard 

error of the mean were plotted against time. One-way ANOVA tests were performed to evaluate 

the statistical significance of the data.  

Catalytic site-caged MKP3 and ERK-KTR-mCherry reporter. HEK293T cells were plated at 

~50,000 cells per well in a black, poly-D-lysine coated 96-well clear bottom plate. At ~80% 

confluence, cells were transfected as follows: (1) 150 ng of pERK-KTR-mCherry and 300 ng of 

pMAH2-CageCys, (2) 150 ng of pERK-KTR-mCherry, 150 ng of pMAH-MKP3-EGFP-HA-WT, 

and 150 ng of pMAH2-CageCys, or (3) 150 ng of pERK-KTR-mCherry, 150 ng of pMAH-MKP3-
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EGFP-HA, and 150 ng of pMAH2-CageCys using 4.5 µL of LPEI in 20 µL of OptiMEM. 

Transfection mix was added to wells containing 100 µL of DMEM. For NVC-containing wells, 

DMEM was prepared as above for 1 mM final concentration. Cells were incubated with the 

transfection mix for ~24 hours prior to serum starving. Serum starvation, light activation, EGF 

stimulation, and image acquisition were performed identical to section Catalytic site-caged MKP3 

and ERK2-mCherry reporter.  

Circular ROIs were selected using the EGFP channel in order to discriminate between 

nuclear and cytoplasmic signal. Mean fluorescence was used for determining cytoplasmic/nuclear 

(C/N) ratios. For comparison of the MKP3 mutants over time, nine cells were analyzed at each 

time point from 0 to 60 from the three biological replicates and the average values +/– standard 

error of the mean were plotted against time. One-way ANOVA tests were performed to evaluate 

the statistical significance of the data. 

Expression of MKP3 with a caged kinase interaction motif. To validate the expression of wild-

type, R65K, and caged MKP3 via western blot, HEK293T cells were plated at ~200,000 cells per 

well in a 12-well clear bottom plate. At ~80% confluence, cells were transfected as follows: (1) 

1000 ng of pMAH-MKP3-EGFP-HA-WT and 1000 ng of p(U6-PylT)x4-HCKRS, (2) 1000 ng of 

pMKP3-EGFP-HA-R65K and 1000 ng p(U6-PylT)x4-HCKRS, or (3) 1000 ng of pMKP3-EGFP-

HA-R65TAG and 1000 ng of p(U6-PylT)x4-HCKRS with 20 µL of LPEI using 100 µL of 

OptiMEM. The transfection mix (OptiMEM, DNA, and LPEI) was incubated at room temperature 

for 20 minutes, then the entire volume was added to wells containing 1 mL of DMEM (antibiotic-

free). For HCK-containing wells, 2.5 µL of HCK (100 mM stock in DMSO) was diluted in 998 

µL of DMEM for a final 0.25 mM HCK concentration. Cells were incubated for ~24 hours prior 

to harvesting for western blot analysis (see section above).  
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KIM-caged MKP3 and ERK-KTR-mCherry reporter. HEK293T cells were plated at ~50,000 

cells per well in a black, poly-D-lysine coated 96-well clear bottom plate. At ~80% confluence, 

cells were transfected as follows: (1) 150 ng of pERK-KTR-mCherry and 300 ng of pU6-PylT-

H1-PylT-HCKRS, (2) 150 ng of pERK-KTR-mCherry, 150 ng of pMKP3-EGFP-HA-R65K, and 

150 ng of pU6-PylT-H1-PylT-HCKRS, (3) 150 ng of pERK-KTR-mCherry, 150 ng of pMKP3-

EGFP-HA-R65TAG, and 150 ng of pU6-PylT-H1-PylT-HCKRS using 4.5 µL of LPEI in 20 µL 

of OptiMEM. Transfection mix was applied to wells containing 100 µL of DMEM. HCK in 

DMEM was prepared as above and 100 µL was added per well. Serum starvation, light activation, 

EGF stimulation, and image acquisition were performed identical to section Catalytic site-caged 

MKP3 and ERK2-mCherry reporter. 

Circular ROIs were selected using the EGFP channel in order to discriminate between 

nuclear and cytoplasmic signal. Mean fluorescence was used for determining cytoplasmic/nuclear 

(C/N) ratios. For comparison of C/N ratios over time for the MKP3 mutants, nine cells were 

analyzed at each time point from 0 to 60 from the three biological replicates and the average values 

+/– standard error of the mean were plotted against time. One-way ANOVA tests were performed 

to evaluate the statistical significance of the data. 

Tunability of ERK activity. HEK293T cells were plated at ~50,000 cells per well in a black, 

poly-D-lysine coated 96-well plate. At ~80% confluence, cells were transfected with 150 ng of 

pERK-KTR-mCherry using 1.5 µL of LPEI (0.5 mg/mL) in 20 µL of OptiMEM. Transfection mix 

(OptiMEM, DNA, and LPEI) was incubated at room temperature for 20 minutes, then the entire 

volume was added to wells containing 100 µL of DMEM (antibiotic-free). Cells were incubated 

with the transfection mix for ~24 hours prior to serum starvation. Cells were starved for 4 hours 

in DMEM with 0.1% FBS (without antibiotics), then the media was replaced with 90 µL of LCIS. 
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A range of EGF concentrations (from 2500 ng/mL to 1 ng/mL, for final range of 250 ng/mL to 0.1 

ng/mL after 1:10 dilution upon addition to cells) was generated starting with a 10 µg/mL stock and 

diluting into LCIS. Following EGF addition, a 60-minute time point image was acquired for all 

ten EGF concentrations. 

Circular ROIs were used to measure mean fluorescence in the nucleus and cytoplasm. C/N 

ratios were calculated for 85-90 cells per condition (combined from three biological replicates) 

and the averages +/– standard error of the mean (s.e.m.) were plotted. A curve was fitted using the 

settings “[agonist] versus response – variable slope (four parameters)” in GraphPad Prism 7. The 

Hill slope was computed to be 1.534. 

Tunability of KIM-caged MKP3 activity. For exploring the tunability of photo-activation, 

irradiation times of 30, 60, and 120 seconds were utilized on cells transfected as described above 

(section KIM-caged MKP3 and ERK-KTR-mCherry reporter). Irradiation was performed as 

previously described (see General cell culture and transfection) and cells were immediately placed 

on the microscope stage for imaging. EGF activation was performed as described previously using 

100 ng/mL final concentration. A 60-minute time point image was acquired.  

Circular ROIs were selected using the EGFP channel in order to discriminate between 

nuclear and cytoplasmic signal. Mean fluorescence was used for determining cytoplasmic/nuclear 

(C/N) ratios. C/N ratios were determined for 40-45 cells per condition from a combined three 

biological replicates. A dot plot representation shows the C/N for each of the analyzed cells and a 

horizontal bar indicates the average. Histogram representation used a bin range of 0 to 3 with a bin 

size of 0.25. One-way ANOVA tests were performed to evaluate the statistical significance of the 

data. 
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Effect of UV irradiation on cell signaling reporters. HEK293T cells were plated at ~50,000 

cells per well in a black, poly-D-lysine coated 96-well clear bottom plate. At ~80% confluence, 

cells were transfected with either: (1) 150 ng of pERK-KTR-mCherry or (2) 75 ng of pERK2-

mCherry using 1.5 µL or 0.75 µL of LPEI, respectively, in 20 µL of OptiMEM (note: a working 

solution of transfection mix was prepared for four wells in a single tube). Transfection mix was 

applied to wells containing 100 µL of DMEM. Cells were incubated with the transfection mix for 

~24 hours prior to serum starving. Cells were starved for 4 hours in DMEM with 0.1% FBS 

(without antibiotics), then the media was replaced with 90 µL of LCIS. Following starvation and 

media change, a subset of wells was irradiated for 2 minutes with a UV transilluminator, then 

immediately placed on the microscope stage for fluorescence imaging. EGF activation was 

performed as described previously using 100 ng/mL final concentration (a subset of wells was left 

unstimulated). Images were acquired every 10 minutes for 60 minutes. Mean fluorescence from 

circular ROIs was used for determining cytoplasmic/nuclear (C/N) ratios for the ERK-KTR 

reporter or nuclear/cytoplasmic (N/C) ratios for the ERK2-mCherry reporter. Nine cells were 

analyzed at each time point from 0 to 60 minutes combined from three biological replicates and 

the average values +/– standard error of the mean were plotted against time. One-way ANOVA 

tests were performed to evaluate the statistical significance of the data.  

Effect of UV irradiation on cell viability. HEK293T cells were plated at ~25,000 cells per well 

in a white, poly-D-lysine coated 96-well clear bottom plate. The next day, four different treatments 

were performed in triplicate: (1) non-treated, (2) 100 µM doxorubicin, (3) UV irradiation for 2 

minutes, or (4) 0.1% DMSO, all in regular DMEM. Cells were maintained at 37 ºC and 5% CO2 

atmosphere for 72 hours. An XTT cell viability assay100 was performed by adding 40 µL of the 

activated XTT reagent (8 µL of 1.7 mg/mL menadione diluted into 1 mL of 1 mg/mL XTT reagent 
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solution) to each well. Absorbance was measured at 450 nm and 630 nm (background) on a Tecan 

M1000 pro plate reader immediately following reagent addition. Cells were placed back in the 

incubator for four hours, then final absorbance measurements were taken. The background 

absorbance was subtracted from each well, then absorbance was normalized such that the non-

treated sample equaled 100% cell viability. 
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3.0 Optical Deactivation of Protein Function 

3.1 Introduction to Light-Induced Protein Inactivation Approaches 

As detailed in earlier sections, light is a powerful external tool that has been applied for the 

activation of various biological processes. Analogously, light has been harnessed for inducing 

protein and cell inactivation through a technique known as chromophore-assisted light inactivation 

(CALI).101-102 CALI utilizes reactive oxygen species (ROS) generating photosensitizers that are 

either (a) genetically encoded as a protein fusion or (b) small molecule based probes that are post-

translationally conjugated to the biomolecule of interest (Figure 3-1).103  

 

Figure 3-1 Overview of chromophore-assisted light inactivation 

Chromophore-assisted light inactivation (CALI) can utilize a small molecule-based photosensitizer that reacts with a 

tagged fusion protein to covalently attach the ROS generator to the fusion (left) or a protein-based photosensitizer that 

can be genetically encoded and expressed as a fusion protein with the target protein (right). Figure adapted from Sano 

et. al., J. Cell. Sci. 2014, 127, 1621-1629. Copyright 2014 The Company of Biologists Ltd 
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Upon irradiation with light of an appropriate wavelength, these photosensitizers are excited 

to the S1 singlet state, then undergo intersystem crossing to an excited triplet state (3O2) at which 

point they react with oxygen through one of two pathways (Figure 3-2). The Type I pathway 

(electron transfer) generates superoxide radical anion, O2
•–, while the Type II pathway (energy 

transfer) produces singlet oxygen, 1O2. In the case of superoxide radical anion, additional reactions 

can occur to generate hydrogen peroxide (H2O2) and hydroxyl radical (HO•), both of which can 

also react with and modify biomolecules (both DNA and proteins).104 Energy and electron transfer 

are competing processes and in most cases the rate constant for energy transfer is greater, thus 

most photosensitizers predominantly generate singlet oxygen (Type II); however, this is not always 

the case.105-106 

 

Figure 3-2 Jablonski diagram describing reactive oxygen species (ROS) generation 

Absorbance (blue – A), fluorescence (orange – F), and phosphorescence (green – P) processes are indicated with the 

appropriate lines. In the case of photosensitizers, once excited to the singlet (S1) state, intersystem crossing (ISC) can 

result in a transition to a triplet state (T1) in which the photosensitizer can react with oxygen via two different 

pathways: Type I – electron transfer or Type II – energy transfer to generate superoxide radical anions or singlet 

oxygen, respectively. Figure adapted from Trewin et. al., Free Radic. Biol. Med., 128, 157-164. Copyright 2018 

Elsevier Ltd. 

An important aspect to consider when generating ROS for targeted approaches is the 

lifetime and the distance traveled before quenching; unfortunately, there are several factors that 

affect these values and the literature remains somewhat controversial in regard to these measured 

parameters. Singlet oxygen lifetime measurements acquired in Hela cells yielded 30 to 40 µs,107 
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around synthetic lipid membranes were ~3 ns,109 thus demonstrating the wide range of values 

depends on the system tested. The distance traveled by singlet oxygen reportedly ranges between 

10 nm to 3 µm when measured in various cell lines or at the cell membrane.110-115 

Small molecule photosensitizers have been developed using a wide range of core motifs 

(Table 3-1). The first example of protein inactivation using a small molecule photosensitizer was 

described by Daniel Jay in 1988.116 In this work, malachite green was attached to streptavidin and 

used to target biotinylated alkaline phosphatase and β-galactosidase. Upon irradiation with light 

(620 nm), enzyme activities were reduced by 75 to 85 percent. Jay initially attributed this localized 

inactivation to heat release proximal to the chromophore that dissipated over longer distances; 

however, in follow up reports, he elucidated the mechanism of inactivation to involve hydroxyl 

radicals and singlet oxygen.117-118 As malachite green is a poor ROS-generating chromophore, 

subsequent applications focused on the use of porphyrin, phthalocyanine, xanthene (Rose Bengal 

– RB) derivatives, and phenothiazinium (methylene blue – MB) motifs,119 while bis(bipyridyl) 

ruthenium (II) and boron-dipyrromethene (BODIPY) cores have become more common in recent 

years.120-122 Early CALI reports utilized xanthene derivatives, FlAsH and ReAsH, comprised of 

fluorescein and rhodamine cores bearing arsenic tags that react with tetracysteine sequences 

appended on the N- or C-terminus of the protein target.123 Unfortunately, these ROS generators 

suffered from non-specific interaction with cysteine-rich proteins thus limiting their utility, and 

the use of fluorescein and rhodamine motifs resulted in low quantum yields for ROS generation. 

Ruthenium (II) motifs have been used for inducing oxidation in DNA/RNA124 or conjugated to 

peptide derivatives (peptoids) for inhibition and inactivation of cell surface receptors.125  
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Table 3-1 Small molecule photosensitizers 

Structures of small molecule photosensitizers are shown. X represents positions for halogenation, typically bromine 

or iodine. R represents hydrocarbon additions, either aliphatic or aromatic. Wavelength ranges and quantum yields of 

singlet oxygen generation are included. 
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low ROS generation until functionalization with heavy atoms (bromine or iodine). The heavy atom 

effect is known to promote intersystem crossing, producing more efficient ROS generators.128 

Several reports have demonstrated that iodinated-BODIPYs can be used in photodynamic therapy 

for the inactivation of target cells (typically cancer cells) without damaging neighboring, healthy 

cells.128-132 Although the quantum yield determination for singlet oxygen generation is highly 

dependent on solvent, iodinated-BODIPY analogs tend to be the most efficient (0.26 to 0.96),122, 

133 followed by bis(bipyridyl) ruthenium (II) complexes (0.30 to 0.82)134 and eosin (0.28 to 

0.57).135 While these small molecule photosensitizers have shown significant promise in 

photodynamic therapy applications, controlling oxidation within a confined region of interest 

remains challenging due to the potential for unbound small molecule diffusion (if not washed out 

sufficiently). When selecting a ROS generator for CALI applications, one should consider the 

following: (1) ensure that the wavelength needed for ROS generation does not overlap or interfere 

with any fluorescent protein fusions or intended fluorescent readout probes and (2) synthetic 

accessibility of generating a modified ROS chromophore bearing the necessary reactive handle for 

target labeling. 

The Bruchez lab developed a strategy which capitalizes on the advantages of both small 

molecule- and protein-based ROS generators. First, an engineered protein dL5** that selectively 

binds to malachite green with low nanomolar affinity was developed as a turn-on fluorophore 

strategy in which fluorescence is only achieved when MG is complexed with dL5** (fused to the 

protein of interest).136 The Bruchez lab later generated an iodinated-MG (MGI) such that the 

capacity for ROS generation was only possible upon MGI complex formation with dL5**.137 

Among the many applications, they demonstrated that this approach could be used to achieve 

targeted cell ablation of cardiac muscle cells in zebrafish. 
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Several genetically encoded proteins such as KillerRed, miniSOG, and SuperNova have 

been developed to induce inactivation of their fusion proteins in cells (Figure 3-3).138-141 Early 

examples demonstrated that GFP could be used for CALI applications to inactivate α-actinin142 

and myosin;143 however, the use of GFP as a ROS generator is not ideal given its common 

utilization as a marker of subcellular localization during fluorescence microscopy. A fusion protein 

composed of KillerRed and the protein of interest can be expressed in cells, and upon irradiation, 

Killer Red generates superoxide ions, which degrade the fusion protein to inactivate its function 

or induce phototoxicity and subsequent cell death. Typically, KillerRed is applied as an 

optogenetic tool for total cell ablation as opposed to targeted enzymatic inactivation.144-146 More 

recently, monomeric variants, such as Supernova, have been developed in order to address issues 

associated with using a dimeric fusion protein,141, 147 and point mutations have been introduced to 

generate KillerOrange expanding the wavelength options available for ablation.148 

 

Figure 3-3 Fusion proteins for ROS production 

Unlike green fluorescence protein (GFP) which is predominantly used as a fluorescent marker of subcellular 

localization in cells, Killer Red (KR) and miniSOG (SOG) generate reactive oxygen species upon excitation with the 

appropriate wavelength of light. Figure adapted from Foster et al., Redox Biol., 2, 368-376. Copyright 2014 Elsevier 

Ltd. 

MiniSOG (mini singlet oxygen generator) was derived from the LOV domain of 

Arabidopsis thaliana phototropin 2 and is often advantageous over the KillerRed series due to its 

significantly smaller size of ~15 kDa.139 It has been employed for cell ablation studies in C. 
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elegans, Drosophila, E. coli, and various mammalian cell lines,149-153 and in a few cases has been 

used for targeted inactivation of mitochondrial protein complexes and synaptic proteins (VAMP2) 

in neurons.154-155 These protein based ROS generators suffer from significantly lower quantum 

yields (of both singlet oxygen and superoxide radical anion) ranging from 7 – 20 x 10-3.156 In 

addition, in most cases attachment of the chromophore is limited to the N- or C-termini, thus the 

fused ROS generator may be oriented in an imperfect manner. Although the quantum yields are 

much lower and orientation of the chromophore is not exact, this type of ROS generator is 

advantageous in that the localization and proximity of the chromophore to the protein of interest 

is pre-defined during experimental design of the fusion protein. While small molecule ROS 

generators can diffuse throughout the cell, requiring washout of any unbound ROS generator, this 

is a non-issue with protein-based ROS generators. 

In addition to ROS generation resulting from irradiation of photosensitizers, there are 

several endogenous sources of ROS, primarily the byproducts of aerobic respiration. A significant 

amount of research has been performed to study the effects of both exogenous and endogenous 

sources of ROS and the roles that they play in cell signaling, redox homeostasis, and healthy versus 

disease states.157-160 Due to the reactive nature, these species are capable of reacting with a range 

of biomacromolecules such as DNA, RNA, lipids, and proteins.161-162 In particular, singlet oxygen 

is consumed by these molecules with a distribution of 69:12:19 (protein:DNA/RNA:lipids/small 

molecules), which roughly matches the cellular abundance of these macromolecules.106  

For the work discussed in this document, we focus on the effects of ROS reacting with 

proteins. At physiological pH, singlet oxygen reacts preferentially with histidine, tryptophan, 

tyrosine, methionine, and cysteine; however, under high pH conditions, lysine and arginine can 

undergo modification.163 Table 3-2 shows some representative products of singlet oxygen 
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reactivity with these different side chains.106 In many cases, peroxide intermediates are formed; 

however, these often rapidly decompose into more stable products. For example, the peroxide 

intermediate of tryptophan is converted to N-formylkynurenine then further reduced to kynurenin 

(shown on the right), while the peroxide generated from tyrosine is converted to the more stable 

alcohol product (a dienone alcohol) that has been reported to undergo Michael additions with 

cellular thiols.106 The sheer number of potential products that can be generated upon reaction with 

singlet oxygen (and other ROS) makes characterization a challenge. Although less common, 

backbone oxidation and fragmentation, as well as protein cross-linking has been reported as a 

product of ROS reaction with proteins.164-165 
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Table 3-2 Amino acids susceptible to oxidation via reaction with singlet oxygen 

The rate constants, amino acid structures and representative products are shown. 

 

3.2 Introduction to Bioconjugation Reactions and Genetically Encoded Handles 

First described by Carolyn Bertozzi, “bioorthogonal chemistry” refers to the introduction 

of a unique chemical handle into a biomacromolecule such that upon addition of an exogenous 

probe, a highly selective reaction will occur between the modified macromolecule and the 

probe.166-167 A “bioorthogonal reaction” must fulfill several key requirements: (1) the reactive 

handles that are appended to the biomolecule should not react with undesired biomolecules (or 
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small molecules) in the cell, (2) the reactive handle and the added probe must react with each other 

under physiologically relevant conditions (aqueous environment at pH 7.4), (3) the product of the 

reaction must generate a stable linkage that is not susceptible to hydrolysis, and (4) the reactive 

handle and probe should not be cytotoxic.168-169 Although the list of requirements is lengthy, 

several bioorthogonal reactions have been developed and applied in the last few decades. Further, 

these handles have been converted into unnatural amino acids that have been genetically encoded 

in E. coli and mammalian systems.170-171 Upon genetic encoding, these handles can undergo 

chemoselective reactions to label the protein with fluorophores, PEG linkers, and even additional 

proteins (Figure 3-4a). Depending on the bioorthogonal moiety selected, the reaction rates vary 

drastically between the different chemistries, covering several orders of magnitude (Figure 3-4b).  

 

Figure 3-4 Chemoselective labeling of proteins using bioorthogonal reactions 

a) Following genetic encoding of a bioorthogonal moiety, chemoselective reactions can be applied for targeted 

labeling of the protein of interest. b) The different chemistries exhibit a wide range of reaction rates, which are shown 

for the commonly utilized techniques. Figure was taken from Lang, K and Chin, J. Chem. Rev. 2014, 114, 4764−4806. 

Copyright 2014 American Chemical Society. 
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cytotoxicity. Inverse-electron demand Diels-Alder cycloadditions (IEDDA) are the fastest 

bioconjugation reaction reported thus far and utilize tetrazines and strained alkenes and 

occasionally, strained alkynes (Figure 3-5a). 

 

Figure 3-5 Structures of representative unnatural amino acids bearing bioorthogonal handles 

a) The reaction partners for three common cycloadditions are shown. b) Representative UAAs with bioorthogonal 

reactive handles are shown. Color coding of the amino acids are matched to the reaction type, with the exception that 

BCNK can undergo both SPAAC and IEDDA reactions. 

Representative bioorthogonal amino acids are discussed here; however, this is by no means 

a comprehensive discussion of these UAAs. A p-azidophenylalanine, pAzF, was genetically 

encoded by the Schultz lab (Figure 3-5b) and utilized for copper-mediated cycloadditions with 

various fluorophores to demonstrate site-specific protein labeling,172-173 and was later applied for 
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a Staudinger ligation using an appropriate phosphine.174 A cyclopropene-containing lysine, CpK, 

was encoded and used in photoclick reactions with tetrazoles.175 The Chin lab later applied CpK 

for tetrazine ligations and applied this for proteome labeling in mammalian cells and fruit flies.176 

Addition of norbornene to lysine produced NorK, which was genetically encoded by our lab, in 

collaboration with the Chin lab, in both E. coli and mammalian cells, and labeling of cell surface 

modified proteins with tetrazine-fluorophore conjugates was performed and showed near 

quantitative and rapid labeling.177 A strained cyclooctyne (bicyclo[6.1.0]nonyne) was attached to 

lysine to generate BCNK that then reacted with an azide-fluorophore.178 In addition to reacting 

with azides, BCNK can undergo Diels-Alder reactions with tetrazines that occur even faster.179 A 

strained cyclooctene in the trans-configuration conjugated to lysine at the 4-position resulted in 

generation of 4-TCOK that was incorporated separately by the Lemke and Chin labs and used for 

cell surface labeling with a variety of tetrazine-modified fluorophores.179-180 The Lemke lab later 

developed a 2-TCOK that is more stable;181 however, tetrazine conjugations with 2-TCOK have 

been shown to undergo β-elimination, leading to generation of a native lysine.182 Follow up 

applications with both the 2- and 4-TCOK analogs showed that they could be used for attachment 

of super resolution imaging probes.183-185 

While tetrazine-TCO ligations are the fastest, there are some limitations of these reactions 

when applied in cell-based experiments. The 4-TCOK is susceptible to attack by cellular thiols, 

while the 2-TCOK seems to be protected from this side reactivity as a result of the alkene 

proximity to the carbamate. Isomerization to the cis-isomer produces a non-reactive tagged-protein 

that cannot be separated from the desired TCOK-modified sample, thus in these cases, quantitative 

conversion becomes impossible.179 In recent years, the Fox lab developed a clever silver(I) 

complexation strategy for improving the shelf-life and stability of the trans-isomer without 
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affecting reaction rates toward tetrazines.186-187 An alternative strategy to improve TCO stability 

is the introduction of a water-soluble vitamin E analog, Trolox, to prevent undesired thiol side 

reactions.186 For the purpose of the work detailed here, we chose to utilize to NorK as it does not 

suffer from the side reactivity observed by the other strained alkenes, while still affording 

sufficiently fast reaction rates with a variety of tetrazines. Additionally, NorK is more 

synthetically accessible than the more reactive alkene-containing UAAs, thus making it an 

attractive starting point. 

3.3 Mapping of Protein Oxidation via Light-Induced Localized Oxidation 

We envisioned that the incorporation of a bioorthogonal unnatural amino acid would 

enable the site-specific attachment of a small molecule ROS generator, affording more precise 

control of targeted protein oxidation/inactivation as compared to existing methodologies. 

Although the exact mechanism of ROS generation is not fully characterized, ROS are thought to 

travel through an inner channel of protein-based photosensitizers, thus producing multiple 

“clouds” of ROS at opposite ends of the protein barrel (Figure 3-6a). As a result, the ROS are not 

optimally positioned at the desired site of inactivation, here denoted as an enzyme active site. In 

contrast, our design aims to utilize an unnatural amino acid proximal to the desired inactivation 

site, which can undergo a bioorthogonal reaction with a ROS generator fused to the appropriate 

reactive handle such that the ROS generator is spatially confined (Figure 3-6b). 
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Figure 3-6 Schematic of localized ROS production for protein oxidation and inactivation 

a) With traditional protein photosensitizers, generated ROS travels out the inner channel as indicated by the red cloud 

and depending on the site of attachment, may or may not reach the active site of the target protein prior to being 

quenched. b) Through the introduction of the ROS generator via a bioconjugation reaction with a UAA-bearing target 

protein, the ROS generator can be proximally located near the desired site, such that the generated ROS cloud is 

capable of reacting with nearby side chains. 

In preliminary studies, which are the focus of this document, we aimed to generate targeted 

ROS in order to simply oxidize and inactivate proteins of interest in a proof-of-concept manner. 

However, upon development of the technology, the long-term goal is to apply the approach for 

protein-protein mapping as overviewed in Figure 3-7. Current technologies such as APEX188 and 

BioID189 use enzymes fused to the “bait” protein such that upon addition of biotin-phenol and 

hydrogen peroxide or simply biotin, respectively, these enzymes are activated and label nearby 

proteins with a biotin handle (Figure 3-7a,b).190 These approaches have been widely explored for 

the goal of protein-protein mapping; however, background labeling has been observed and both 

approaches suffer from similar issues as protein photosensitizer fusions in that the positioning of 

the enzyme on the bait protein can interfere with protein function/localization due to the large size 

(28 – 35 kDa). An alternative strategy employs a small molecule iron-based sensor (FeBABE) 



 64 

which alkylates surface cysteines and can induce protein side chain oxidation upon addition of 

hydrogen peroxide (Figure 3-7c).190-191 In our design (Figure 3-7d), the small molecule ROS 

generator will be localized to a user defined site such that upon irradiation, both the target protein 

(blue) and any interacting proteins (orange) will undergo oxidation, which can be stably trapped 

with a tagged hydrazine,192-193 followed by LC-MS/MS analysis to determine sites of 

oxidation/labeling. All three of the existing approaches are limited in their temporal resolution in 

that upon addition of the biotin or hydrogen peroxide reagents, the reaction will proceed until the 

cells are lysed (and in the case of BioID, this reaction typically proceeds for ~24 hours); whereas 

with our approach, ROS will only be generated at a user-defined time and several pulses of 

irradiation can be performed for controlling different levels of oxidation/mapping with spatial 

control. 

 

Figure 3-7 Overview of protein-protein mapping approaches 

a) BioID utilizes a biotin ligase enzyme which upon addition of high concentrations of biotin will label neighboring 

proteins with biotin. b) APEX uses an ascorbate peroxidase which is activated upon addition of hydrogen peroxide 

and biotin to generate a biotin-phenoxyl radical which labels nearby proteins. c) FeBABE uses the reagent Fe(III) (S)-

1-(p-bromoacetamido-benzyl)ethylene diamine tetraacetic acid to alkylate cysteine residues such that in the presence 

of hydrogen peroxide and ascorbic acid, protein side chains are oxidized. d) Our strategy uses a site-specific ROS-

generator to induce localized oxidation that can be trapped with various hydrazines, which can be subsequently 

identified via LC-MS/MS. Panels (a) and (b) are adapted from Trinkle-Mulcahy, L. F1000, 2019. 8, Faculty Rev-135. 

Copyright 2019 Laura Trinkle-Mulcahy. 
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In order to overcome an inherent limitation of existing small molecule photosensitizers, we 

hypothesized the use of a turn-on ROS generator would help to minimize background, undesired 

ROS generation due to incomplete removal of unbound probe. Several turn-on fluorescent probes 

have been developed in recent years using a variety of reactive groups such as the reduction of an 

azide to an amine to trigger a self-immolative release, nucleophilic attack of a closed-form 

xanthene derivative to generate the open-form, and oxidative cleavage of boronates with hydrogen 

peroxide.194-197 However, for the purpose of this work, we focus on the tetrazine-fluorophore 

moiety.198 These probes contain a tetrazine functionality either in direct conjugation or proximally 

linked to a fluorophore such that the fluorescence is quenched via through-bond energy transfer 

(TBET) or fluorescence resonance energy transfer (FRET), respectively. Following a successful 

bioconjugation reaction, the tetrazine is converted to a dihydropyridazine which no longer 

functions as a quencher, turning on fluorescence. This approach has been utilized for the turn-on 

control of coumarin, rhodamine, and BODIPY dyes and has enabled protein labeling and super 

resolution imaging in mammalian cells.194, 198-199 We hypothesized that the same approach could 

be applied to iodinated-BODIPY analogs in order to generate “turn-on” ROS generators (Figure 

3-8). Both TBET and FRET analogs 2 and 3 were synthesized by Anirban Bardhan, as there are 

(dis)advantages to both types of quenchers. TBET quenching is more efficient than FRET due to 

the rigid, conjugated linker; however, the rigidity and short nature of this linker may lead to steric 

interactions that preclude the bioconjugation reaction from occurring.200-201 Additionally, TBET 

does not require spectral overlap for efficient quenching, while FRET (as the name implies) does 

require spectral overlap. 
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Figure 3-8 Turn-on tetrazine-BODIPY ROS generators 

Two different quenched iodo-BODIPY-tetrazine ROS generators were synthesized by Anirban Bardhan. Tetrazine 2 

utilizes TBET quenching, while 3 utilizes FRET. Upon successful cycloaddition (shown with norbornene here), a 

dihydropyradizine is generated, which no longer functions as a quencher, enabling ROS generation. 

Anirban Bardhan tested the turn-on nature of tetrazine 2 using the singlet oxygen sensor 

1,3-diphenylisobenzofuran (DPBF, 4). This fluorescent sensor readily reacts with singlet oxygen 

to form a peroxide intermediate that decomposes to the non-fluorescent dibenzoylbenzene (Figure 

3-9a), thus, in the presence of high levels of ROS, a loss of fluorescence is observed. Irradiation 

of the sensor alone showed no change (black trace), while the iodo-BODIPY-tetrazine 2 showed 

minimal background ROS generation, indicating incomplete quenching (blue trace); however, 

upon reaction with NorK, the ROS generation roughly doubled (orange trace) showcasing that 2 

can be used as a turn-on ROS generator (Figure 3-9b).  

Around the same time, the Vázquez lab reported similar findings using tetrazine 2 and a 

different FRET-quenched tetrazine.202 They report changes in quantum yield for 2 of 0.217 to 

0.505 upon reaction with norbornene, which is a 2.3-fold increase in ROS generation. 

Unfortunately, for their FRET-based quencher, the quantum yield changes were 0.440 to 0.473, 

which only corresponds to a 1.08-fold increase, implicating very poor FRET-based quenching. 
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They utilized 2 to show light-induced phototoxicity only upon treatment with trans-cyclooctenol 

in Hela cells. In a follow up study, they treated cells with 5‐vinyl‐2′‐deoxyuridine which was 

incorporated into DNA by endogenous cellular machinery during cell division, then following a 

bioconjugation reaction with 2, they demonstrated light-induced DNA damage. Based on their 

work and our preliminary DPBF assay, use of tetrazine 2 would be the best option for proceeding 

with a turn-on ROS generator. 

 

Figure 3-9 Validation of turn-on ROS generation 

a) The DPBF sensor 4 reacts with singlet oxygen to generate an unstable peroxide intermediate which rapidly 

decomposes to a non-fluorescent product. b) The sensor alone (black) shows no change upon increased irradiation 

with 530 nm light. The tetrazine 2 showed some background ROS generation (blue); however, upon treatment with 

NorK, an even greater ROS generating capability was observed (orange), thus demonstrating the turn-on nature of 2. 

Experiment was conducted by Anirban Bardhan. 

Given the previous success using NorK as a genetically encoded bioorthogonal handle in 

our lab (in collaboration with the Chin lab) and its ease of synthesis, we proceeded with the 

encoding of NorK into sfGFP as a proof-of-concept target protein. We selected sfGFP for the 

following reasons: (1) high yielding expression for many different UAAs, and (2) simple, 

functional readout of protein inactivation via GFP fluorescence measurements on a plate reader or 

via in-gel fluorescence. Bacterial protein expression and genetic encoding of NorK into sfGFP 

was performed by Anirban Bardhan.  

Because our long-term goal is to determine the specific sites of oxidation, we first 

performed in-gel analyses to characterize the native and modified sfGFP sequences and locate the 

site-specific incorporation of NorK. In collaboration with the Yates lab (Cell Biology, University 
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of Pittsburgh), in-gel digestions were carried out using trypsin and chymotrypsin, followed by LC-

MS/MS analysis on a nano-flow liquid chromatography system (Dionex RSLC) coupled to an ion 

trap mass spectrometer (Finnigan LTQ). Protein sequence identification was achieved via a 

database search engine (Matrix Science MASCOT) and a modified database (Uniprot-Jellyfish, 

with in-house modifications). The database search considered a fixed modification of cysteine 

(Cys – carbamidomethyl) and three variable modifications (Met – oxidation, N-terminal – 

acetylation, and Tyr – NorborneneLysine). A tolerance of 1.4 and 0.8 Da was used for the precursor 

and product ion m/z ratios, respectively. Figure 3-10 shows the identified sfGFP peptides (shaded 

with blue and green coloring) mapped onto the sfGFP protein crystal structure. High sequence 

coverage was observed with both trypsin and chymotrypsin, and the amino acid residues proximal 

to NorK (and the eventual ROS generator) were covered in both the wild-type and NorK-sfGFP 

samples. These data support the feasibility of detecting site-specific modifications of NorK-sfGFP 

in future experiments. 

 

Figure 3-10 MS/MS coverage of sfGFP peptides using trypsin and chymotrypsin 

The peptide matches from a MASCOT database search were mapped onto the structure of sfGFP (PDB: 2B3P) to 

illustrate which regions were detectable upon enzymatic digestion with trypsin (a) and chymotrypsin (b). 

Next, the MS/MS spectrum for the triply charged NorK-incorporated peptide 

LEYNFNSHNVXITADK (where X = NorK) was reviewed to confirm the sequence. Briefly, 

collision activated dissociation of an ion at m/z 677.3 was carried out using an ion trap mass 

A B
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spectrometer (Finnigan LTQ) to produce a tandem mass spectrum that is dominated with b-type 

and y-type fragment ions. In silico fragmentation (Protein Prospector MS-product – UCSF) was 

used to generate a list of possible product ions, which were then manually compared to the 

experimental spectrum (Figure 3-11). Observation of the b10
+, b11

2+, y5
+, and y8

+ confirm the site-

specific incorporation of NorK in the sfGFP tryptic peptide. 

 

Figure 3-11 MS/MS analysis of NorK-modified sfGFP 

Tandem mass spectrum of NorK-modified peptide with b and y ions denoted in red and blue, respectively.  

After identifying the NorK-containing peptide in sfGFP, we wanted to validate that we 

could detect the product following a bioconjugation reaction. For this preliminary study, Anirban 

incubated NorK-sfGFP with the dipyridyl-tetrazine 5 (Figure 3-12a) at room temperature 

overnight in phosphate-buffered saline (PBS) at a final DMSO concentration of 10%. Following 

SDS-PAGE analysis and subsequent in-gel tryptic digestion, the sample was analyzed by LC-

MS/MS in the same manner as before. Figure 3-12b shows the CAD spectrum for the NorK-

incorporated peptide LEYNFNSHNVZITADK at m/z 746.8 where Z = NorK-5 side chain. The 

presence of the b10
+ and y5

+ ions support the successful bioconjugation reaction. 
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Figure 3-12 MS/MS analysis of the conjugated product of NorK-sfGFP and 5 

a) NorK-sfGFP was incubated with dipyridyl-tetrazine 5, performed by Anirban. b) Tandem mass spectrum of a 5-

NorK-modified sfGFP peptide. Here Z refers to the NorK-5 side chain. 

We proceeded with testing the bioconjugation reactions of NorK-sfGFP with iodo-

BODIPY-tetrazines 2 and 3 by varying the incubation time (Figure 3-13 – conducted by Anirban). 

Samples were again analyzed using a standard in-gel protein procedure. Unexpectedly, in the 

reaction with 2, the expected product peptide was not detected via LC-MS/MS analyzed in a data-

dependent (DDA) manner. A targeted method was designed to search for the m/z corresponding to 

the 2+ and 3+ charge states of the non-reacted NorK-peptide and the 2-NorK-peptide conjugated 

product peptide. In DDA, if the desired peptide (and m/z) was of low abundance, it might not have 

been isolated for fragmentation in the typical Top8 method used for all previous analyses, thus a 

targeted method has the potential for improving the sensitivity in this case. Unfortunately, the 

target peptide was not confirmed using a targeted method either. The unreacted NorK-peptide was 
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observed with similar relative abundance in samples collected before and after reaction, and may 

suggest that the reaction efficiency was low. Additional experiments would need to be conducted 

in order to attempt to quantify the conversion in this type of experiment. 

 

Figure 3-13 Bioconjugation reactions of NorK-sfGFP with iodo-BODIPY-tetrazines 2 and 3 

Bioconjugation reactions between NorK-sfGFP and two different iodo-BODIPY tetrazines 2 and 3 were assembled 

by Anirban Bardhan. Reaction time was varied from one hour to overnight. Samples were analyzed via SDS-PAGE, 

and tryptic digestion was performed from excised gel bands. 

For the reaction between 3 and NorK-sfGFP, the LC-MS data showed a qualitative 

decrease in signal intensity for the m/z corresponding to the starting NorK-peptide; however, the 

corresponding CAD spectrum (Figure 3-14a) did not contain matching fragment ions for the 3-

NorK-peptide. Interestingly, several of the observed product ions closely matched the spectra 

acquired in Figure 3-11 for the starting NorK-peptide and the most intense fragment ion matched 

the mass of the 2+ charge state of the starting NorK-peptide (Figure 3-14b). Thus, it seemed that 

the bioconjugation product might be undergoing an unexpected gas phase fragmentation to 

generate a product that closely matched the starting NorK-peptide. 
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Figure 3-14 Tandem MS/MS/MS analysis of a 3-NorK-sfGFP peptide 

a) The expected product peptide may potentially undergo gas phase fragmentation to regenerate the NorK-peptide, 

based on the daughter ions generated in (b) and (c). b) The product 3-NorK-peptide was selected at m/z 720.3 and 

fragmented; however, the observed ions do not match in silico predictions. c) The most intense ion from (b) was 

selected at m/z 1015.5 and fragmented. This produced a spectrum that closely matched the starting NorK-peptide. 

To further explore this, we designed an MS/MS/MS experiment that first isolated the 

bioconjugation product 3-NorK-peptide (m/z 720.3), followed by isolation and fragmentation of 



 73 

an m/z corresponding to the starting NorK-peptide (m/z 1015.5). The spectrum (Figure 3-14c) 

closely matches that of the starting NorK-peptide from Figure 3-11, further supporting the 

possibility that we generated the product peptide. Unfortunately, in order to validate this, the 3-

NorK-peptide needs to be synthesized and analyzed in an identical manner in order to compare 

the MS2 and MS3 spectra from both samples. 

In the absence of mass spectrometry confirmation of the bioconjugation product, we 

proceeded to test this in a functional assay in hopes that if the functional assay were successful, 

we could show the conjugation reaction must have been successful. To do this, NorK-sfGFP was 

reacted with an excess of tetrazine 3 (10 equivalents) for four hours, then unreacted 3 was removed 

by extraction with diethyl ether. The protein samples were then irradiated with a 530 nm LED for 

various times, then SDS-PAGE analysis was performed (Figure 3-15a,b). No change was observed 

via Coomassie staining, while a decrease in GFP signal was observed via in-gel fluorescence 

imaging. Based on these preliminary results, it appeared that the conjugation reaction occurred, 

and light-induced protein oxidation was successful. Next, we attempted to validate these results 

using biochemical methods to detect protein carbonylation. The most widely utilized method 

involves the reaction of 2,4-dinitrophenylhydrazine (DNPH, 6) with protein carbonyls to generate 

the corresponding hydrazones (Figure 3-15c), which can be detected using antibodies against the 

dinitrophenyl moiety.203-206 The same experiment was repeated, the samples were separated on 

SDS-PAGE, then transferred to a PVDF membrane which was incubated with 6 to label any side 

chain oxidation. Western blot analysis against the DNP-epitope showed an unexpected result 

(Figure 3-15d) in that all samples were labeled to a similar degree, including the non-3 treated 

sfGFP sample (lane 1). 
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In an effort to analyze the degree of oxidation, these samples were analyzed by in-gel 

protein identification. Following a MASCOT search for various side chain oxidations, the level of 

oxidation was assessed by summation of the number of oxidized peptides divided by the total 

number of peptides identified. Unfortunately, in this analysis, high levels of background oxidation 

in the non-BODIPY treated samples and the BODIPY-treated non-irradiated samples (lanes 1 and 

2) were observed. Future analyses should analyze the relative abundance of the identified oxidized 

peptides between the different conditions in order to determine the extent of oxidation since the 

spectral counting method used previously did not account for prevalence or abundance of signal. 

 

Figure 3-15 Light-induced oxidation of 3-NorK-sfGFP 

a) NorK-sfGFP was reacted with tetrazine 3, followed by ether extraction to remove unbound compound. Samples 

were irradiated for increasing times with 530 nm light, then analyzed by Coomassie staining and in-gel fluorescence 

(b). c) Biochemical methods to detect protein carbonylation utilize the hydrazine 6 to generate a DNP-hydrazone 

which can be detected using an anti-DNP antibody. d) The experiment in (b) was repeated, samples were analyzed via 

SDS-PAGE, then transferred to PVDF membrane, followed by incubation with 6. Western blot analysis against the 

DNP-epitope showed equivalent labeling for all samples. 

In an effort to elucidate what was contributing to the background DNP-labeling of the 

NorK-sfGFP sample, we decided to test a few additional sfGFP variants under similar conditions. 

The wild-type sfGFP protein contains a tyrosine at position 151, thus to determine whether the 

labeling was inherent to sfGFP, we used this as a control. Additionally, we hypothesized that the 

carbamate or strained alkene of the NorK side chain might be reacting with the hydrazine, thus 
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we opted to compare this with an aliphatic alkene found in AllocK (Figure 3-16a). The three sfGFP 

protein samples were electrophoresed, followed by transfer to a PVDF membrane, then incubation 

with 6. Anti-DNP western blot analysis showed a substantially higher degree of labeling for the 

NorK-sfGFP, indicating that the strained alkene might somehow be reacting with 6 (Figure 3-16b). 

Additional experiments should be conducted in order to confirm these findings and to determine 

the structure of the product being generated between the reaction of NorK (or the simpler 

norbornene alcohol) and 6. 

 

Figure 3-16 Background DNP-labeling of NorK-sfGFP 

a) NorK-sfGFP and AllocK-sfGFP side chains are shown for comparison. b) Wild-type sfGFP, NorK-sfGFP and 

AllocK-sfGFP were electrophoresed, transferred to PVDF, and incubated with 6. Prominent labeling of NorK-sfGFP 

versus the other two samples was observed. 

To further validate and optimize the DNP-labeling for future oxidation studies, we decided 

to generate a positive control for protein carbonylation based on literature reports.207 A metal-

catalyzed Fenton oxidation was performed (Figure 3-17a) using BSA as a test protein with two 

different conditions that were reported to yield low and high degrees of protein carbonylation 

(obtained by varying the concentrations of iron and hydrogen peroxide in the reaction).207 In this 

reaction, hydrogen peroxide and iron (II) generate hydroxyl radical ions which react with protein 

side chains in a similar manner as singlet oxygen. We compared two different 6-labeling 

approaches: (1) immobilized, on-membrane labeling, post electrophoresis and transfer and (2) in-

solution 6-labeling, followed by the standard electrophoresis and transfer (Figure 3-17b). We were 

only able to detect protein carbonylation using the in-solution method, and the extent of labeling 

correlates with the low and high degrees of oxidation. The slight decrease observed in the 
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Coomassie loading control can be attributed to the decreased affinity of the Coomassie G-250 

reagent toward oxidized proteins, as has been reported in the literature.207 Further, these samples 

were analyzed by SDS-PAGE, and subsequent in-gel digestions were performed. Following a 

MASCOT search for several side chain oxidations, the level of oxidation was assessed by 

summation of the number of oxidized peptides divided by the total number of peptides identified 

(as done for the sfGFP samples above). Unfortunately, in this analysis, high levels of background 

oxidation in the non-treated (no oxidation) sample were observed. Future analyses should identify 

oxidized peptides, then compare the relative abundance between the different conditions utilizing 

high resolution LC-MS in order to determine the extent of oxidation. 

 

Figure 3-17 Fenton oxidation of BSA and 6-labeling/detection 

a) Fenton oxidation utilizes iron (II) in the presence of hydrogen peroxide (H2O2) to generate hydroxyl radical (•OH) 

and a hydroxide ion (–OH). Hydroxyl radical can further react with hydrogen peroxide to generate peroxide radicals, 

both of which can react with protein side chains. b) 6-labeling was compared using immobilized (on-membrane) 

versus in-solution approaches in order to determine which approach worked best in our hands. 

In addition to sfGFP, we are concurrently applying these strategies to other enzymes that 

will allow for additional functional readouts. When selecting a new target, we aimed to fulfill a 

few requirements: (1) established bacterial protein expression protocols in order to obtain 

sufficient material, (2) readily available substrates or sensors for use as readout of enzymatic 

function, and (3) availability of a crystal structure in order to select residues proximal to the active 

site. We selected TEV protease (TEVp) as it met all of the above requirements and also contains 

a catalytic cysteine that can be readily oxidized.208-209 A bacterial protein expression construct was 

generated by former lab member, Dr. Jihe Liu, in which a maltose-binding protein (MBP) was 

H2O2 +  Fe2+ Fe3+ +  –OH  +   OH protein side chain oxidation
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fused to a TEV recognition sequence, followed by a His-tagged TEV protease sequence.210 In this 

design, during expression, the MBP tag is post-translationally cleaved such that following nickel 

purification, a His-tagged TEVp is isolated. Protein expression of this construct was validated and 

shown to generate sufficient quantities of the wild-type enzyme (data not shown). Next, we 

analyzed the crystal structure of a catalytically dead (C151A) TEVp bound to the peptide 

substrate211 and selected six different residues that were located proximally to the active site, but 

distal enough (hypothetically) to avoid interfering with enzyme activity or substrate binding 

(Figure 3-18a). Site-directed mutagenesis was performed to independently generate six different 

TAG constructs at the selected residues, and plasmids were confirmed by Sanger sequencing. 

Bacterial protein expression was first performed with AllocK at all six mutation sites in order to 

validate these sites were amenable to UAA incorporation and that the mutants retained enzymatic 

activity (if TEVp were inactive, a full length MBP-TEVp would be observed). Representative 

SDS-PAGE images (Figure 3-18b) are included for the two mutants that showed the greatest 

incorporation efficiency and highest protein yield; however, all six of the mutants retained activity 

and were successfully expressed with slightly differing yields. 

 

Figure 3-18 Analysis of TEV protease crystal structure for unnatural amino acid incorporation sites 

a) The crystal structure of a catalytically dead TEV protease (pink) bound to a TEV peptide substrate (grey) was used 

for selecting various sites for the incorporation of an unnatural amino acid (PDB: 1LVB). Residues indicated in blue 

were mutated independently to the amber stop codon TAG. b) Small scale bacterial expressions were performed to 

(1) confirm protein expression and (2) validate retention of TEV protease activity at the various sites. SDS-PAGE 
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analysis of two of the mutants (TEV-K147TAG and TEV-K141TAG) shows successful incorporation of AllocK and 

demonstrates that both of these sites allow for retention of enzymatic activity. 

A commonly utilized TEV sensor is a circularly permuted luciferase which is inactive in 

the absence of TEVp; however, in the presence of TEVp, the sensor is cleaved and luminescence 

can be measured (Promega TEV-GloSensor).48, 212 Unfortunately, this sensor has only been applied 

in mammalian cells and has not been expressed and utilized as a purified recombinant sensor. In 

our preliminary experiments, it would be beneficial to have a sufficient quantity of the substrate 

for use in experimental and optimization studies. Thus, we decided to generate a protein-based 

TEV sensor that was originally designed as a caspase sensor by replacing the caspase recognition 

sequence (DEVD) with the TEVp recognition sequence (ENLYFQG). This sensor utilizes a 

quenching peptide fused to the C-terminus of GFP, which forms a tetramer in solution and prevents 

GFP maturation.213 Upon cleavage of the sensor, the quenching peptide is released and GFP 

matures to produce a fluorescent signal (Figure 3-19a). Kristie Darrah generated a mammalian 

expression construct of this GFP-TEV-quencher protein fusion and verified the functionality of 

this sensor in HEK293T cells (data not shown). The coding sequence from this construct was then 

assembled into a pBAD bacterial expression construct and a C-terminal 6x-histidine tag was 

added, and the construct was confirmed by Sanger sequencing. Several attempts to generate a 

soluble protein preparation under different expression conditions were unsuccessful and the 

protein was always identified in the insoluble fraction following different lysis conditions. Western 

blot analysis of crude material was performed to verify successful expression using a GFP antibody 

and expression was confirmed. Future work to explore inclusion body isolation and purification214 

might enable the production of a soluble TEV protein-based sensor. 

Concurrently, we synthesized a TEV fluorophore-quencher peptide sensor. A variety of 

fluorophore-quencher pairs are available in the literature; however, we wanted to avoid any 
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spectral overlap with the iodo-BODIPY that would be immobilized on the enzyme, thus we 

selected methoxycoumarin (MCA) and 5-amino-2-nitrobenzoic acid (ANA). We synthesized a 

TEV peptide based on a literature reported design (Figure 3-19b) and validated quenching and 

subsequent turn-on of fluorescence using recombinant TEV protease (0.34 µM) at room 

temperature and at 37 ºC with 1 µM of the TEV peptide substrate (Figure 3-19c-d). A control 

solution of 1 µM of MCA was analyzed in order to estimate the extent of peptide cleavage. 

Cleavage assays performed in TEV storage buffer resulted in 44 to 48% cleavage, while assays 

performed in Glo Lysis Buffer (from Promega) resulted in 73 to 76% cleavage. 

 

Figure 3-19 Protein and peptide-based TEV protease sensors 

a) A protein-based TEV sensor is comprised of GFP fused to a quencher peptide that forms a tetramer to inhibit GFP 

maturation, until protease cleavage removes the quenching peptide and turns on fluorescence. b) A fluorophore-
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quencher TEV peptide substrate was designed such that in the absence of protease fluorescence is quenched; however, 

in the presence of protease, the sensor is cleaved and fluorescence is turned on. Synthesis was performed by Kristie 

Darrah. c-d) The TEV peptide substrate (1 µM) was incubated in the presence or absence of recombinant TEV protease 

(0.34 µM) and fluorescent measurements were acquired over the course of six hours. Both room temperature (r.t.) and 

37 ºC incubations were tested in two different buffers: TEV storage buffer (c) and Glo Lysis Buffer (d). 

3.4 Ongoing Efforts and Future Work 

While we were able to detect the bioconjugation product of NorK-sfGFP reactions with 

various tetrazines, we are in the process of exploring alternative UAAs with more reactive handles 

in order to facilitate quantitative conversion to the ROS generator-modified proteins. Future 

studies will be conducted using BCNK as the reactivity with tetrazines is significantly faster, thus 

hopefully providing increased product formation within minutes, thereby making it more amenable 

for future cellular studies. Once the bioconjugation reactions have been established, the immediate 

next steps are to incorporate BCNK into TEVp at either of the two positions (K147TAG or 

K141TAG), followed by a functional readout of enzymatic activity. If successful, in order to 

demonstrate the targeted nature of this approach, the ROS-generator should be installed at a distal 

residue and an analogous experiment performed, in which enzymatic activity should hopefully be 

unaffected (or minimally inhibited). 

For determining sites of modification, in addition to detection of oxidized side chains via 

the carbonyl-hydrazine reaction with 6, we could also employ a FOX assay to quantify the extent 

of side chain peroxide formation following incubation with iron-xylenol orange as a colorimetric 

readout.215 While our initial efforts to use mass spectrometry for the identification of oxidized side 

chains was unsuccessful, there are several avenues for future optimization. Detection of side chain 

oxidation (or protein carbonylation) by mass spectrometry is not a trivial process as some of the 

oxidations are quite labile. An additional complication is adventitious oxidation which occurs 
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during sample handling and processing (e.g., methionine oxidation is a prominent modification 

introduced during a typical workflow), thus care must be taken during sample preparation to 

minimize this introduction of background oxidation.216 It is common to react oxidized protein 

samples with hydrazines, hydrazides, or hydroxylamines, followed by reduction (often with 

sodium cyanoborohydride) to generate stable cross-links.217-218 These can be directly analyzed 

following tryptic digestion or can be used for enrichment of modified samples prior to analysis.219-

220 

3.5 Methods 

Reagents. A 100 mM solution (in water) of NorK was provided by Anirban Bardhan. Tetrazines 

2 and 3 were synthesized by Anirban Bardhan. AllocK was purchased from Chem-Impex (06129). 

Recombinant EZcut TEV protease was purchased from BioVision as a 1 mg/mL (or 34 µM) 

solution (VWR – 10835-726). An anti-DNP antibody was purchased from Millipore Sigma 

(D9656-2ML). Unlike all other antibodies used, this one was provided in antiserum and upon the 

initial thaw, aliquots (5 µL) were prepared in 0.2 mL tubes. When needed for western blot 

detection, a fresh aliquot was thawed and the remaining volume was discarded. A secondary goat 

anti-rabbit-HRP antibody was purchased from ProteinTech (SA00001-2). 

Cloning of new plasmids. All primers used for cloning are included in Table 3-3. To generate a 

bacterial expression construct for the GFP-TEV sensor, parent plasmid pCS2-GFP-TEVsensor 

was obtained from fellow lab member, Kristie Darrah. Primers GFP-TEV-QP-His F/R were used 

to PCR amplify the coding sequence of the gene, followed by gel extraction and purification. The 

pBAD backbone fragment was generated by double digestion of pBAD-sfGFPY151TAG-PylT 
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using NcoI and NdeI, followed by gel extraction and purification. A Gibson assembly was 

performed using a 3:1 ratio of insert:backbone, and the resulting plasmid was confirmed by 

sequencing at Genewiz using their pBAD forward and reverse primers. 

For the sake of brevity, discussion of NorK incorporation into myoglobin was excluded 

from the results section above (a general protocol is provided in 8.2.1); however, two different 

TAG sites were cloned into the myoglobin sequence and are described here. The parent wild-type 

pBAD-myo-pylT plasmid was used as template for a QuikChange mutagenesis reaction (using 

primers A74TAG F/R) or site-directed mutagenesis reaction (using primers D126TAG F/R) to 

generate both pBAD-myoA74TAG-pylT and pBAD-myoD126TAG-pylT following protocols in 

8.1.2, which were confirmed by sequencing using pBAD forward and reverse primers by Genewiz. 

Six different plasmids were generated with TAG sites at various residues. Parent plasmid 

from Dr. Jihe Liu, pBAD-MBP-TEVp, was used as the template for the six site-directed 

mutagenesis reactions (using the appropriate combination of F/R primers from Table 3-3). All 

plasmids were confirmed using pBAD reverse sequencing primers from Genewiz and a custom C-

term MBP seq F primer to ensure full coverage of the TEVp region. 
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Table 3-3 Primers used for generating plasmids used in this chapter 

Nucleotide mutations are indicated with CAPITALIZATION and histidine tags are highlighted in grey. These primers 

were used to generate TAG mutations in pBAD-myo-PylT and pBAD-MBP-TEVp-PylT (see Appendix A). 

Primer Name Sequence (5’ → 3’) 

GFP-TEV-QP-His F aattaaccatggtgagcaagggcgaggagc 

GFP-TEV-QP-His R actgcatatgttaatggtgatggtgatggtgcagacgatccagaat 

A74TAG F atgatgcccttttttcttaaggatctaaccTAGggcagttaacacggtaac 

A74TAG R gttaccgtgttaactgccCTAggttagatccttaagaaaaaagggcatcat 

D126TAG F ggtgctTAGgctcagggtgctatgaacaaagctctcg 

D126TAG R ctgagcCTAagcaccgaagtcacctggatgtctagaatg 

K147TAG F caaaccTAGgatgggcagtgtggcagtccattagtat 

K147TAG R cccatcCTAggtttgaatccaatgcttccagaatatgc 

K141TAG F ttctggTAGcattggattcaaaccaaggatgggca 

K141TAG R ccaatgCTAccagaatatgccatcagatgaagggaatg 

Y33TAG F tcgttgTAGggtattggatttggtcccttcatcatt 

Y33TAG R aataccCTAcaacgatgttgtgtgcccatcag 

S31TAG F acaacaTAGttgtatggtattggatttggtccctt 

S31TAG R atacaaCTAtgttgtgtgcccatcagattcattc 

H20TAG F atttgtTAGttgacgaatgaatctgatgggcacac 

H20TAG R cgtcaaCTAacaaatggtgctcgatatcgggt 

Q145TAG F tggattTAGaccaaggatgggcagtgtggca 

Q145TAG R cttggtCTAaatccaatgcttccagaatatgccatcag 

C-term MBP seq F gggatcgagggaagggga 

 

Protein identification via in-gel digestion. This protocol is minimally modified from one 

provided by the BioMS Center. Mass spectrometry grade proteases were purchased from 

ThermoFisher: trypsin (90057) and chymotrypsin TLCK-treated (90056). Once resuspended, 

protease solutions were stored at –20 ºC and used for up to one month. DNA synthesizer-grade 

MeCN (BP1170-4) and Honeywell Burdick & Jackson HPLC-grade water (60-026-52) were 

purchased from Fisher. All reagents and solutions were prepared using the B&J water. Pipette tips 

(important: non-autoclaved) were used for all volume transfers. Following Coomassie 

staining/destaining (see 8.3.10 and 8.3.11), gel bands were excised using a scalpel and cut into 1 

mm cubes (typically 4 cubes/band), then transferred to a 1.5 mL LoBind Eppendorf tube 

(Eppendorf 022431081). Bands were destained overnight in freshly prepared 25 mM ammonium 

bicarbonate in 50:50 MeCN:water (1 mL) in a room temperature shaker (250 rpm). The solution 

was discarded and a fresh aliquot of destain solution (1 mL) was added and shaken for an additional 
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one hour. The gel pieces were centrifuged at 13,000 g for 2 minutes, then residual destain solution 

was aspirated. The bands were dehydrated by the addition of 200 µL of 100% MeCN, followed by 

a five-minute incubation at room temperature. MeCN was discarded, the samples were centrifuged 

at 13,000 g for 2 minutes and residual MeCN was removed. Tubes were placed in a 37 ºC incubator 

for 10 minutes with the caps open to dry any remaining MeCN. Fresh solutions of 25 mM 

ammonium bicarbonate (referred to as AmBic) in water were prepared daily. A working solution 

of 10 mM dithiothreitol (DTT) was prepared in AmBic from a 1 M solution in water (see 8.3.26). 

Fifty microliters were added to each tube and tubes were placed in a 55 ºC heat block for one hour. 

Excess DTT solution was removed and discarded. A working solution of 55 mM iodoacetamide 

was prepared in AmBic from a 450 mM solution in water (see 8.3.27). Fifty microliters of 

iodoacetamide were added, and the reaction was allowed to proceed at room temperature in the 

dark for one hour. Excess solution was removed and discarded. Gel bands were washed with 

AmBic (150 µL), vortexed for 5 minutes, then centrifuged at 13,000 g for 10 seconds. The 

supernatant was discarded, and the gel pieces were dehydrated using MeCN (150 µL) with a 5-

minute vortexing. The solution was discarded and the process was repeated. After removing the 

solvent, gel pieces were dried for 20 minutes in a 37 ºC incubator with the caps open. A 20 µg vial 

of trypsin was resuspended in 1 mL of AmBic to afford 20 ng/µL of Trypsin. To each tube, 10 µL 

of the Trypsin solution was added and tubes were kept on ice for 30 minutes to rehydrate the gel 

pieces. An additional 50 µL of AmBic was added to the tubes to ensure that gel pieces were 

completely covered, then samples were placed in the 37 ºC shaker set to 250 rpm overnight. 

Chymotrypsin digestions were performed in an analogous manner except the 20 µg vial of 

chymotrypsin was resuspended in 1 mL of 1 mM HCl and digestions were placed in a 30 ºC shaker 

overnight to minimize Chymotrypsin autolysis. The following day, the digest solution was 
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collected and transferred to a fresh 1.5 mL LoBind Eppendorf tube. Extraction buffer comprised 

of 70% MeCN, 5% formic acid, and 25% water was prepared monthly. To each tube, 150 µL of 

extraction buffer was added, tubes were vortexed for 5 minutes, sonicated in a bath sonicator for 

15 minutes, centrifuged at 13,000 g for 1 minute, then the solution was combined with the 

overnight digest solution. This cycle was repeated for a total of 3 extractions with a combined final 

volume of ~500 µL. These solutions were frozen at –80 ºC for at least 45 minutes (or they can be 

stored for a few days, if needed), then dried in a speed-vac centrifuge. The dried peptides were 

resuspended in 18 µL of 0.1% formic acid in water. 

Mass spectrometry. Reversed-phase nano-flow high performance liquid chromatography was 

performed on an UltiMate 3000 RSLCnano HPLC (Thermo Scientific) coupled to an LTQ ion trap 

mass spectrometer (Finnigan Corp). Mobile phases A and B were 0.1% formic acid in Burdick & 

Jackson water and 0.1% formic acid in MS-grade acetonitrile, respectively. A PicoChip (New 

Objective) Reprosil-Pur C18-AQ column (3 µm, 120A; 105 mm) was used for the separation of 

peptides. An autosampler was used for the injection of 1 µL of sample per run. A 120 minute 

gradient method was employed with percentages indicating solvent B: 0 to 8 minutes – fixed 2%, 

8 to 95 minutes – 2 to 40%, 95 to 97 minutes – 40 to 95%, 97 to 98 minutes – fixed 95%, 98 to 

100 minutes – 95 to 2%, 100 to 120 minutes – fixed 2%. The eluent was directed into the LTQ 

using a nanoflow electrospray source (New Objective). The data-dependent acquisition parameters 

were: MS precursor scan (m/z of 375 – 1800), with the top eight most intense peaks being isolated 

and fragmented with CAD (normalized collision energy setting of 35%) and isolation width of 2 

m/z. Dynamic exclusion was enabled with the following settings: count – 1, duration – 30 seconds, 

and list size – 150. A reject mass list with m/z of 371.10 and 445.12 corresponding to polysiloxane 

contaminants was included. 
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When a targeted method was necessary, the same LC parameters were employed and a 

mass list with the appropriate m/z was generated. Isolation widths of 2 m/z were used and 

normalized collision energy was maintained at 35%. A full MS was acquired for visual inspection 

of the quality of chromatography and the spectra. 

Data analysis. All .raw files were visually inspected using the Xcalibur software to assess quality 

of the generated chromatogram and spectra. Files were loaded into MASCOT Daemon in order to 

perform database searches. The following parameters were used in database searches: enzyme – 

trypsin (or chymotrypsin, in rare cases), max. missed cleavages – 2, peptide charge – 2+ and 3+, 

average vs monoisotopic – average, peptide tolerance – 1.4 Da, MS/MS tolerance – 0.8 Da, fixed 

modifications – carbamidomethyl (C), and variable modifications – oxidation (M) and acetyl (N-

term). With sfGFP samples, the Uniprot-Jellyfish database was utilized. However, for other 

custom sequences, a small database “tagged myoglobin” was generated by Mai Sun (BioMS 

Center) and was employed for various searches. 

Analysis of 3-NorK-sfGFP protein oxidation. A 15 µM solution of NorK-sfGFP in 1X PBS and 

a 20 mM solution of 3 in DMSO were provided by Anirban. A working solution of 3 (0.5 mM) 

was prepared in DMSO. For a single reaction, final concentrations of 10 µM of protein and 100 

µM of 3 were used. In a 0.2 mL PCR tube, 60 µL of 15 µM NorK-sfGFP, 18 µL of 0.5 mM 3, and 

12 µL of 1X PBS were combined and incubated in the dark for four hours. To remove unbound 3, 

100 µL of diethyl ether was added to the reaction mixture, followed by vigorous shaking, then 

removal of the ether layer (top). This process was repeated six times until the ether layer no longer 

appeared colored (pink) to the eye. The conjugated protein solution was then split into five 15 µL 

aliquots in five 0.2 mL PCR tubes. Five irradiation conditions (0, 2, 4, 16, and 64 seconds) were 

tested using a 530 nm LED (set to 5 mW, as measured by a light power meter). For a control 



 87 

reaction lacking tetrazine 3, 10 µL of 15 µM NorK-sfGFP, 3 µL of DMSO, and 2 µL of 1X PBS 

were combined. After irradiation, 6 µL of 4X loading buffer was added to each sample (and to the 

control reaction), followed by heating at 95 ºC for 15 minutes. SDS-PAGE analysis (10% gel) was 

performed using 6 µL of each sample (two identical gels were loaded – one for Coomassie staining, 

another for DNP-labeling), and samples were separated using 60 V for 20 minutes, then 175 V for 

70 minutes. On-membrane labeling with DNPH and anti-DNP detection was performed as 

described below in “DNP-labeling on membrane.” 

Fenton oxidation of BSA for use as positive control in DNP-labeling. This procedure is closely 

following a literature report.207 A 0.15 mM (10 mg/mL) BSA stock solution was prepared in milliQ 

water. Fenton oxidation solutions were prepared as follows: 25 mM FeCl2 (49.7 mg in 10 mL 

milliQ water), 25 mM EDTA (0.5 mL of a 0.5 M stock into 9.5 mL of milliQ water), and 50 mM 

H2O2 (51 µL of a commercial 30% solution into 10 mL of milliQ water). Three reactions were 

assembled: no oxidants, low oxidation, and high oxidation. No oxidants – 333 µL of 0.15 mM 

BSA solution and 667 µL of 1X PBS; low oxidation – 333 µL of 0.15 mM BSA solution, 2 µL of 

25 mM iron (II) chloride, 2 µL of 25 mM EDTA, 2 µL of 50 mM hydrogen peroxide, and 660 µL 

of 1X PBS; and high oxidation – 333 µL of 0.15 mM BSA solution, 10 µL of 25 mM iron (II) 

chloride, 10 µL of 25 mM EDTA, 10 µL of 50 mM hydrogen peroxide, and 636 µL of 1X PBS. 

Reactions were incubated at 37 ºC for eight hours, acidified by the addition of 10 µL of 

concentrated TFA (1% final), then stored at –80 ºC. A quenching step (performed prior to 

acidification) using thiourea has been reported in some biological applications of the Fenton 

oxidation.221 

In-solution DNP-labeling. A literature procedure was used as a starting point206 for the modified 

protocol below. Protein samples were dialyzed for a buffer to water exchange using a 10 kDa spin 
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column (VWR PES Centrifugal Filters – 82031-348) and milliQ water (3 x 500 µL). Protein 

concentrations of all samples were determined via Bradford assay, then diluted to 1 µg/µL in 

milliQ water. A 10 mM DNPH solution was freshly prepared in 2.5 M HCl. Forty microliters (40 

µg) of protein solution was mixed with 160 µL of the DNPH solution for a total 200 µL reaction 

volume. Samples were incubated in the dark for one hour at room temperature. A non-labeled 

negative control reaction was prepared by mixing 40 µL of protein with 160 µL of 2.5 M HCl 

alone. A 100% trichloroacetic acid (TCA) solution was prepared by dissolving 2.2 g of TCA in 1 

mL of milliQ water. To the 200 µL labeling reaction, 50 µL of 100% TCA was added and samples 

were incubated on ice for one hour to facilitate protein precipitation (note: no visible precipitate 

was observed, potentially due to low protein amounts used). Precipitated proteins were pelleted at 

10,000 g for 5 minutes at 4 ºC, and the supernatant was discarded. The pellets were washed with 

200 µL of 1:1 ethyl acetate:ethanol, followed by centrifugation at 10,000 g for 5 minutes at 4 ºC, 

and two wash cycles were performed. Pellets were dried by leaving tube lids open and incubating 

for 30 minutes at room temperature, then resuspended in 40 µL of 1X PBS (assuming full recovery 

to yield 1 µg/µL again). 

Labeling efficiency was measured both via dot blot and western blot. For the dot blot, 0.45 

µm nitrocellulose membrane was cut to 0.5 x 1.5-inch pieces. Two microliters were directly 

spotted onto the membrane and allowed to dry (two membranes were prepared identically, one for 

dot blot and one for total protein staining). The membranes were blocked overnight with 3 mL of 

5% milk in PBST (1X PBS + 0.1% Tween-20) in a cold room with rocking. The following day, 

both were washed thrice for 5 minutes each time with PBST (6 mL). One membrane was stained 

with AmidoBlack 10B (see 8.2.12), while the other was incubated with anti-DNP antibody at 

1:20,000 (1 µL in 20 mL of 5% milk in PBST) for one hour at room temperature with rocking. 
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Three 5-minute washes with PBST (6 mL) were performed, then a goat anti-rabbit secondary 

antibody was applied at 1:10000 in PBST (10 mL) for one hour at room temperature. Following 

three 5-minute PBST (6 mL) washes, the membrane was developed using a chemiluminescent 

substrate, then imaged on a ChemiDoc. 

For western blot analysis, samples were prepared by mixing 10 µL (10 µg) of DNP-labeled 

protein with 4 µL of 4X loading buffer. Samples were heated for 10 minutes at 95 ºC, then cooled 

on ice. Six microliters of each sample were loaded onto a 10% SDS-PAGE gel in duplicate (two 

wells), and electrophoresed at 60 V for 20 minutes and 175 V for 80 minutes. The gel was cut in 

half vertically – one half was Coomassie stained for total protein levels and the other half was 

transferred to a PVDF membrane at 80 V for 105 minutes. Following transfer, the membrane was 

blocked, incubated with primary and secondary antibodies as described in the preceding paragraph.  

DNP-labeling on membrane. A literature procedure was used as a starting point206 for the 

protocol below. Protein samples (10 µg) were resolved on a 10% SDS-PAGE gel following typical 

electrophoresis settings (60 V – 20 min, 175 V – 60 min), then transferred to a PVDF membrane 

at 80 V for 105 minutes. All labeling steps were performed with rocking at room temperature. 

Immediately following transfer, the membrane was washed twice for 5 minutes each time with 

PBST (10 mL), then incubated with 2 M HCl (10 mL) for 10 minutes. A fresh 10 mg/mL DNPH 

solution was prepared in 2 M HCl, then diluted to 0.05 mg/mL in 2 M HCl (50 µL of 10 mg/mL 

into 10 mL of 2 M HCl). The membrane was incubated with 0.05 mg/mL DNPH (5 mL) for 2 

minutes, then the labeling solution was discarded and the membrane was quickly rinsed with 2 M 

HCl (10 mL), followed by two longer 5-minute washes with 2 M HCl (10 mL). The membrane 

was then washed seven times for 5 minutes each time with methanol (10 mL), then washed twice 
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for 5 minutes each time with PBST (10 mL). The membrane was blocked, incubated with primary 

and secondary antibodies as described in section “In-solution DNP-labeling.” 
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4.0 Reversible Optical Switching of Protein Function 

Material in Section 4.1 was reprinted in part with permission from Courtney, T.; Deiters, 

A. Curr. Opin. Chem. Biol., 2018, 46, 99-107. 

4.1 Introduction to Photoswitchable Amino Acids 

The amino acids described above in Chapter 2 have enabled optical control of a wide range 

of protein functions, but they are limited to an irreversible activation event. Since many biological 

processes undergo cycles of activation and deactivation, tools that mimic this reversibility may be 

better suited for studying these systems.222-227 Additionally, the use of photoswitchable tools 

allows for enhanced spatial resolution due to protein activity confined within an illuminated area 

since diffusion outside of the light beam will lead to reversible off switching.228 The 

photoswitchable azobenzene amino acid AzoF was first genetically encoded in bacteria in 2006 

and applied to controlling catabolite activator protein binding229 and GFP fluorescence.230 

Additional photoswitchable amino acids have been genetically encoded, in order to provide 

improved photostationary states, red-shifted wavelengths for photoisomerization, and increased 

modulation of protein conformation through azo-bridging.231-232 Table 4-1 includes the structures 

of azobenzene amino acids that have been incorporated and used for controlling protein function, 

and includes photostationary states and thermal stability (if available). The Wang group developed 

three azobenzene-derived photoswitchable amino acids PSCaa, keto-PSCaa, and Cl-PSCaa 

(photoswitchable, click amino acids) with thiol-reactive handles and demonstrated their function 



 92 

in the control of calmodulin conformation.232-233 Upon thiol attack of the electrophilic handle, an 

azobridge is generated within an α-helix such that isomerization from the trans- to cis-state results 

in a decrease in helical content. This bridging strategy induces a more dramatic protein 

conformational change than a single side chain isomerization. Later, the Wang group applied 

PSCaa to the reversible control of glutamate receptors in mammalian cells without utilizing the 

inherent cross-linking capabilities.234 Subsequently, the pentafluoro-azobenzene derivative F-

PSCaa with red-shifted isomerization wavelength and improved azo-bridging efficiency was 

reported.231  
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Table 4-1 Structures of literature reported photoswitchable amino acids 

Seven photoswitchable UAAs have been incorporated into E. coli or mammalian cells and have been used to control 

protein function. The structures with a gray background undergo attack of nearby cysteine residues to form an azo-

bridge to induce an even greater protein conformational change. aNot measured for the amino acid, but for the non-

substituted azobenzene core. N.D. indicates that the value was not reported. 

 

The Lin group synthesized and genetically encoded a full set of fluorinated azobenzene 

analogs with improved photoswitching properties; however, these amino acids have yet to be 

applied to the control of protein function.235 Most recently, our lab published compounds F2AzoF 
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and F4AzoF that showed a dramatic improvement in trans-to-cis conversion; however, light-

induced conversion to the more stable trans-isomer was comparable to previously reported 

analogs. These analogs were used to reversibly control luciferase enzyme activity through 

computationally-predicted sites for UAA incorporation.236 F2AzoF was used as the L-isomer, 

while the synthetic route for F4AzoF produced a racemic mixture, thus both isomers were included 

for cell based studies. 

The approaches presented above have established a foundation for obtaining reversible, 

spatiotemporal control of biological processes in living systems through unnatural amino acid 

mutagenesis; however, the field is still in its early stages and further work is underway to improve 

this technology. One key area that seems to be overlooked thus far is the development of 

photoswitches with high thermal stability of the cis-isomer. 

4.2 Development of an Arylazopyrazole Photoswitchable Amino Acid (AAPF) 

Replacement of one phenyl ring with various N-heterocycles has extensively been explored 

in recent years to develop new and improved photoswitches. Functionalities such as pyrroles, 

pyrazoles, imidazoles, triazoles, and tetrazoles have all been appended to generate azoheteroarenes 

(Table 4-2) and their photoswitching capabilities have been characterized.237-239 Each of these 

groups impact photoswitching parameters, such as isomerization wavelengths, cis-isomer thermal 

stabilities, and photostationary states for cis-to-trans or trans-to-cis conversions in different 

manners. With the goal of increased cis-isomer thermal stability and near-quantitative 

photostationary states, the methylated 4-pyrazole modification fit both of these criteria. 
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Table 4-2 Structures and photophysical properties of azoheteroarenes 

Replacement of a single phenyl ring of an azobenzene with N-heterocycles has been extensively explored. The 

numbers represent the position of attachment to the heterocycle, H and Me denote whether a given heterocycle was 

methylated at position X, and the functionalities pyrrole (py), pyrazole (pz), imidazole (im), triazole (tri), and tetrazole 

(tet) are abbreviated. Table adapted from Calbo et. al., J. Am. Chem. Soc. 2017, 139, 1261-1274. 
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We envisioned that the azobenzene amino acid AzoF could undergo a similar replacement 

of one phenyl ring with a 4-pyrazole to generate an arylazopyrazole (AAP) amino acid AAPF 

(Figure 4-1a). Arylazopyrazoles utilize switching wavelengths of trans-to-cis (365 nm) and cis-

to-trans (530 nm) and display improved photophysical properties of their azobenzene counterpart. 

We chose to utilize a 3,5-dimethylated AAP since those display near quantitative switching 

between the two isomers; however, the non-methylated AAPs provide longer thermal stability 

(1000 days with 3,5-H vs 10 days with 3,5-CH3).
240 N-methylation was utilized based on literature 

reports where DFT predictions showed rapid cis-to-trans isomerization of N-H variants. Trevor 

Horst synthesized AAPF, then a synthetase panel screen was performed. 

Previous lab members (primarily Dr. Jihe Liu and Xinyu Chen) have assembled a small 

library of MbPylRS mutants with several mutations in the amino acid binding pocket (see 

Appendix B for a list of the corresponding mutations). These mutants were each doubly 

transformed with an sfGFP reporter bearing a TAG site at position 151 and stored as glycerol 

stocks to generate a panel used for screening. Briefly, the doubly transformed glycerol stocks for 

EV mutants previously shown to incorporate tyrosine and phenylalanine derivatives were grown 

in liquid culture. Small scale (200 µL) cultures were prepared with and without AAPF (ONBY 

was used as a positive control for the screen since it is incorporated by many of the PylRS mutants 

that were included) to assess whether any current synthetase could utilize the new UAA. Cultures 

were grown to OD600 of 0.5 at 37 ºC and induced with 0.1% arabinose, followed by the addition 

of amino acid. Cultures were grown overnight with shaking at 37 ºC to allow for incorporation and 

protein expression, then the following day an aliquot (100 µL) was transferred to a 96-well plate 

and sfGFP fluorescence (ex. 488/5 and em. 510/5 nm) and optical density (absorbance at 600 nm) 

were measured using a plate reader. To adjust for variation in optical density, the fluorescence 
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values were divided by OD600 and plotted for all combinations of synthetases and amino acids 

(Figure 4-1b). Unfortunately, the majority of the synthetases showed no increase in fluorescence 

upon introduction of AAPF; however, EV16-5 and EV20 showed a >2-fold increase in the 

presence of AAPF. This result was somewhat expected since both EV16-5 and EV20 were 

previously reported to incorporate AzoF, F2AzoF, and F4AzoF, all of which are structurally 

similar.236 

 

Figure 4-1 Synthetase screen of MbPylRS variants with AAPF 

a) Structure of AAPF, which was synthesized by Trevor Horst. b) A small panel of MbPylRS mutants was screened 

using an sfGFP reporter to assess whether an existing synthetase would be capable of utilizing AAPF as a substrate. 

To further validate incorporation, larger expression cultures (5 mL) were prepared in an 

analogous method used for the screen, except only synthetases EV16-5 and EV20 were used 

(constructs are detailed in Figure 4-2a). Following expression, the samples were lysed using a 

three-phase partitioning (TPP) method,241 then purified using Ni-NTA resin. Samples were 

analyzed via SDS-PAGE, followed by Coomassie staining (Figure 4-2). Here, EV16-5 showed a 

significant level of background incorporation in the absence of UAA, while EV20 showed a 

dependence on the presence of AAPF for protein expression. The purified sample from the EV20 

expression was submitted to the Department of Chemistry Mass Spectrometry facility for ESI 

analysis (Figure 4-2c). Following deconvolution, a mass of 28382.063 was observed, which 

closely matches the expected mass of 28382.178 (Δ –0.115 Da). Two lower abundance species 

were also identified. These may represent background phenylalanine incorporation (expected 
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28246.018, Δ –0.711 Da) and reduction of the azo group to yield p-aminophenylalanine (expected 

28261.035, Δ 1.979 Da); however, the error in these two contaminants is greater than that observed 

for AAPF incorporation. Bacteria (and even mammalian cells) possess azoreductases which 

reduce the azo bond to the corresponding anilines, thus providing one explanation as to the 

presence of the p-aminophenylalanine incorporation.242-243 In hindsight, the samples from EV16-

5 incorporation should have been analyzed to check whether the plus AAPF condition was able to 

efficiently outcompete the background phenylalanine incorporation which is a common issue with 

this specific synthetase mutant. 

 

Figure 4-2 AAPF was successfully incorporated in E. coli and confirmed by ESI-MS 

a) The two plasmids used for E. coli incorporation are shown. The gene of interest (here, sfGFP) is under arabinose 

control, while the tRNA is controlled by a constitutive lpp promoter. The MbPylRS is constitutively expressed using 

a bacterial glutamine synthetase promoter, glnS. b) SDS-PAGE analysis of purified sfGFP-Y151AAPF shows 

significant background when using EV16-5, while EV20 results in protein expression only in the presence of AAPF. 

c) ESI-MS analysis of the EV20 sample shows successful incorporation, with two lower abundance contaminants. 

Next, we validated expression and incorporation in mammalian cells using HEK293T cells 

utilizing a two-plasmid system. One plasmid contained the mCherry-TAG-EGFP-HA reporter 

under CMV control, while the other plasmid contained the mammalian codon optimized synthetase 

(with the same mutations as EV20) under CMV control and four copies of the pylT under U6 
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control (Figure 4-3a). HEK293T cells co-transfected with both plasmids were treated with and 

without AAPF for 48 hours to monitor for incorporation. Fluorescence micrographs show low 

levels of incorporation; however, western blotting does confirm incorporation with only low 

background incorporation in the absence of UAA (Figure 4-3b,c). 

 

Figure 4-3 AAPF was successfully incorporated in mammalian cells and confirmed via fluorescence microscopy 

and western blotting 

a) The two plasmids used for mammalian incorporation are shown. The mCherry-TAG-EGFP-HA reporter and the 

AAPFRS are both under CMV control and there are four copies of PylT. b) Fluorescence micrographs of HEK293T 

cells co-expressing the mCherry-TAG-EGFP-HA reporter, AAPFRS, and PylT in the presence and absence of AAPF. 

Scale bar = 50 µm. c) Western blot analysis of mCherry-AAPF-EGFP-HA using an anti-HA antibody and anti-

GAPDH as a loading control.  

After confirming incorporation into protein in both E. coli and mammalian cells, we 

characterized the photophysical properties of AAPF to see how it compares to previously reported 

photoswitchable amino acids. Irradiation of a 0.1 mM solution prepared in PBS at pH 7.4 using 

530 nm light to generate the trans-isomer and 365 nm light to generate the cis-isomer shows 

distinct spectra for each form (Figure 4-4a,b). We determined the photostationary state ratios using 

HPLC to separate the two isomers and integrated the peak areas of each when measuring at the 

isosbestic point (280 nm). In this experiment, a 0.1 mM solution in acetonitrile was prepared. The 

dark state was analyzed (black trace) and a 365 nm irradiated sample was analyzed (blue trace) to 

yield trans:cis ratios of 96:4 and 9:91, respectively (Figure 4-4c). Next, we determined the thermal 

stability of the cis-isomer at 37 ºC. First, a solution in acetonitrile was prepared the same as for 

photostationary state determination, and aliquots were collected each hour and analyzed via HPLC. 

Integration of the peak area of the cis-isomer was plotted over time and an exponential decay 
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model was fit to the data to determine a t1/2 of 2.5 hours (Figure 4-4d). Since this showed a 

significantly more rapid reversion than expected, this experiment was repeated using PBS at pH 

7.4 to more closely mimic a biological setting. This time, when fitting with an exponential decay 

model, we calculated a t1/2 of 36 hours which is much closer to reported thermal stabilities of other 

AAPs.244 Significant stabilization of the cis-isomer was obtained when switching from acetonitrile 

to water (PBS), which is consistent with literature reported effects of solvent polarity on increased 

thermal stability.245-246 

 

 

Figure 4-4 Determination of photostationary states and thermal stability of AAPF 

a) Structures of both cis- and trans-AAPF are shown. b) Absorbance spectra of cis- and trans-isomers at 100 µM in 

PBS. c) HPLC analysis to determine photostationary states showed distinct peaks for each isomer. d) Thermal stability 

of cis-AAPF was tested in acetonitrile (coral) and PBS at pH 7.4 (blue) and analyzed via HPLC.  

Our preliminary studies confirmed that AAPF was successfully incorporated in both E. 

coli and HEK293T cells. Photochemical characterization of AAPF was comparable to existing 

arylazopyrazoles reported in the literature.244, 247 Since this UAA exhibited improved 
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photostationary states and thermal stability of the cis-isomer relative to azobenzene analogs, we 

next wanted to use AAPF for controlling protein function in a biological setting. 

4.2.1 Control of Gene Expression Using AAPF 

Due to high thermal stability of cis-AAPF in an aqueous environment, we decided to apply 

this UAA for the regulation of gene expression, more specifically through control of translation. 

Optical control of translation has previously been achieved through indirect methods using caged 

and photoswitchable short-interfering RNA (siRNA) and antisense agents to interfere with or 

trigger for degradation target mRNA transcripts.248-251 Direct methods using light have been 

developed such that the mRNA is modified with caging or photoswitchable groups to allow for 

activation or reversible control of mRNA recognition by translational machinery.252-255 

Additionally, direct control of translation has been achieved through the use of photocaged tRNAs 

that cannot interact with the elongation factor due to the presence of a nitrobenzyl or a coumarin 

caging group on the NH2-group of the amino acid;256-257 however, these existing methods allow 

only for a single activation of translation. We envisioned that AAPF could be utilized as a direct 

method for controlling translation through the regulation of tRNA charging. We hypothesized that 

AAPF would be recognized by the engineered synthetase only in the trans-form and that 

generation of the cis-isomer would abolish tRNA charging by the synthetase. Thus, if we 

introduced AAPF as the cis-isomer, upon exposure to 530 nm light (to generate the active, trans-

isomer) we could generate a pool of charged tRNAs that could be used by the ribosome to 

synthesize our protein of interest (Figure 4-5). Upon depletion of the pool, translation would be 

halted until another pulse of irradiation generates more of the active isomer that can be used by 

the synthetase for another round of tRNA charging.  
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Figure 4-5 Overview of translational control using AAPF 

Only the trans-isomer of AAPF is in a configuration that can be recognized by the orthogonal synthetase. Generation 

of the cis-isomer would inhibit synthetase binding and tRNA charging, thus enabling us to control translation using 

different wavelengths of light. 

To explore the ability of AAPF to be utilized as a tool for regulating translation, we 

generated a dual reporter in order to have a way of validating induction and generation of an 

mRNA transcript in these experiments. This bacterial dual reporter is slightly different than the 

dual reporter commonly used in our mammalian cell experiments, but functions in the same 

manner. Here, mCherry is fused to sfGFP-Y151TAG using a flexible GSG linker followed by a 

C-terminal histidine tag (Figure 4-6a). Upon induction but in the absence of UAA (or absence of 

tRNA charged with this UAA), mCherry fluorescence is expected but a truncated sfGFP fusion 

remains non-fluorescent; however, upon incorporation of the UAA, both red and green 

fluorescence is expected. This reporter was first validated using the wild-type PylRS which accepts 

the commercially available allyloxycarbonyl-lysine (AllocK). Comparison of three conditions: (i) 

no induction, no AllocK, (ii) with induction, no AllocK, and (iii) with induction, with AllocK 
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revealed that the reporter was functioning as expected when using a plate reader to measure bulk 

fluorescence intensity (Figure 4-6b). We proceeded with testing the ability to regulate translation 

using AAPF in this dual reporter in conjunction with AAPFRS (or EV20). Top10 cells co-

transformed with both plasmids were grown to OD600 of 0.5 at 37 ºC, then the cells were pelleted 

and resuspended in LB broth containing either cis- (irradiated with 365 nm) or trans-AAPF 

(maintained in the dark, so ~98% trans) at various concentrations. Aliquots were removed at 1, 2, 

and 4 hours post-induction and the samples were analyzed via flow cytometry to obtain 

fluorescence data at the single cell level. The non-induced sample was used to determine the gating 

criteria, meaning that cells with mCherry values higher than the non-induced sample were included 

in the plots. Histogram analysis of the sfGFP channel shows a dose dependence on the 

concentration of AAPF used; however, the differences between the dark and UV (trans- and cis-

forms) is very subtle in this representation (Figure 4-6c). 

 

Figure 4-6 Validation of a dual mCherry-sfGFP reporter for UAA incorporation in E. coli 

a) The dual reporter consists of mCherry fused to sfGFP-Y151TAG using a GSG linker and contains a C-terminal 

His-tag. For UAA incorporation, a second plasmid containing the desired PylRS (here, shown as AAPFRS or EV20) 
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is required. b) A significant increase in mCherry fluorescence is observed upon addition of arabinose (ara), and a 

dependence on the presence of UAA (here, AllocK) is required for an increase in sfGFP fluorescence. Plate reader 

analysis of bulk fluorescence in living cells validates that the new dual reporter responds as expected. c) Top10 cells 

co-transformed with the reporter and AAPFRS (EV20) were grown at 37 ºC to an OD600 of 0.5, then the cells were 

resuspended in the appropriate concentration of AAPF that was pre-irradiated to generate the cis-isomer or maintained 

in the dark to retain the trans-isomer. Flow cytometry analysis of the 4-hour post-induction sample shows a dose 

dependence in response to increasing UAA concentration; however, the difference between dark and UV states is 

minimal.  

In an effort to tease out the difference in incorporation levels of the two isomers, we 

integrated the peak area of the flow cytometry histogram plots to obtain the total sfGFP 

fluorescence of ~25,000 cells per condition (while an uncommon method, this was performed to 

elucidate if there were any subtle differences). When plotting the 1-, 2-, and 4-hour time points in 

this manner, it became more apparent that there were differences between the dark and UV 

conditions (Figure 4-7). At the 1- and 2-hour time points, the background incorporation in the UV, 

cis-form remained mostly the same for all concentrations of AAPF; however, after 4 hours a 

significant degree of background cis-isomer incorporation was observed for all concentrations. 

Based on our thermal stability assessment, we would expect ~90% cis-AAPF remaining after 4 

hours, but this is not consistent with the high background incorporation we observed. We predicted 

that this background could be due to two potential factors: (i) faster thermal reversion to the trans-

isomer in the more complex cellular environment, or (ii) unanticipated activity of the synthetase 

for the cis-isomer (a less likely explanation). 

 

Figure 4-7 Integrated peak areas of flow cytometry analysis emphasizes differences between the conditions 

The total sfGFP fluorescence of each condition was generated by the summation of sfGFP signal from all cells with 

an mCherry values > 0 for each of the three time points: 1 hour (a), 2 hours (b), and 4 hours (c). In this manner, a 
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preference for incorporation of the dark, trans-isomer was observed; however, significant background incorporation 

of the UV-generated, cis-isomer was also observed, in particular at 4 hours post-induction.  

Since our initial thermal stability study was conducted in PBS, we decided to repeat the 

thermal stability using several different growth media for both E. coli and mammalian cells to see 

how those compared to PBS. We tested four bacterial growth broths (GMML – glycerol-based 

minimal media supplemented with leucine, auto-induction media, LB, and 2xYT listed in 

increasing richness), and included a DMEM media which has been optimized to have low 

background autofluorescence for live cell imaging. AAPF was diluted to 250 µM in each of these 

six diluents and converted to the cis-isomer using 365 nm irradiation, and absorbance spectra were 

acquired over several hours (Figure 4-8a). The change in absorbance of each sample at 335 nm 

(maximum for the trans-isomer) was plotted for each different media and minimal deviation from 

the PBS control was observed (Figure 4-8b). The gray line represents the average change in 

absorbance expected for complete reversion back to the trans-isomer. Based on this experiment, 

it does not appear that some component of the media is the causative agent of the faster-than-

expected thermal reversion. 

 

Figure 4-8 Thermal stability of AAPF in E. coli and mammalian growth media 

Solutions of AAPF in six buffers/media were prepared at 250 µM and the cis-isomer was generated using 365 nm 

irradiation. a) An absorbance spectrum was acquired every few hours and a representative plot in LB is shown. b) The 

change in absorbance at 335 nm was plotted over time for all 6 samples and minimal difference is observed between  

Azobenzene photoswitches have previously been reported to undergo attack by glutathione 

at the azo-group258-259 and several ortho-modified analogs have been developed to prevent this 
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from happening.260 The stability of sixteen different arylazopyrazoles containing various 

modifications to the phenyl ring toward glutathione was explored in the trans-state with no change 

observed over 24 hours; however, the stability of the cis-isomers of those analogs was not 

conducted.244 We tested the stability of cis-AAPF toward glutathione in LB broth by monitoring 

absorbance over the course of three hours (Figure 4-9). In the presence of 10 mM glutathione, 

rapid reversion to the trans-isomer was observed in less than one hour, which is consistent with 

the azobenzene literature,258-259 but has not been observed for AAPF.237 Fortunately, no shift in 

the absorbance maximum or change in shape of the spectrum was observed suggesting the 

compound remains intact, as changes in the spectrum would be expected upon glutathione-adduct 

formation and loss of conjugation. The intracellular concentration of reduced glutathione in E. coli 

has previously been reported to reach up to 10 mM,261 while the concentration reported in 

mammalian cells is in the low mM range.262 Based on this, it is likely that the half-life of cis-AAPF 

inside of E. coli during these experiments is significantly lower than expected, which is attributing 

to the higher background observed with increasing time. 

 

Figure 4-9 Thermal stability of cis-AAPF in the presence and absence of glutathione 

A 250 µM solution of AAPF was prepared in LB broth in the absence (a) and presence (b) of 10 mM glutathione and 

irradiated with 365 nm light to generate the cis-isomer. An absorbance spectrum was acquired every hour. In the 

presence of 10 mM glutathione, rapid reversion to the trans-isomer was observed. 

We hypothesized performing additional cycles of 365 nm irradiation would increase the 

effective concentration of the cis-isomer, thereby improving the difference between the dark and 
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UV states over a longer time period. We tested this again using the dual reporter in Top10 cells. 

Cells co-transformed with both plasmids were grown to an OD600 of 0.5 at 37 ºC, then the cells 

were pelleted and resuspended in LB broth containing either cis- (irradiated with 365 nm) or trans-

AAPF (maintained in the dark) at various concentrations. Every hour post-induction, the cells in 

the UV-irradiated media were irradiated for an additional 10 minutes at 365 nm prior to collecting 

samples for analysis. Aliquots were removed at 1, 2, and 4 hours post-induction and the samples 

were analyzed via flow cytometry. Area under the curve analysis was performed again to better 

ascertain any differences between the dark and UV samples. Analysis of the four-hour time point 

shows a greater separation between the dark and UV samples when utilizing multiple cycles of 

365 nm irradiation to help maintain the cis-isomer (Figure 4-10a). When comparing the 1 mM 

data, the fold change of dark/UV decreases upon increased induction and expression time (black 

bars) as a result of the faster reversion of the cis-isomer; however, by adding repeated cycles of 

irradiation, the fold change remain consistent over time (gray bars), suggesting that the additional 

irradiation functions to convert AAPF back to the inactive cis-isomer (Figure 4-10b).  

 

Figure 4-10 Pulsed irradiations help maintain cis-AAPF over a longer time period 
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a) The total sfGFP fluorescence of each condition was generated by the summation of sfGFP signal from all cells with 

mCherry values > 0. The four-hour time point data is shown here. b) The fold change of dark/UV sfGFP signal for the 

1 mM data shows a significant decrease over time when only an initial irradiation is performed; however, introduction 

of repeated cycles of irradiation maintains the fold change over time. 

Although we observed an improvement in lower background activity when using additional 

cycles of irradiation, we concluded the use of AAPF to control translation needed significantly 

more optimization to be a useful tool. Although no significant change in optical density was 

observed over the four hour experiments we conducted here, there is plenty of literature precedence 

demonstrating the adverse effects of prolonged UVA irradiation on bacteria.263-264 Thus, in order 

for this to be a useful tool in the field, optimization to minimize the need for repeated UV 

irradiations of AAPF would be requisite. Although not a trivial task, we could engineer a 

synthetase variant that only recognizes the cis-isomer, such that the more thermally stable trans-

isomer would be the inactive form. In this design, short irradiations would only need to be 

conducted to activate the system, rather than maintained persistently to keep the system inactive 

(as in our current design). Alternatively, we could perform these experiments using the previously 

published 4FAzoF since generation of the cis-isomer is performed using 530 nm light, which 

avoids any potential for UV-induced toxicity. To further validate that the background 

incorporation is due to fast thermal reversion, and not just enzymatic activity of the synthetase 

toward the “inactive” isomer, the PylRS should be recombinantly expressed and utilized for 

determining kinetic parameters for tRNA charging with both cis- and trans-AAPF in a 

spectrophotometric enzyme assay.265 

4.2.2 Optimization of Incorporation Efficiency for AAPF 

In an effort to improve the yield of AAPF-modified protein from a bulk E. coli expression, 

we decided to test whether AAPF would serve as a substrate for the MjTyrRS system previously 
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used by the Schultz lab for AzoF incorporation.229 We performed a side-by-side comparison of the 

traditional MbPylRS (EV20 mutations – L270F, L274M, Y349F, N311G, and C313G) system in 

Top10 cells in LB broth versus the MjTyrRS (AzoPheRS mutations – Y32G, L65E, F108A, 

Q109E, D158G, and L162H) in BL21(DE3) cells in both LB broth and GMML (a minimal media 

to suppress background). A key difference between the two systems is the use of promoters for 

each of the components. Their system – Schultz pEVOL – encodes two copies of the synthetase, 

with one under arabinose induction and the other is constitutively expressed using the E. coli 

glutamine synthetase (glnS) promoter, while the tRNA is driven by a proK promoter. Historically, 

the gene of interest would be sub-cloned into a pET vector for IPTG induction (as done by Schultz), 

but in this experiment, we utilized a pBAD-sfGFP-Y151TAG construct. Our standard system – 

pBK – utilizes a single copy of the PylRS under constitutive expression using the glnS promoter. 

The gene of interest is controlled by arabinose induction and the PylT is driven by an lpp promoter, 

which is reportedly weaker than the proK promoter used with pEVOL.266  

First, we cloned the necessary pEVOL-AzoFRS construct by sequential T4 DNA ligations 

of the AzoFRS – obtained by PCR amplifying from a synthetic gene fragment – into a pEVOL 

backbone already containing the Tyr-tRNA. The pylT sequence in pBAD-sfGFP-Y151TAG-PylT 

was removed by linearizing the plasmid with two restriction enzymes flanking the pylT, followed 

by generation of blunt ends, and subsequent T4 DNA ligation to yield pBAD-sfGFP-Y151TAG 

for use with the pEVOL system. Double transformation of pEVOL-AzoFRS with pBAD-sfGFP-

Y151TAG in BL21(DE3) was performed, and a glycerol stock of doubly transformed Top10 

containing pBK-EV20 and pBAD-sfGFP-Y151TAG-PylT was used. Expression cultures were 

grown to an OD600 of 0.5 in LB broth or GMML, then induced with arabinose and supplemented 

with AzoF, AAPF, ONBY, or DMSO. After 20 hours of expression, aliquots were removed and 
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analyzed on a plate reader to measure sfGFP fluorescence and optical density. As observed 

previously, the pBK system incorporated AAPF at 1.9-fold over the DMSO control, while both 

ONBY and AzoF were incorporated with even higher fold changes (Figure 4-11a). When the 

pEVOL system was used in LB broth, very high background incorporation was observed in the 

absence of UAA, and no incorporation was detected (Figure 4-11b). However, by switching to 

GMML, much lower background was observed and AzoF was incorporated most efficiently of the 

three UAAs, and AAPF incorporation was only improved to 2.1-fold over DMSO (Figure 4-11c). 

 

Figure 4-11 Comparison of pBK and pEVOL systems for AAPF incorporation 

a) Top10 cells expressing pBAD-sfGFP-Y151TAG-PylT and pBK-EV20 were grown in LB broth and induced with 

arabinose, then supplemented with the specified amino acid. b-c) BL21 (DE3) cells expressing pBAD-sfGFP-

Y151TAG and pEVOL-AzoFRS were grown in LB broth (b) or GMML (c) and induced with arabinose, then 

supplemented with different UAAs. 
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gel-based analyses.  
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black) for sfGFP versus the PylRS, and replacement with a stronger promoter for the production 

of pylT. The pEVOL/pET system utilized by the Wenshe Liu lab is modified from the Schultz 

pEVOL system described above in that there is a single, arabinose-inducible copy of the PylRS 

and the gene of interest is induced using IPTG.267 The pUltra/pET system utilized by Abhishek 

Chatterjee uses IPTG-induction for both the PylRS and the gene of interest.266 For a side-by-side 

comparison of the various systems utilized in the field, a pET-His-sfGFP-Y151TAG was generated 

via Gibson assembly using the typical pET28 backbone for inclusion of the T7 promoter. The 

MbPylRS sequence containing EV20 mutations was Gibson assembled into pEVOL and pUltra 

plasmids (gifts from Liu and Chatterjee, respectively) to generate pEVOL-EV20 and pUltra-EV20. 

The pBAD/pBK was co-transformed into Top10 cells, while the pEVOL/pET and pUltra/pET 

systems were co-transformed into BL21(DE3). In our initial testing, optimized conditions (37 ºC, 

overnight) were used for the pBAD/pBK system, while two standard conditions (high IPTG, short 

expression – six hours at 37 ºC, or low IPTG, long expression – overnight at 25 ºC) for IPTG-

induction were compared for the pEVOL/pET and pUltra/pET systems (Figure 4-12b). ONBY 

was employed since it typically results in the highest incorporation efficiency with this PylRS 

mutant. A plate reader was used for measuring sfGFP fluorescence and the optical density at 600 

nm, and the ratio of the two measurements is reported. Unfortunately, neither of the pET systems 

showed any improvement, but rather showed a marked decrease in sfGFP fluorescence compared 

to the pBAD/pBK system. Thus, for incorporation into sfGFP, future work should continue 

to utilize the pBAD/pBK system with 37 ºC, overnight expression. However, in some cases, 

the target protein may not be stable for extended periods of time at 37 ºC or may aggregate during 

longer expressions, so we performed a side-by-side comparison of the pBAD/pBK system with 

the literature reported conditions for each of the other systems (Figure 4-12c). These experiments 
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revealed that short expressions conducted at 37 ºC using the pEVOL system resulted in much 

higher expression of sfGFP than the pBAD/pBK system. Unfortunately, the pUltra system still 

underperformed relative to the pBAD/pBK system with twelve hour, 30 ºC expressions. Based on 

these results, for protein expression of targets that benefits from a shorter expression time, 

the pEVOL system should be employed. Similar experiments should be conducted with 

additional protein targets to further validate these trends. Additionally, it might be useful to 

compare moderate and weak incorporating UAAs with these three EV20 systems to see if similar 

trends emerge.  

 

Figure 4-12 Comparison of various promoter arrangements for bacterial UAA incorporation 

a) Three different plasmid systems were compared for bacterial UAA incorporation. Promoters are indicated with 

italics and the red color indicates inducible promoters (araBp, induced with L-arabinose; T7, induced with IPTG). 

System 1 (pBAD/pBK) utilizes an arabinose-inducible promoter for sfGFP, while the PylRS is constitutively 

expressed using an E. coli glutamine synthetase promoter (glnS) and the pylT is under a weak, constitutive lpp 

promoter. In Systems 2 (pEVOL/pET) and 3 (pUltra/pET), sfGFP is under IPTG control and the pylT is transcribed 

using the stronger proK promoter. In System 2, the PylRS is induced with arabinose, while in System 3 the PylRS is 

IPTG-inducible. b-c) Various expression conditions were utilized for direct comparison of the three systems.  

Furthermore, we are in the early stages of evolving an improved PylRS that will utilize 

AAPF more efficiently than EV20 currently does. Unlike the traditional approach of performing 

saturation mutagenesis at the residues directly positioned within the UAA binding pocket, we 

chose to utilize an unbiased error-prone polymerase chain reaction (EP-PCR) approach to generate 

a library of mutant PylRS.268-273 Based on these reports, multiple rounds (3-4) of EP-PCR 
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mutagenesis were required for the identification of an efficient synthetase, and in rarer instances, 

initial error prone libraries were further mutagenized using either targeted mutagenesis (e.g., NNK 

randomization at one or two sites) or DNA shuffling. We selected EV20 as the template for 

mutagenesis since it already contained mutations that enabled moderate levels of incorporation. 

After performing a literature reported EP-PCR protocol,274 the synthetase library was Gibson 

assembled into the pBK vector and transformed into commercial chemically competent E. coli. 

Individual colonies were selected for Sanger sequencing in order to analyze the diversity of the 

clones. Twenty cycles of EP-PCR afforded ~6.9 mutations per kilobase pair within the entire 

synthetase sequence (~1200 bp). Typically, between 4.5-9 mutations per kilobase is desirable since 

the introduction of greater than 9 mutations often results in a significant number of inactive 

mutants (through introduction of frameshifts or internal stop codons) that must be screened or 

undergo genetic selection to find improved, active mutants.275 This library (~55,000 clones) was 

co-transformed into E. coli containing the pRep selection plasmid (gift from the Cropp Lab). This 

selection plasmid expresses chloramphenicol acetyltransferase with D111TAG, as well as a T7 

polymerase containing a TAG site, with a GFPUV under T7 promoter control. In the case of 

successful UAA incorporation, resistance to chloramphenicol is achieved and colonies are 

fluorescent; however, in the absence of incorporation, the E. coli do not survive on 

chloramphenicol plates. Selections for AAPF were initially performed using 20 µg/mL 

chloramphenicol (as this concentration was sufficient for a successful ONBY test selection); 

however, after 72 hours, no colonies were obtained. In a second attempt, less stringent selection 

conditions were employed (10 µg/mL) and after 72 hours of growth at 37 ºC, appearance of 

colonies was observed. Several of these colonies were isolated and tested in liquid culture (without 

chloramphenicol) both in the presence and absence of AAPF (Figure 4-13). Sanger sequencing of 
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three clones (#2, #6, and #8 in Figure 4-13b) exhibiting a high ratio of AAPF over DMSO 

fluorescence revealed that all three clones were identical and contained an additional amino acid 

mutation, Y65N, in the N-terminal domain compared to the parent EV20 sequence. This was 

surprising since there were slight differences in the fluorescence-based assay between these three 

clones and suggests that this assay may not always be reflective of incorporation efficiency. This 

synthetase mutant referred to as AAPFRS contains the mutations Y65N, L270F, L274M, N311G, 

C313G, and Y349F from the wild-type PylRS. The Y65N mutation has not previously been 

reported as a site for PylRS mutagenesis; however, in directed evolution work performed by David 

Liu’s group, they evolved a PylRS with four mutations in the N-terminal domain.276 Interestingly, 

these mutations (referred to as IPYE) resulted in a 40-fold improvement in the catalytic efficiency 

(kcat/KM
tRNA); however, only a modest improvement (2- to 9-fold) in incorporation efficiency was 

observed. 

 

Figure 4-13 PylRS selections using EP-PCR library against AAPF 

a) Doubly transformed E. coli containing the error prone pBK-EV20 library and pRep selection plasmid were selected 

using 10 µg/mL chloramphenicol with AAPF (and ONBY as a control). Orange arrows indicate representative 

colonies that were selected and tested in liquid culture. b) Comparison of 8 clones in the presence and absence of 

AAPF show a dependence on the presence of UAA for sfGFP expression. 

The pBK-AAPFRS plasmid was isolated separately from the pRep plasmid via gel 

extraction from a 1% agarose gel. In the future, this AAPFRS should be further tested with the 
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pBAD-sfGFPY151TAG-PylT construct for expression and purification of AAPF-modified 

protein in order to further validate whether this new synthetase outperforms EV20. Based on 

literature results using error prone PCR for directed evolution methodologies, multiple rounds of 

EP-PCR are often required, and in some cases, additional methods for introducing diversity (e.g., 

DNA shuffling) are used in conjunction.277-278 

Continued efforts to improve the incorporation efficiency of AAPF will facilitate its utility 

in follow-up application experiments. Once an improved synthetase is evolved, those mutations 

can also be introduced into the mammalian codon optimized system. For the photoswitchable 

metal chelation studies discussed in Section 4.3.2, an improved incorporation system will be 

essential for obtaining enough protein to use in characterization studies and functional assays. 

4.3 Introduction to Natural and De Novo Metalloproteins 

Approximately half of all proteins for which there is structural data require binding of at 

least one metal ion and ~40% of all proteins utilize a metal within its catalytic center.279-280 Metals 

play a role in providing structural support, facilitating protein-protein interactions between 

domains (both inter- and intra-), and functioning as cofactors in enzyme catalysis, through electron 

transfer processes or by acting as a Lewis acid.281 Metalloproteins (or any protein that binds a 

metal) are involved in a wide array of biological processes and can be categorized into three classes 

based on their function (storage/transport, metalloenzymes, and signal transduction 

metalloproteins). Common examples include hemoglobin/myoglobin, cytochromes, carbonic 

anhydrase, superoxide dismutase, and calmodulin. There are many different metal ions that bind 

to proteins in various oxidation states, with different preferences for ligand atoms, and in a wide 
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range of geometries (Table 4-3).281 Six naturally occurring amino acids contain sidechains that can 

complex with these metals: histidine, cysteine, methionine, tyrosine, glutamate, and aspartate.282 

Less frequently, the backbone amide can be found in coordination complexes.283 Interestingly, the 

cellular concentration of these metal ions does not directly correlate with the occupancy of these 

metals within proteins (e.g., zinc is the second least abundant metal in Table 4-3, but is the second 

most prevalent metal found in enzymes with known structures). Although a complete 

understanding of how proteins/enzymes select for a specific metal ion is still lacking, significant 

effort has been aimed toward understanding the design principles employed by Nature to create or 

engineer designer metalloprotein and metalloenzymes.284-286 
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Table 4-3 Properties of metal ions found in biological systems 

Geometry abbreviations are as follows:  O h – octahedral, T d – tetrahedral, C 4v – square pyramidal, D 3h – trigonal 

bipyramidal, D 4h – square planar). Table adapted from Andreini et. al., J. Biol. Inorg. Chem. 2008, 13, 1205–1218. 

Metal 
Common 
oxidation 

states 

Common 
coordination 

numbers 

Common 
coordination 
geometries 

Preferred 
donors 

Redox 
Concentration 

in cells (M) 

Mg 2 6 O h O No 10−3 

Ca 2 

6 O h 

O No 10−7 7 Irregular 

8 Irregular 

Zn 2 

4 T d 

N, S, O No 10−11 5 C 4v/D 3h 

6 O h 

Mn 

2 

4 T d 

N, O, S Yes 10−7 5 D 3h 

6 O h 

3 
5 C 4v/D 3h 

O   

6 O h 

Fe 

2 

4 T d/D 4h 

N, S, O Yes 10−7 5 C 4v/D 3h 

6 O h 

3 

4 T d 

O, N   5 C 4v 

6 O h 

Cu 

1 

2 Linear 

S, N Yes 10−15 3 Trigonal 

4 T d 

2 

4 T d/D 4h 

N, O, S   5 C 4v/D 3h 

6 O h 

Co 
2 

4 T d 

N, O, S Yes 10−8 5 C 4v/D 3h 

6 O h 

3 6 O h N, O   

Mo 

4 6 O h O Yes 10−6 

6 
4 T d 

O   

6 O h 
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Although only a fraction of the natural amino acids is suitable for efficient metal chelation, 

many examples of artificial and de novo metalloproteins/enzymes have been developed in recent 

years using only amino acids found in nature.287-290 Design of a di-heme four-helix bundle resulted 

in a complex that binds oxygen more tightly than carbon monoxide (the opposite trend of natural 

hemoglobin).291 Alpha helical bundles have been designed to bind non-native metals such as 

arsenic, mercury, and cadmium and can be applied as sensors of these toxic metals.292-293 Using a 

native scaffold of a DNA-binding protein, the native nickel (II) ligand was swapped out for 

dioxouranium (II) such that DNA binding was induced only upon exogenous ligand addition.294 

Impressively, this early work was conducted with significant trial-and-error through testing of 

many different designs, and without the aid of computational approaches.  

The development of metal binding proteins using unnatural amino acids has also been 

explored (Figure 4-14).295-297 The (2,2’-bipyridin-5-yl)alanine (BpyA) was introduced by 

Imperiali for utilization in designing metal binding peptides,298 and was first genetically encoded 

by the Schultz group where they showed that T4 lysozyme containing BpyA bound copper (II).299 

The Schultz group later developed 8-hydroxyquinolinylalanine (HqA) and demonstrated that 

proteins bearing this chelator showed increased fluorescence upon the introduction of zinc (II).300 

The Opella group expanded the utility of HqA by applying it as a paramagnetic probe in membrane 

proteins and demonstrated superiority over traditional nitroxide probes.301 The Lee group 

incorporated the more structurally rigid phenanthrolinylalanine (PheA) into GFP but no discussion 

of metal chelation was provided.302 In addition to pyridine-based metal chelating UAAs, a 

pyrazolyltyrosine (PyY) was developed by Wang and applied as an electron transfer probe by 

complexing copper to regulate the quenching of GFP fluorescence.303 All four of these UAAs 
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utilize the MjTyrRS/Tyr tRNA pair for incorporation and therefore cannot be applied in 

mammalian cells.  

 

Figure 4-14 Structures of genetically encoded metal chelating unnatural amino acids 

Structures of 2,2’-bipyridylalanine (BpyA), 8-hydroxyquinolinylalanine (HqA), and 1,10-phenanthrolinylalanine 

(PheA), 1-pyrazolyltyrosine (PyY) are shown. 

More recent work has focused on applications involving BpyA and extend beyond a simple 

demonstration of metal chelation. In a follow up report, the Schultz lab demonstrated that BpyA 

could be used to convert an E. coli catabolite binding protein into a sequence-specific nuclease 

through introduction of copper (II) or iron (II) which induced oxidative cleavage of the protein-

bound DNA.304 Most recently, the Song lab used BpyA to control the self-assembly of symmetrical 

protein complexes (Figure 4-15). In this work, they introduced BpyA at various positions within 

a D3 symmetry homohexamer (B. anthracis acetyltransferase) and showed control of both one- 

and two-dimensional protein assembly depending on the incorporation site and combination of 

point mutations. They demonstrated these assemblies resulted in approximately a 20 ºC increase 

in thermal stability compared to the individual subunits and that enzymatic activity was retained 

even at elevated temperatures. 



 120 

 

Figure 4-15 Control of protein self-assembly using BpyA 

The driving force of this self-assembly is the formation of a [Ni(bpy)2]2+ complex where the red shape represents 

BpyA. Different combinations of point mutants allow for 1D assembly (top) or 2D assembly (bottom). Adapted from 

Yang et. al., Nat. Commun. 2019, 10, 5545. 

Pioneering work by the Baker lab has capitalized on the power of computational 

approaches to predict and design de novo proteins and enzymes using the natural 20 amino 

acids.305-307 More recently, they have also utilized BpyA to computationally introduce a novel 

metal binding site in a protein initially lacking that functionality308 (Figure 4-16a) and later 

designed a homotrimer comprised of a trisbipyridyl core (Figure 4-16b).309 In their first design, 

they introduced BpyA (or Bpy-Ala in their figure) to function as a bidentate chelator and utilized 

two natural residues plus two water molecules to comprise their octahedral metal binding site, 

which was capable of binding several different divalent metal cations with mid picomolar 

affinities. Their second approach relied upon a scaffold set of de novo protein designs (previously 

developed by their lab) that contained threefold symmetry, in which they introduced BpyA at the 

interface such that metal complexation facilitated assembly of the trimer. These two approaches 

relied extensively on the computational tool, ROSETTA, that was developed decades ago by the 

Baker lab for protein structure predictions.310 

N

NN

N

Ni2+
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Figure 4-16 Computationally designed metalloproteins reported by the Baker lab 

a) A computationally designed protein containing BpyA allows for metal binding of copper (II). The design (gray) 

closely matches the crystal structure (pink). b) Introduction of BpyA in a surface exposed helix enabled computational 

design of a homotrimer with the trisbipyridyl core that chelates iron (II). Again, the prediction (gray) matches the 

elucidated crystal structure (blue). Panel a is taken from Mills et. al., J. Am. Chem. Soc. 2013, 135, 13393-13399 and 

panel b is taken from Mills et. al., Proc. Natl. Acad. Sci. USA. 2016, 113, 15012-15017. 

Based on these previous successes of computationally designed metalloproteins using 

BpyA, we envisioned that a similar methodology could be applied to incorporate photoswitchable 

metal-chelating amino acids to generate novel metalloproteins that can be regulated with light. 

4.3.1 Introduction to Phenylazopyridines as Metal Chelators and Photoswitches 

Two phenylazopyridine analogs 4-(2-pyridylazo)resorcinol (7) and 1-(2-pyridylazo)-2-

naphthol (8) shown in Figure 4-17 have extensively been used as colorimetric indicators for the 

presence of various metal ions as measured by a bathochromic shift in the absorption maximum.311 

These sensors have been found to chelate many biologically relevant transition metals such as 

manganese (II), iron (II), cobalt (II), copper (II), and nickel (II) in a tridentate manner with two 

equivalents of ligand per metal.312-314  

A B
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Figure 4-17 Structures of 4-(2-pyridylazo)resorcinol (7) and 1-(2-pyridylazo)-2-naphthol (8) 

Both 4-(2-pyridylazo)resorcinol (7) and 1-(2-pyridylazo)-2-naphthol (8) can form tridentate complexes with a variety 

of divalent transition metals and typically form in a 1:2 ratio. 

Additionally, the non-modified phenylazopyridine core has been shown to function as a 

bidentate ligand in complexes with ruthenium (II), nickel (II), cobalt (II) and zinc (II) in organic 

solvents.315-318 Interestingly, in many reported examples, there is no discussion of the ability to use 

light to regulate chelation or complex formation using differences in cis- versus trans-isomers. In 

most examples, the trans-isomer functioned as a bidentate ligand; however, in some cases, the cis-

isomer was used a monodentate ligand.  

A thiol-modified phenylazopyridine analog was developed by the Russell lab and used to 

generate a self-assembled monolayer on a thin gold film (Figure 4-18).319 When the ligand was 

incubated with nickel (II) or cobalt (II) in the free thiol (unconjugated) form, both the cis- and 

trans-isomers were found to bind with similar affinities. However, when they tested metal binding 

capabilities of the self-assembled monolayer, they observed slightly reduced binding in the 

immobilized trans-form relative to the in-solution affinity; however, no binding to the cis-isomer 

was detected. Unfortunately, a discussion of the ability to reverse the metal:trans-isomer 

coordination was not included. 



 123 

 

Figure 4-18 Photoswitching and metal ion chelation of a self-assembled monolayer containing a phenylazopyridine 

A thiol-modified phenylazopyridine was used to generate a self-assembled monolayer on a gold film. The 

photoswitching properties of the phenylazopyridine were retained in the immobilized monolayer. Additionally, metal 

chelation of nickel (II) and cobalt (II) were only observed in the trans configuration. Figure taken from Wang et. al, 

Langmuir. 2003, 19(9), 3779-3784. 

The Goto lab developed a bowl-shaped framework using a bis-terphenyl core with a 4-

(phenylazo)pyridine moiety protruding outward from the core.320 They demonstrated that the 

trans-isomer bound to a zinc-porphyrin, while the cis-isomer was too sterically hindered to form 

a complex (Figure 4-19). When they tested just the 4-(phenylazo)pyridine core, no differences in 

trans- and cis-isomer binding to zinc was observed, thus indicating the importance of steric bulk. 

Although they demonstrate that the bowl-shaped structure successfully undergoes cycles of 

photoswitching, they do not provide any discussion as to whether the interaction with the zinc-

porphyrin can be reversed using light. 

hv1

hv2

chelation of metal ions M2+

hv1 : 365 nm

hv2 : 439 nm



 124 

 

Figure 4-19 A bowl-equipped 4-(phenylazo)pyridine for control of zinc chelation 

Introduction of a phenylazopyridine into a bis-terphenyl structure generated a bowl-shaped framework which was 

found to chelate zinc (II) only in the trans configuration as the cis-isomer was sterically precluded from metal binding. 

Reversion in response to visible light was not demonstrated although it is depicted in the figure. Figure taken from 

Suwa et. al., Tetrahedron Lett. 2009, 50(18), 2106-2108. 

Follow-up work by the Herges lab developed several phenylazopyridines analogs that 

undergo reversible complex formation with a Ni-porphyrin core.321 Many transition metals can 

exist in different spin states as a result of their coordination number, and in this change in spin 

state can be measured via NMR. In the case of nickel (II) used here, the square planar coordination 

observed with the porphyrin complex is diamagnetic; however, upon coordination at either one or 

both of the axial sites generates square-pyramidal or octahedral geometries which are both 

paramagnetic. In this work, various designs using 2-, 3-, or 4-substituted phenylazopyridines can 

be generated such that either the cis- or trans-isomers favorably interact with the metal center 

while the other isomer results in an unfavorable interaction that disrupts the complex (Figure 

4-20a-b). They demonstrated that introduction of bulky tert-butyl groups onto the phenyl ring 

allowed for significantly improved switching over the unmodified phenyl ring (labeled parent 

system) when measuring changes in spin state of the associated metal center (Figure 4-20c). To do 

this, a solution containing the Ni-porphyrin (0.1 mM) was treated with the various 

phenylazopyridine (160 mM) in toluene and alternating cycles of irradiation with 365 and 440 nm 

LEDs were performed, followed by analysis of NMR in order to determine changes in the para- 

and diamagnetic nature of the complex. 

trans cis

UV

vis
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Figure 4-20 Phenylazopyridines as photodissociable ligands for Ni-porphyrins 

a) Schematic of the photodissociable ligand strategy where the trans-isomer binds to the axial position of a Ni-

porphyrin, while the cis-isomer results in unfavorable interactions that prevent complex formation. b) Various 

arrangements of 2-, 3-, and 4-phenylazopyridines allow for different design strategies. c) Irradiation with different 

wavelengths of light allowed for reversible complex formation between a bulky 3-phenylazopyridine analog and a Ni-

porphyrin core as determined by spin state changes from dia- to paramagnetic nickel centers. Figure adapted from 

Thies et. al., Chem. Eur. J. 2012, 18(51), 16358-16368. 

Based on these literature reports, we envisioned that the phenylazopyridine core could be 

used to generate three different phenylalanine derivatives with ortho-, meta-, and para-azopyridine 

substitutions (Figure 4-21) that would allow for the development of non-natural metal chelation 

sites which could potentially allow for light regulation of complex formation. We hypothesized 

the ortho-substituted analog might function similarly to the self-assembled monolayer in that we 

could use light to convert the immobilized, inactive cis-isomer to the active trans-isomer, thereby 

enabling control of bidentate metal binding. The para- (and presumably the meta-) substituted 

analogs are predicted to bind in a monodentate fashion as observed with the bowl-containing 

analog developed by Goto. While their work required introduction of bulky substituents to achieve 

selective binding, in our case, the steric bulk and rigidity imposed by the protein macromolecule 

should have a similar effect. Depending on the stability of the metal complex generated with each 

of these three analogs, using light to break open the complex might be more feasible for the 

B

A C
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monodentate ligands over the bidentate ones; however, due to a lack of literature reports discussing 

this conversion, ligand preference will need to be experimentally determined.  

 

Figure 4-21 Structures of phenylazopyridine-based amino acids 

Potential metal chelating amino acids composed of phenylazopyridine motifs. Synthesis of o-PyrAzoF was performed 

by Trevor Horst, while synthesis of m-PyrAzoF and p-pyrAzoF is currently underway by Olivia Shade. 

In collaboration with the Khare lab (a computational biology lab at Rutgers University), 

we are utilizing AAPF and o-PyrAzoF to computationally design novel metalloproteins. We are 

planning to incorporate AAPF at a position such that the trans-isomer will function to coordinate 

an essential metal ion to produce an active enzyme, while irradiation to generate the cis-isomer 

will either break the coordination (Figure 4-22a) or move the metal site and perturb enzyme 

function. In a similar manner, we eventually aim to use o-PyrAzoF as a bidentate ligand to replace 

two of the natural ligands; however, computationally, this a much more challenging goal. 

Additionally, the Khare lab has provided us with designs to generate novel metal binding sites 

within several different protein targets. In this approach, trimeric proteins with C3 symmetry were 

selected and trans-AAPF was introduced at the trimer interface to form a tetrahedral coordination 

site (here, with zinc in mind), leaving one site open for a water molecule (Figure 4-22b). Upon 

isomerization to the cis-form, we hypothesize the geometry will be disrupted and the metal ion 

will no longer be complexed. 
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Figure 4-22 Computationally designed metalloproteins bearing AAPF modifications 

a) Replacement of a chelating ligand (potentially cysteine, histidine, or aspartate) with trans-AAPF generates a near-

native, active enzyme. Upon irradiation and generation of the cis-isomer, the metal site is perturbed resulting in 

enzyme inactivation. b) Trimeric proteins with C3 symmetry were selected and a novel metal binding site was 

introduced at the trimer interface using trans-AAPF to generate a tetrahedral coordination site. Conversion to the cis-

isomer will disrupt the coordination geometry and is predicted to release the metal ion. 

4.3.2 Toward Control of Metal Complex Formation using Photoswitchable Amino Acids 

We hypothesized generation of an ortho-substituted pyridinylazophenylalanine (o-

PyrAzoF) analog would generate a metal chelating amino acid similar to BpyA, but with the 

potential for photoswitchable control. Trevor Horst synthesized o-PyrAzoF and a synthetase panel 

screen was performed as in Section 4.2 to find candidate synthetases that could incorporate this 

new UAA (Figure 4-23). Small scale (200 µL) cultures were prepared with and without o-

PyrAzoF (ONBY and AzoF were used as controls) to assess whether any of our existing 

synthetases could utilize this new UAA. Cultures were grown to an OD600 of 0.5 at 37 ºC and 

induced with 0.1% arabinose, followed by the addition of unnatural amino acid. Cultures were 

grown overnight with shaking at 37 ºC to allow for incorporation and protein expression, then the 

N

N
H

M2+

N

N
H

N
NH

N

N
N

N

N

N
H

M2+

N

N
H

N
NH

N

N

N
N

M2+M2+

inactiveactive

365 nm

530 nm

A

B
1. Identify protein with C3 

symmetry

2. Computationally 

introduce metal binding 

site using AAPF



 128 

following day an aliquot (100 µL) was transferred to a 96-well plate and sfGFP fluorescence (ex. 

488/5 and em. 510/5 nm) and optical density (absorbance at 600 nm) were measured using a plate 

reader. The sfGFP fluorescence was normalized to the OD600 and was plotted for all of the 

synthetases with each amino acid (Figure 4-23). Only EV16-5 and EV20 showed a greater than 2-

fold increase in the presence of o-PyrAzoF, which is consistent with previous findings that those 

two synthetases efficiently incorporate the traditional AzoF. 

 

Figure 4-23 Synthetase screen of MbPylRS variants with o-PyrAzoF 

A small panel of MbPylRS mutants was screened using an sfGFP reporter to assess whether an existing synthetase 

would be capable of utilizing o-PyrAzoF as a substrate. 

Larger expression cultures (5 mL) were prepared in an analogous method used for the 

screen – only synthetases EV16-5 and EV20 were included – in order to confirm incorporation via 

gel and mass spectrometry. Following expression, lysis, and Ni-NTA purification, the samples 

were analyzed via SDS-PAGE, followed by Coomassie staining (Figure 4-24a). Compared to the 

AzoF control, both synthetases showed a lesser degree of incorporation with o-PyrAzoF. EV16-

5 resulted in the highest level of incorporation in the presence of o-PyrAzoF and the purified 

sample was submitted to the Department of Chemistry Mass Spectrometry facility for ESI analysis 

(Figure 4-24b). Following deconvolution, a mass of 28350.920 was observed, which closely 

matches the expected mass of 28351.119 (Δ –0.185 Da). Significant background incorporation of 

phenylalanine was observed (28245.957 Da), which closely matches the expected mass of 

28246.019 (Δ –0.062 Da). This is consistent with previous reports of unnatural amino acids 
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incorporated with this specific synthetase mutant. In an effort to improve the yield of modified 

protein, we tried increasing the o-PyrAzoF concentration from 1 mM to 5 mM; however, this 

concentration resulted in moderate toxicity as observed by a reduction of total cell volume after 

20 hours of expression. 

 

Figure 4-24 o-PyrAzoF was successfully incorporated in E. coli and confirmed by ESI-MS 

a) SDS-PAGE analysis of purified sfGFP-Y151o-PyrAzoF more efficient incorporation with EV16-5 than EV20 in 

the presence of o-PyrAzoF. b) ESI-MS analysis of the EV16-5 sample shows successful incorporation; however, 

significant background phenylalanine incorporation was observed and an additional unidentified contaminant was 

present. 

Initial attempts to incorporate o-PyrAzoF into mammalian cells were unsuccessful, even 

though the transfection was successful, as observed by mCherry fluorescence (data not shown). 

Additionally, cellular toxicity at concentrations above 0.5 mM was observed for o-PyrAzoF. 

Optimization of transfection reagent or transfection/expression time, as well as further UAA 

purification, might enable o-PyrAzoF incorporation in mammalian cells and should be pursued in 

the future. 

Next, we characterized the photophysical properties of o-PyrAzoF in an analogous manner 

as performed previously for AAPF. Irradiation of a solution (0.1 mM) prepared in PBS at pH 7.4 

using 365 nm light to generate the cis-isomer shows distinct spectra from the dark-adapted trans-

isomer (Figure 4-25a,b). We determined the photostationary state ratios using HPLC (monitored 

at 280 nm) to separate the two isomers and the peak areas of each isomer were integrated (Figure 

4-25c). The dark state, a 365 nm irradiated sample, and a subsequent 530 nm irradiated sample 
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resulted in PSS ratios of trans:cis of 99:1, 13:87, and 71:29, respectively. Then, we determined the 

thermal stability of the cis-isomer of o-PyrAzoF at 37 ºC using PBS at pH 7.4 since our studies 

with AAPF showed improved thermal stability in the more physiological solvent. When fit with 

an exponential decay model, a t1/2 of 87 hours was calculated, suggesting that this analog has even 

greater thermal stability than AAPF (Figure 4-25d). This aligns favorably with literature reported 

phenylazopyridine analogs in which the cis-isomer thermal stability ranges from 13 minutes to 

300 hours, depending on the phenyl substituents and solvent used.  

 

Figure 4-25 Determination of photostationary states and thermal stability of oPyrAzoF 

a) Structures of both cis- and trans-oPyrAzoF are shown. b) Absorbance spectra of cis- and trans-isomers at 100 µM 

in PBS. c) HPLC analysis to determine photostationary states showed distinct peaks for each isomer. d) Thermal 

stability of cis-oPyrAzoF was tested in PBS at pH 7.4 and analyzed via HPLC. 

Next, we proceeded to test whether o-PyrAzoF would function to chelate/complex various 

metal ions. Metal complexes consisting of one or more phenylazopyridines functioning as a 

bidentate chelate have been reported for cobalt (II), nickel (II), copper (II), zinc (II), and ruthenium 

(II); however, all of these examples were synthesized using organic solvents followed by 

crystallization and subsequent characterization.322-324 Because these conditions are quite different 
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from what we can assemble in a biological setting, we first tested whether any change in the 

absorbance spectrum would be detected upon introduction metal ions and subsequent complex 

formation. Literature reports indicate that metal complexes typically result in a shift (either hypso- 

or bathochromic) in absorbance maxima compared to the ligand alone and in many cases 

appearance of an additional peak in the 500 to 700 nm range is observed.325-329 We combined o-

PyrAzoF in 1:1 molar ratios with eleven different metal chloride salts covering various oxidation 

states. While this does not match the stoichiometry of common complexes, a shift in the 

absorbance maximum should still be observed. An absorbance spectrum was acquired for each 

combination and the background absorbance of the metal ion alone in buffer was subtracted. A 

bathochromic shift for both nickel (II) and copper (II) was observed, shifting from λmax of 326 nm 

to 330 and 342 nm, respectively (Figure 4-26a,b). Additionally, in the presence of copper, a broad 

peak with a λmax of 536 nm was detected. None of the alkali or alkaline earth metals showed any 

significant change in absorbance (and presumably chelation), which was expected due to the 

preferential complex formation of (bi)pyridines with transition metals.330-331 

We performed an identical experiment using the AzoF isostere which lacks the pyridinyl 

nitrogen necessary to form a bidentate chelate and may or may not be able to coordinate a metal 

with either of the azo nitrogens, expecting this to function as a negative control. Unlike with o-

PyrAzoF no shift in the λmax was observed for any of the metals; however, both nickel (II) and 

copper (II) showed a significant decrease in absorbance at the maximum (Figure 4-26c,d), 

suggesting an interaction could be occurring between an azo nitrogen and the metal ion. To further 

characterize the stoichiometry of complex formation, we should titrate increasing amounts of metal 

ion against o-PyrAzoF or AzoF in order to generate a Job plot.332-333 By maintaining a constant 

sum of molar concentration of both metal and ligand while varying the molar ratio of the two 
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components, one can extrapolate the binding stoichiometry as the maximum of a plot of UV 

absorbance versus mole fraction. Further complicating matters, α-amino acids have been reported 

to chelate metal ions, thus, we may be observing chelation of these metal ions with the carboxylate 

and amine.334-336 To avoid this, these experiments should be repeated with just the chromophore 

alone. 

 

Figure 4-26 Absorbance spectra of o-PyrAzoF in the presence and absence of metal ions 

a) o-PyrAzoF is predicted to form a bidentate chelate in the presence of metal ions. b) A 1:1 molar ratio of metal ion 

to o-PyrAzoF was prepared at 50 µM (in 25 mM HEPES at pH 7.5) and the absorbance spectrum for each combination 

was recorded. c) AzoF has the potential to form a monodentate chelate. d) Same experiment in (b) was repeated using 

AzoF. 

To avoid the influence of the amino acid moiety, test substrates were synthesized for use 

in follow-up isothermal calorimetry (ITC) studies. Removal of the amino acid and β-carbon to 

yield the core phenylazopyridine (9) is the most relevant substrate (Figure 4-27). The 

corresponding imines with either C=N or N=C connectivity would allow us to confirm bidentate 

chelation as 11 is unexpected to form a chelate since literature reported 2-aminopyridine 

complexes with transition metals all utilize a tridentate ligand,337-338 while 10 is expected to show 

a similar binding affinity as 9. Unexpectedly, preliminary ITC binding experiments showed that 9 
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interacted with copper (II) similarly to 11 rather than 10 when comparing heat released (ΔH in 

cal/mol) under identical experimental condition, thus invalidating our anticipated mode of binding. 

Additional ITC studies need to be performed in order to elucidate the binding stoichiometry (N) 

and the Ka of these ligands with copper (II) since early saturation resulted in incomplete curves in 

these current experiments. Testing of additional metal ions for complex formation should also be 

explored. 

 

Figure 4-27 Test substrates for o-PyrAzoF metal chelation 

Structures of phenylazopyridine 9, imines 10 and 11, and azobenzene 12. Compounds 9 – 11 were synthesized by 

Olivia Shade. ITC binding studies were conducted using 1.2 mM of ligand in the cell with 18 mM of copper (II) sulfate 

in the syringe. A heat map displaying the relative enthalpy where dark blue represents a large heat release, while light 

blue indicates a low value. 

Concurrently, we explored the potential for AAPF to function as a metal chelator. In 

literature examples of pyrazole-metal complexes, a bidentate ligand is often utilized, as seen in 

PyY. Examples of monodentate pyrazole ligand metal complexes have been reported; however, 

these were typically formed in boiling organic solvents.339-340 These complexes were usually 

characterized by NMR and X-ray crystallography, and in some cases, molar conductance and IR 

spectrum are provided. For preliminary testing, we chose to utilize just the pyrazole moiety to 

avoid any potential interaction from either of the azo nitrogens or the amino acid functionalities 

since the designs in Figure 4-22 rely solely on the pyrazole. To represent AAPF, we used 1,3,5-

trimethylpyrazole (15) in ITC binding studies. Attempts to optimize concentrations of metal in the 

cell or syringe versus concentrations of 15 in the cell or syringe were conducted; however, we 

were unable to detect any heat release. We compared using Tris versus HEPES buffers since 

reports have shown slight differences in thermodynamic parameters depending on the pH and 
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buffer; however, no difference was observed.341-342 Next, we employed imidazole (13) as a control 

compound for histidine, which has extensively been explored in ITC and other assays for metal 

binding studies.341, 343-344 We used 2 mM of metal ion in the cell and a 90 mM solution of ligand 

in the syringe341 prepared in Tris buffer at pH 7.5. The values for ΔH (in cal/mol) for 13 with four 

metal ions and different counter anions are summarized in Figure 4-28. These values are slightly 

lower than literature reported values where histidine was titrated against various transition metal 

ions, but show the same trend for the different metals.344 To explore whether the N-methyl group 

of 15 was preventing metal binding, we tested 3,5-dimethylpyrazole (14) under the same 

conditions used for 13. Unfortunately, no binding was observed with this test substrate either. 

Based on these results, it does not appear that AAPF will function to chelate metal ions in its 

current form; however, there is a chance that upon pre-arrangement of the trimeric interface, that 

a pseudo-tridentate chelate could still form. 

 

Figure 4-28 ITC binding studies of 13, 14, and 15 with four different metal ions 

Solutions of 13, 14, and 15 were prepared at 90 mM in Tris buffer, while the metal ion solutions were prepared at 2 

mM and were placed in the syringe and cell, respectively. The ΔH (in cal/mol) for each of the combinations is plotted. 

Additionally, we could modify AAPF to contain N-propargyl instead of N-methyl, such 

that a subsequent click reaction would generate a triazole which might function as a bidentate 

chelator. Unfortunately, this would require completely new protein designs, but may be necessary 

to generate a stable metal complex. Prior to synthesizing the new UAA, we first decided to prepare 
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the analogous test substrates for ITC binding studies. The 1-propargyl-3,5-dimethylpyrazole (16) 

was synthesized following a literature protocol,345 and was provided to former Deiters lab member 

Filippo Gentile for modification via a click reaction with benzyl azide to generate 17 (Figure 

4-29a). To date, similar pyrazole-triazole substructure cores have been shown to function as 

bidentate chelators of rhodium (II), iridium (II) and Cu4I4,
346-347 so this test substrate might allow 

for complex formation with similar divalent transition metals. ITC studies were performed in a 

similar manner as before where 20 mM metal ion solutions were injected into the cell containing 

2 mM ligand (Figure 4-29b). Relative to imidazole, very weak binding was observed for the 

pyrazole-triazole structure with the three metal ions tested here. Based on these results, synthesis 

of the corresponding propargylated amino acid is unlikely to afford an efficient metal chelator, and 

will likely lead to even lower incorporation efficiency upon introduction of a bulkier N-substituent. 

Due to differences in the pi-donor and pi-acceptor nature of various N-heterocycles, it might prove 

beneficial to connect pyrazoles to bipyridine or terpyridine ligands for improved metal complex 

formation.348 

 

Figure 4-29 Pyrazole test substrate as putative divalent chelate 

a) The propargylated dimethylpyrazole 16 was subjected to a click reaction with benzyl azide (performed by Filippo 

Gentile) to generate 17. b) ITC binding studies were performed by injecting 20 mM solutions of 17 (with 13 used as 

a control) into 2 mM metal ion solutions. Combinations not tested are indicated with N.D. 
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4.4 Summary and Outlook 

We have successfully incorporated two new photoswitchable amino acids in E. coli that 

provide improvements in photoswitching properties and introduce functionalities not found in 

previously developed analogs. Preliminary experiments suggest that o-PyrAzoF can form 

complexes with nickel (II) and copper (II); however, additional experiments need to be conducted 

to validate this and to determine the stoichiometry of binding. In initial efforts to demonstrate 

metal chelation with AAPF test substrates, none of the metals tested showed any complex 

formation with the various ligands tested via ITC. Similar experiments could be conducted with 

other transition metals such as ruthenium (II), iron (II), and manganese (II) since these metals show 

preferential complex formation with N-based ligands (Table 4-3). Additionally, we could consider 

synthesizing a test substrate that would mimic the tridentate arrangement of the three trans-AAPFs 

at the trimer interface to test for metal complex formation.  

Additionally, PylRS selections using an error-prone PCR library produced one new 

synthetase mutant that will undergo additional validation to determine its efficiency relative to 

EV20. This library can also be mutagenized further through DNA shuffling or subsequent rounds 

of EP-PCR in order to identify improved synthetase mutants for AAPF and oPyrAzoF. Lastly, the 

protocols developed during these selection efforts can be applied for the generation of mutant 

libraries with different starting PylRS sequences for improving the incorporation of other unnatural 

amino acids within the lab. 
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4.5 Methods 

Reagents. Unnatural amino acids AAPF, o-PyrAzoF, and AzoF were synthesized by Trevor 

Horst. ONBY was synthesized by Dr. Jessica Torres-Kolbus. All amino acids were provided as 

HCl salts. The three photoswitchable analogs were prepared as 100 mM solutions in DMSO, while 

the caged tyrosine was prepared at 100 mM in 0.25 M NaOH. The propargyl pyrazole 16 was 

synthesized following a literature reported procedure,345 then provided to Filippo Gentile for 

further modification.  

Cloning of PylRS constructs in the pEVOL and pUltra systems. To generate pEVOL-AzoFRS, 

the MjTyrRS sequence published by the Schultz lab was ordered from Twist Bioscience (see Table 

4-5).229 Primers AzoFRS1 F/R and AzoFRS2 F/R were used to PCR amplify the gene fragment 

and introduce the necessary restriction sites on both the 5’ and 3’ ends, then the gene fragments 

were digested with the appropriate enzymes following protocols in 8.1.1 and 8.1.3. pEVOL-

VSFRS (cloned for use with VSF – vinylsulfonamide phenylalanine – from parent Addgene 

plasmid pEVOL-AzF - #31186) was used as the backbone and was linearized with NdeI and PstI. 

Standard T4 DNA ligation cloning (see 8.1.4) was used to generate pEVOL-VSFRS1-AzoFRS2, 

which was confirmed by sequencing at Genewiz using the TyrRS2 forward sequencing primer. 

This plasmid was utilized as the backbone and was linearized with BglII and SalI, then the 

AzoFRS1 fragment was ligated using T4 DNA ligase (see 8.1.3 and 8.1.4). pEVOL-AzoFRS (now 

containing both copies of AzoFRS) was confirmed by sequencing at Genewiz using their pBAD 

forward sequencing primer. 

Two different improved E. coli UAA expression systems were assembled for use with the 

pET-sfGFP constructs described above. The parent plasmids pEVOL-AckRS and pUltra-

MmPylRS-optPylT were kindly provided by Wenshe Liu (Texas A&M University) and Abhishek 
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Chatterjee (Boston College). Backbone pieces were PCR amplified using primers EVOL-bb F/R 

and Ultra-bb F/R primers, respectively, while the PylRS pieces were amplified using EVOL-EV20 

F/R and Ultra-EV20 F/R with pBK-EV20 used as the template following protocols in 8.1.1. Gel 

purified pieces were Gibson assembled using a 1:3 ratio of backbone:insert as described in 8.1.5. 

Both constructs were verified by sequencing at Genewiz: pEVOL-EV20 used pBAD forward and 

reverse sequencing primers, pUltra-EV20 used UltraRS seqF/R primers provided in the table. 

Cloning of a His-tagged PylRS. For generation of a His-tagged MbPylRS expression construct, 

the MbPylRS containing EV20 mutations was PCR amplified using His-EV20 F/R primers with 

pEV20 as the template (see 8.1.1). An N-terminal histidine tag was added using the forward 

primer. Plasmid pCFP-FRBx5-His (from Chapter 5) was used as the backbone since it already 

contained an IPTG-inducible promoter and it was linearized with NcoI and XhoI to remove the 

unwanted insert (see 8.1.3). A Gibson assembly was performed following 8.1.5 to assemble the 

His-MbPylRS into the pET backbone, yielding pHis-MbPylRS. This construct was confirmed by 

sequencing at Genewiz using their T7 forward and T7 term reverse sequencing primers. 

Cloning of bacterial expression constructs for UAA incorporation. To generate a bacterial dual 

reporter plasmid for UAA incorporation, a bacterial codon optimized mCherry gene sequence was 

obtained from the Childers lab (pXCHYC-2a). The mCherry fragment was PCR amplified using 

mCherry F/R primers in Table 4-5 following protocols in 8.1.1. The sfGFP-Y151TAG piece was 

obtained by PCR amplifying from pBAD-sfGFP-Y151TAG-PylT using sfGFP F/R primers. A C-

terminal histidine tag was added through introduction in the reverse sfGFP primer. The pBAD-

sfGFP-Y151TAG-PylT plasmid was doubly digested with NcoI and NdeI to generate the backbone 

fragment as detailed in 8.1.3. A two-insert Gibson assembly was performed in order to assemble 
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pBAD-mCherry-sfGFP-Y151TAG-6xHis-PylT as described in 8.1.5. The plasmid sequence was 

confirmed by Genewiz using their pBAD-forward and reverse primers. 

The pBAD-sfGFPY151TAG-PylT plasmid was modified to remove the PylT sequence for 

use in conjunction with the Schultz pEVOL system. The plasmid was linearized with PstI and NotI 

to remove the PylT (see 8.1.3), then the sticky ends were blunted using a Quick Blunting Kit (NEB 

E1201) following the manufacturer’s protocol, and a T4 DNA ligation reaction was performed to 

recircularize the plasmid (see 8.1.4). Successful removal was confirmed by sequencing at Genewiz 

using their M13F sequencing primer. 

To generate sfGFP constructs under IPTG-inducible control, two different plasmids were 

assembled: pET-His-sfGFP-Y151TAG and pET-sfGFP-Y151TAG-His. Primers His-sfGFP F/R 

were used to PCR amplify His-sfGFP-Y151TAG and primers sfGFP-His F/R were used to amplify 

sfGFP-Y151TAG-His (the histidine tag was included in the reverse primer) using pBAD-sfGFP-

Y151TAG-PylT as the template for both reactions following the protocols in 8.1.1. Plasmid pCFP-

FRBx5-His was used as the backbone since it already contained an IPTG-inducible promoter and 

it was linearized with NcoI and BamHI to remove the unwanted insert (see 8.1.3). Gibson 

assemblies were performed to assemble pET-His-sfGFP-Y151TAG and pET-sfGFP-Y151TAG-

His using backbone:insert ratios of 1:3 as described in 8.1.5. Both constructs were confirmed by 

sequencing at Genewiz using their T7 forward and T7 term reverse sequencing primers. 

Generation of a mutagenized library based on pBK-EV20 using EP-PCR. Error-prone PCR 

was performed using the pBK-EV20 plasmid as the starting template following a literature 

protocol which is detailed here.274 A 100 µL error prone PCR reaction was assembled as described 

in Table 4-4 using primers EP-EV20 F/R from Table 4-5. PCR cycling conditions were performed 

as for standard PCR (see 8.1.1) except only 20 PCR extension cycles were used. The PCR product 
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was purified by gel extraction (8.1.13); however, a low yield was obtained (~15 ng/µL). A standard 

50 µL DreamTaq PCR reaction was performed as described in 8.1.1 in order to generate sufficient 

material for Gibson assembly. Following gel purification, a concentrated PCR product of ~90 

ng/µL was obtained. 

Table 4-4 Assembly of error-prone PCR 

Volume Reagent 
Final 

Concentration 

10 µL 100 mM Tris-HCl pH 8 10 mM 

2.5 µL 2 M KCl 50 mM 

3.5 µL 200 mM MgCl2 7 mM 

4 µL 25 mM dCTP 1 mM 

4 µL 25 mM dTTP 1 mM 

4 µL 5 mM dATP 0.2 mM 

4 µL 5 mM dGTP 0.2 mM 

2 µL 100 µM forward primer 2 µM 

2 µL 100 µM reverse primer 2 µM 

10 µL 200 pg/µL template 20 pg/µL 

2 µL 25 mM MnCl2 0.5 mM 

1 µL DreamTaq DNA pol. 0.05 U/µL 

51 µL water  

 

A 100 µL Phusion PCR reaction was utilized for generating the backbone EV20 fragment 

using primers pBK-bb F/R in Table 4-5, followed by gel extraction to yield ~300 ng/µL of purified 

product. Gibson assembly was performed using 300 ng of the backbone fragment with 180 ng of 

the EP-EV20 insert (this is approximately 6x more DNA than normal) using the Gibson mix 

described in 8.1.5. It was essential to use commercial chemically competent E. coli (MAX 

Efficiency DH5α – Invitrogen 18258012) for transformation of the Gibson assembled library, 

following the manufacturer’s protocol. Ten microliters (1/100th of the cell suspension) were diluted 

into 40 µL of LB broth and the entire 50 µL were plated on LB agar containing kanamycin (50 

µg/mL). The remaining 990 µL of cell suspension was used to inoculate 50 mL culture of LB broth 

containing 30 µg/mL kanamycin. The plate and culture were incubated at 37 ºC for 20 hours. The 
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number of colonies (~5500, counted by portioning the plate) was multiplied by 100 (to account for 

the dilution factor) in order to calculate a library size of ~55,000 clones. 

Table 4-5 DNA sequences and primers used for photoswitchable amino acid incorporation 

Restriction sites are denoted with bold font, the histidine tag is highlighted, and site mutations are CAPITALIZED. 

Name Sequence (5’ → 3’) 

mCherry F taacaggaggaattaaccatggtgagcaagggcgag 

mCherry R cctttgctcattccactgcccttgtacagctcgtcc 

sfGFP F tacaagggcagtggaatgagcaaaggcgaagaac 

sfGFP R tcgaattcccatatgttagtgatggtgatggtgatgtttatacagttcatccatgc 

AzoFRS1 F gaattagatctatggacgaatttgaaat 

AzoFRS1 R gatgatggtcgacttataatctctttc 

AzoFRS2 F gaatcccatatggacgaatttgaaat 

AzoFRS2 R cgtttgaaactgcagttataatctctttc 

TyrRS2 seqF aacagttgtcagcctgtccc 

AzoFRS atggacgaatttgaaatgataaagagaaacacatctgaaattatcagcgaggaagagttaagagaggttttaaa
aaaagatgaaaaatctgctGGCataggttttgaaccaagtggtaaaatacatttagggcattatctccaaataa
aaaagatgattgatttacaaaatgctggatttgatataattataGAAttggctgatttacacgcctatttaaaccaga
aaggagagttggatgagattagaaaaataggagattataacaaaaaagtttttgaagcaatggggttaaaggc
aaaatatgtttatggaagtgaaGCGGAActtgataaggattatacactgaatgtctatagattggctttaaaaac
taccttaaaaagagcaagaaggagtatggaacttatagcaagagaggatgaaaatccaaaggttgctgaagtt
atctatccaataatgcaggttaatGGCattcattatCATggcgttgatgttgcagttggagggatggagcagag
aaaaatacacatgttagcaagggagcttttaccaaaaaaggttgtttgtattcacaaccctgtcttaacgggtttgg
atggagaaggaaagatgagttcttcaaaagggaattttatagctgttgatgactctccagaagagattagggcta
agataaagaaagcatactgcccagctggagttgttgaaggaaatccaataatggagatagctaaatacttccttg
aatatcctttaaccataaaaaggccagaaaaatttggtggagatttgacagttaatagctatgaggagttagaga
gtttatttaaaaataaggaattgcatccaatggatttaaaaaatgctgtagctgaagaacttataaagattttagagc
caattagaaagagattataa 

His-EV20 F gaaggagatataccatgggtcatcaccaccatcaccatatggataaaaaaccgctg 

His-EV20 R tggtggtggtggtgctcgagttacaggttcgtgctaatg 

sfGFP-His F taagaaggagatataccatggggagcaaaggcgaagaactg 

sfGFP-His R ctagatccggtggatccttagtgatggtgatggtgatgtttatacagttcatccatgcc 

His-sfGFP F taagaaggagatataccatggggggttctcatcatcat 

His-sfGFP R tatctagatccggtggatccttatttatacagttcatccatgc 

EVOL-EV20 F aacaggaggaattactagtatggataaaaaaccgctg 

EVOL-EV20 R tgatgatggtcgacttacaggttcgtgctaat 

EVOL-bb F gcacgaacctgtaagtcgaccatcatcatcat 

EVOL-bb R catccagcggttttttatccatactagtaattcctcctgt 

Ultra-EV20 F ggaggtgcggccgcatggataaaaaaccgctg 

Ultra-EV20 R gaccgtttaaacgcggccgcttacaggttcgtgctaat 

Ultra-bb F gcacgaacctgtaagcggccgcgtttaaacggtc 

Ultra-bb R gcggttttttatccatgcggccgcacctcctttgtg 

UltraRS seqF tcgtataatgtgtggaattg 

UltraRS seqR ctcatccgccaaaacag 

EP-EV20 F acgctttgaggaatcccatatggataaaaaaccgctg 

EP-EV20 R caatttagcgtttgaaactgcagttacaggttcgtgctaatg 

pBK-bb F cattagcacgaacctgtaactgcagtttcaaacgct 

pBK-bb R cagcggttttttatccatatgggattcctcaaagcgtaaa 
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Synthetase panel screen using AAPF. The doubly transformed glycerol stock panel that is stored 

in a 96-well deep well plate in the –80 ºC freezer was utilized for generating starter cultures. A 

pipette tip was gently stabbed into the frozen stock and used to inoculate 1 mL of LB broth 

containing kanamycin (50 µg/mL) and tetracycline (25 µg/mL). Cultures were grown overnight at 

37 ºC with 250 rpm shaking to reach saturation. The next day, 2 mL cultures for each synthetase 

mutant were prepared by diluting the saturated starter culture 1:100 in LB broth (+ kanamycin, + 

tetracycline). Expression cultures were grown at 37 ºC with 250 rpm shaking until the OD600 

reached 0.5, then 200 µL was transferred to a 96-well deep well plate in triplicate per synthetase 

(for DMSO, positive control, and AAPF – a single replicate each). To the appropriate well, 2 µL 

of DMSO, ONBY, or AAPF was added for a final 1 mM concentration. All wells were induced 

by the addition of 10 µL of 2% arabinose for a final 0.1% arabinose concentration. The deep well 

plate was covered with aluminum foil, and the plate was secured to the platform of the shaker and 

shaken overnight at 250 rpm at 37 ºC. After ~20 hours, 100 µL of each culture was transferred to 

a black 96-well plate and the OD600 (absorbance at 600 nm) and sfGFP fluorescence (ex. 488/5, 

em. 510/5 nm) was measured using a Tecan M1000 Pro plate reader. The raw fluorescence values 

were divided by the corresponding OD600 measurement to correct for any variation in cell density 

and the fluorescence/OD600 is plotted for all synthetase mutants screened with each of the three 

conditions.  

Validation of AAPF incorporation by ESI-MS. The doubly transformed glycerol stock panel 

was utilized for generating 2 mL starter cultures for EV16-5 and EV20, separately. Cultures were 

grown overnight at 37 ºC with 250 rpm shaking to reach saturation. The next day, 20 mL cultures 

for both synthetase mutants were prepared by diluting the saturated starter culture 1:100 in LB 

broth containing kanamycin (50 µg/mL) and tetracycline (25 µg/mL). These cultures were grown 
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at 37 ºC with 250 rpm shaking until the OD600 reached 0.5, then 5 mL of culture was aliquoted to 

15 mL conical tubes (two per synthetase mutant). The 5 mL cultures were treated with either 50 

µL of DMSO or AAPF, followed by the addition of 25 µL of 20% arabinose for a final 0.1% 

arabinose concentration. The cultures were incubated with 250 rpm shaking at 37 ºC for ~20 hours 

to allow for protein expression. The next day, cells were pelleted at 4000 g for 10 minutes and the 

cell pellets were lysed following a three-phase partitioning protocol and purified over Ni-NTA 

resin (see 8.2.2 and 8.2.4 for a detailed protocol). The samples were analyzed via SDS-PAGE 

following the protocols in 8.2.5. An aliquot of sfGFP-Y151AAPF from the EV20 sample (along 

with wild-type sfGFP) was submitted to the Department of Chemistry Mass Spectrometry facility 

for intact ESI-MS analysis. The raw file was analyzed using Protein Deconvolution 2.0 (Thermo 

Scientific) software using the “Manual ReSpect” algorithm with the following parameters: 

negative charge – false, charge carrier – H+, relative abundance threshold – 10%, m/z range – 800-

2,000, output mass range – 28,200-30,000, mass tolerance – 10, target mass – 30,000, charge state 

range – 10-50, choice of peak model – intact protein. 

Incorporation of AAPF into proteins in mammalian cells. HEK293T cells were plated in a 

black 96-well plate (for imaging) and a 6-well plate (for western blot analysis) at 50,000 and 

200,000 cells per well, respectively, and grown at 37 ºC/5% CO2. At ~80% confluence, cells were 

co-transfected with pmCherry-TAG-EGFP-HA (provided by Dr. Kalyn Brown) and pAAPFRS-

4xPylT (provided by Dr. Ji Luo) at a 1:1 plasmid ratio using 200 ng or 2000 ng total, for each plate 

format respectively, following the LPEI protocol detailed in Section 8.2.8. The media was replaced 

with DMEM (+ 10% FBS, – antibiotics) containing 0.75 mM AAPF (or DMSO). The transfection 

solution was added to the wells, and the plates were incubated overnight at 37 ºC/5% CO2 for ~20 

hours to allow for protein expression. The following day, the 96-well plate was imaged using the 
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Zeiss microscope equipped with EGFP (ex. 470/40, em. 525/50 nm) and mCherry (ex. 550/25, em. 

605/70 nm) filter cubes through a 10X Plan-Apochromat objective. The 6-well plate was processed 

as detailed in Sections 8.2.10 and 8.2.11 for cell lysis and western blot analysis. An anti-HA 

antibody (Cell Signaling Technology – 3724S) was used at a 1:1000 dilution in TBST + 5% milk 

and an anti-GAPDH antibody (ProteinTech – 10494-1-AP) was used at 1:5000 dilution in TBST 

+ 5% milk (6 mL volume each). A goat anti-rabbit HRP-conjugated secondary antibody 

(ProteinTech – SA00001-2) was used at a 1:10,000 dilution in TBST (10 mL).  

Determination of photostationary states and thermal stability of AAPF. A solution of AAPF 

at 250 µM was prepared by diluting 12.5 µL of a 10 mM solution into 488 µL of acetonitrile. Fifty 

microliters of this solution were transferred to an HPLC vial and analyzed as the dark state. A 365 

nm irradiated sample was prepared by irradiating a ½ dram clear glass vial containing 50 µL of 

the 250 µM solution for 10 minutes on a UV transilluminator (with the vial directly touching the 

glass) set to 365 nm, then the solution was transferred to an HPLC vial for analysis. A 50 µL 

aliquot of the 250 µM solution was transferred to a ½ dram vial, irradiated for 10 minutes on a UV 

transilluminator (365 nm), followed by an irradiation with a 530 nm LED (output set to 300 mA, 

LED source directly touching the vial) for 5 minutes, then the solution was transferred to an HPLC 

vial for analysis. A Shimadzu HPLC equipped with an analytical scale column (Agilent, Zorbax 

SB-C18, 3.5 µm, 4.6 x 100 mm) was used. Solvent A was milliQ water and Solvent B was HPLC-

grade acetonitrile. A gradient method of 5 – 95% acetonitrile over 30 minutes with a 1.0 mL/minute 

flow rate was utilized. An autosampler was utilized for injections and 20 µL of sample was injected 

per analysis. The UV detector was set to 280 nm. The raw data was extracted from the Lab 

Solutions (Shimadzu) software and analyzed in Prism. To determine the photostationary states, the 

peak area at 7.5 minutes (corresponding to the cis-isomer) and peak area at 11.0 minutes 



 145 

(corresponding to the trans-isomer) were extracted. The “% cis-isomer” was determined by: (peak 

area at 7.5 minutes)/(summation of peak areas of 7.5 and 11.0 minutes)*100.  

For determining thermal stability of the cis-isomer, a 250 µM solution of AAPF was 

prepared in acetonitrile as above and irradiated for 10 minutes with 365 nm light. The vial was 

wrapped in aluminum foil and maintained in a 37 ºC incubator for the duration of the experiment. 

Aliquots (50 µL) were removed hourly for three hours and analyzed via HPLC using the same 

analytical method detailed above. The thermal stability in 1X PBS at pH 7.4 was performed exactly 

as detailed for the acetonitrile sample, except aliquots were taken at the following time points: 0, 

0.75, 1.5, 2.25, 7, 8, 21, 30, and 54 hours. The raw data was extracted from the Lab Solutions 

(Shimadzu) software and analyzed in Prism as above. An exponential model was fit to the data to 

obtain half-life values for the cis-isomer in both solvents. 

Validation of dual reporter in Top10 cells. Top10 cells were doubly transformed with pBAD-

mCherry-sfGFP-Y151TAG-6xHis-PylT and pEV1 (wild-type MbPylRS) and plated on LB agar 

containing kanamycin (50 µg/mL) and tetracycline (25 µg/mL). A 5 mL starter culture was 

prepared by isolating a single colony and growing to saturation in LB broth containing both 

kanamycin (50 µg/mL) and tetracycline (25 µg/mL) at 37 ºC with 250 rpm shaking. A 25 mL 

expression culture was inoculated using a 1:100 dilution of the saturated starter culture in LB broth 

containing kanamycin (50 µg/mL) and tetracycline (25 µg/mL) and grown at 37 ºC with 250 rpm 

shaking until the OD600 reached 0.5. At this point, the culture was split into 5 mL cultures in 15 

mL conical tubes (for each of 3 samples). Three expression conditions were generated by adding 

the following to the appropriate 5 mL culture: (i) no induction, noAA (25 µL of water + 50 µL of 

DMSO), (ii) induction, noAA (25 µL of 20% arabinose + 50 µL of DMSO), and (iii) induction, 

AllocK (25 µL of 20% arabinose + 50 µL of 100 mM AllocK). The expression cultures were 
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incubated at 37 ºC overnight at 250 rpm shaking to allow for protein expression and UAA 

incorporation. After ~20 hours, 100 µL of culture was transferred to a black, 96-well plate (in 

duplicate per condition) and fluorescence measurements were acquired using a Tecan M1000 Pro 

to collect sfGFP (ex. 485/5, em. 510/5 nm) and mCherry (ex. 581/5, em. 610/5 nm) readings. 

Averages of technical duplicates were plotted in GraphPad Prism 8 with error bars representing 

standard deviation. 

Control of translation using AAPF – a single, pre-irradiation. A 2 mL starter culture in LB 

broth containing kanamycin (50 µg/mL) and tetracycline (25 µg/mL) was prepared from a glycerol 

stock of Top10 cells doubly transformed with pBAD-mCherry-sfGFP-Y151TAG-6xHis-PylT and 

pEV20. The following day, a 25 mL expression culture was prepared by back diluting the saturated 

starter culture 1:25 in LB broth containing kanamycin (50 µg/mL) and tetracycline (25 µg/mL). 

This culture was incubated at 37 ºC with 250 rpm shaking until the OD600 reached 0.5, then 500 

µL of this culture was transferred into each of fourteen 1.7 mL tubes. The cells were pelleted at 

10,000 g for 5 minutes, then the supernatant was removed and discarded. The following seven 

solutions were prepared at 1 mL volume in LB broth (without antibiotics) and maintained in the 

dark: (i) LB broth only, (ii) LB broth + DMSO, (iii) LB broth + 0.05 mM AAPF, (iv) LB broth + 

0.10 mM AAPF, (v) LB broth + 0.25 mM AAPF, (vi) LB broth + 0.50 mM AAPF, and (vii) LB 

broth + 1.0 mM AAPF. Using 500 µL from each of these solutions, half of the cell pellets (7) were 

resuspended and labeled with the appropriate concentration and denoted as the dark-state. The 

remaining 500 µL of each LB broth solution was transferred to a clear, ½ dram vial and each vial 

was irradiated for 10 minutes using a dual UV transilluminator set to 365 nm (with the vials 

touching the glass). After irradiation, the remaining half of the cell pellets were resuspended in 

these pre-irradiated LB broth samples and labeled as the “UV” sample. Twelve of the cultures 
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were induced by adding 2.5 µL of 20% arabinose, and the two non-induced cultures received 2.5 

µL of milliQ water. All fourteen expression cultures were placed back in the 37 ºC shaker at 250 

rpm. After 1, 2, and 4 hours of induction, aliquots were removed for analysis by flow cytometry 

and were processed in the same manner. For each of the fourteen samples, 50 µL of culture was 

transferred to a 1.7 mL tube and cells were pelleted at 10,000 g for 2 minutes. The supernatant was 

removed and discarded, then cell pellets were resuspended in 200 µL of syringe-filtered, 1X PBS 

+ 0.5 mM EDTA (to prevent cell clumping). Samples were maintained on ice prior to analysis. A 

CytoFlex S (N-V-B-Y) flow cytometer equipped with 488 and 561 nm laser lines and 510/20 and 

610/20 nm band pass filters was used for analysis. Note: Ensure that the 510/20 nm filter is in slot 

3 of the 488 nm laser since the software may not accurately reflect which filter is physically in 

place. The default laser settings were utilized and a manual threshold of FSC-H >1000 was 

employed. A dot plot of FSC-H versus SSC-H was generated, and a square gate encompassing 

FSC-H 1,000-10,000 and SSC-H 1,000-10,000 was drawn and labeled as “live.” Data acquisition 

was conducted using the “Events to Record” set at 25,000 events in the “live” gate. These settings 

allowed for the analysis of 25,000 events (or cells, in this case) only in the region indicative of live 

E. coli. Histogram representation of GFP-A and mCherry-A were plotted in the CytExpert 

Software using “live” and “induced” gates. The “live” gate was described above, the “induced” 

gate is based on the mCherry-A histogram and consists of a line-segment gate selecting all 

mCherry signal greater than the non-induced sample. To utilize a double gate, the “combo 

population” feature was employed to create an AND Boolean relationship between “live” and 

“induced” gates.  

For integrating the area under the curve, the raw data was exported to FSC 3.0 files using 

the CytExpert software. For analysis, the open-source FlowingSoftware 2.5.1 was employed. Two 



 148 

dot plots were opened under the “visualization tools” header and set to FSC-H versus SSC-H and 

GFP-A and mCherry-A, then a connector between the plots was formed. Each .fcs file was opened 

and the raw data was extracted by right clicking on a dot plot, then selecting “export to clipboard,” 

then pasting into an Excel sheet. This was done for both dot plots for each of the fourteen 

conditions at each of the three time points. Within Excel, the data was sorted by the FSC-H column 

and all rows <1,000 and >10,000 were removed, then the data was sorted by the mCherry-A 

column. Summation of the GFP-A column where mCherry value was >0 were performed for each 

condition. This sum was treated as the integrated area and was plotted in GraphPad Prism. 

Analysis of AAPF thermal stability in more complex solutions. A 250 µM solution of AAPF 

was prepared in six different diluents (1X PBS, LB broth, 2xYT, GMML, auto-induction media, 

and FluoroBrite DMEM) at a 1 mL final volume. Aliquots of GMML349 and auto-induction 

media350 were obtained from Joshua Wesalo and the components of each can be found in the 

corresponding references. Absorbance spectra of the dark state for each sample was acquired on a 

Tecan M1000 Pro plate reader using 100 µL of each sample in a black, 96-well plate. The 

remaining 900 µL was transferred to a 12-well plate and the plate was irradiated for 10 minutes 

using a dual UV transilluminator set to 365 nm (the plate was directly placed on the glass). A time 

zero aliquot was removed and analyzed on the plate reader, while the remaining volume was 

transferred to a 1.7 mL tube, then maintained in the dark at 37 ºC. Every few hours, a 100 µL 

aliquot was removed and an absorbance spectrum was acquired. An absorbance spectrum of each 

of the buffers/media alone was acquired and the background absorbance was subtracted from each 

time point. Qualitative analysis of the spectra was performed and no calculation of cis- and trans-

isomer ratios was performed. All data was plotted in GraphPad Prism. 
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For determining the effect of glutathione on cis-isomer thermal stability, a 1 M solution of 

glutathione reduced-form was prepared in water. Two solutions (250 µM) of AAPF were prepared 

with and without the addition of 10 mM glutathione in LB broth. Absorbance spectra were acquired 

for the dark state, the cis-isomer, and hourly time points. Background subtraction was performed 

by measuring the absorbance of LB broth alone or with 10 mM glutathione. Data analysis was 

performed as detailed above. 

Control of translation using AAPF – pulsed, cycles of irradiation. A 2 mL starter culture in LB 

broth containing kanamycin (50 µg/mL) and tetracycline (25 µg/mL) was prepared from a glycerol 

stock of Top10 cells doubly transformed with pBAD-mCherry-sfGFP-Y151TAG-6xHis-PylT and 

pEV20. The following day, a 25 mL expression culture was prepared by back diluting the saturated 

starter culture 1/25 in LB broth containing kanamycin (50 µg/mL) and tetracycline (25 µg/mL). 

This culture was incubated at 37 ºC with 250 rpm shaking until the OD600 reached 0.5, then 500 

µL of this culture was transferred into each of fourteen 1.7 mL tubes. The cells were pelleted at 

10,000 g for 5 minutes, then the supernatant was removed and discarded. The following seven 

solutions were prepared at 1 mL volume in LB broth (without antibiotics) and maintained in the 

dark: (i) LB broth only, (ii) LB broth + DMSO, (iii) LB broth + 0.05 mM AAPF, (iv) LB broth + 

0.10 mM AAPF, (v) LB broth + 0.25 mM AAPF, (vi) LB broth + 0.50 mM AAPF, and (vii) LB 

broth + 1.0 mM AAPF. Using 500 µL of each of these solutions, half (7) of the cell pellets were 

resuspended and labeled with the appropriate concentration and denoted as the dark-state. The 

remaining 500 µL of each LB broth solution was transferred to a clear, ½ dram vial and the vials 

were irradiated for 10 minutes using a dual UV transilluminator set to 365 nm. After irradiation, 

the remaining half of the cell pellets were resuspended in these pre-irradiated LB broth samples 

and labeled as the “UV” samples. Twelve of the cultures were induced by adding 2.5 µL of 20% 
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arabinose, and the two non-induced cultures received 2.5 µL of milliQ water. All fourteen 

expression cultures were placed back in the 37 ºC shaker at 250 rpm. After 1, 2, and 4 hours of 

induction, aliquots were removed for analysis by flow cytometry and were processed in the same 

manner as described previously. Additionally, at every hour post-induction, the UV pre-irradiated 

cultures were transferred to a 24-well plate and irradiated for an additional 10 minutes (the plate 

was propped such that there was ~2 cm gap between the bottom of the plate and the glass of the 

transilluminator), then transferred back to culture tubes for continued expression. Flow cytometry 

data collection and analysis was performed exactly as detailed above. 

Comparison of pBK and pEVOL systems with AAPF. The pBK system was prepared similarly 

to the screen, where a starter culture was generated in LB broth containing kanamycin (50 µg/mL) 

and tetracycline (25 µg/mL) from a doubly transformed glycerol stock of Top10 cells containing 

pBK-EV20 and pBAD-sfGFP-Y151TAG-pylT. The pEVOL system (pEVOL-AzoFRS and 

pBAD-sfGFP-Y151TAG) was doubly transformed into BL21(DE3) cells and plated on LB agar 

plates containing chloramphenicol (25 µg/mL) and tetracycline (25 µg/mL). Starter cultures were 

prepared in LB broth and GMML, separately, both containing chloramphenicol and tetracycline. 

Once starter cultures reached saturation (~20 hours for the two in LB broth and ~72 hours for 

GMML), 10 mL expression cultures were prepared by back-diluting in fresh media containing the 

appropriate combination of antibiotics to obtain a starting OD600 of 0.2. Expression cultures were 

grown at 37 ºC with 250 rpm shaking until the OD600 reached 0.5, then the cultures were split into 

four 2 mL cultures in 15 mL conical tubes. The four conditions represent: no UAA control 

(DMSO), 1 mM ONBY, 0.5 mM AzoF, 1 mM AAPF. To obtain 1 mM from a 100 mM stock, 20 

µL of stock solution was used, and for the 0.5 mM sample, 10 µL of a 100 mM stock was used. 

All samples were induced with 20 µL of 20% arabinose for a final 0.2% concentration. All cultures 
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were incubated with 250 rpm shaking at 37 ºC for ~20 hours to allow for expression and UAA 

incorporation. sfGFP fluorescence and optical density were measured for each of the conditions 

using 100 µL of the expression cultures in a black, 96-well plate in technical triplicate with the 

same settings described previously for the plate reader assay.  

Side-by-side comparison of improved E. coli UAA systems. Three different UAA systems were 

tested side-by-side: (1) pBAD/pBK, (2) pEVOL/pET, and (3) pUltra/pET. The two plasmids for 

system 1 were doubly transformed into Top10 cells, while the two appropriate plasmids for 

systems 2 and 3 were doubly transformed into BL21(DE3). A single colony was used to inoculate 

a 2 mL starter culture with the appropriate antibiotics: system 1 – tetracycline (25 µg/mL) and 

kanamycin (50 µg/mL), system 2 – chloramphenicol (25 µg/mL) and kanamycin (50 µg/mL), and 

system 3 – spectinomycin (50 µg/mL) and kanamycin (50 µg/mL). Expression cultures (5 mL) in 

LB broth containing the appropriate combination of antibiotic were grown to OD600 of 0.5. The 

cultures were induced as follows: system 1 – 0.2% arabinose, system 2 – 0.2% arabinose and 0.5 

mM IPTG, and system 3 – 0.5 mM IPTG. System 1 cultures were shaken at 37 ºC for 20 hours, 

system 2 cultures were shaken at 37 ºC for 6 hours, and system 3 cultures were shaken at 25 ºC for 

20 hours. After expression, 100 µL was transferred to a black 96-well plate in duplicate and sfGFP 

fluorescence and absorbance at 600 nm were measured on a Tecan M1000 plate reader.  

PylRS selections using EP-PCR library. The pBK-EV20 error prone library (diversity of 55,000) 

was transformed into chemically competent Top10 cells containing the pRep selection plasmid 

(provided by Ashton Cropp, VCU). Ten microliters (1/30th) of the cell suspension was plated on 

LB agar containing kanamycin (30 µg/mL) and tetracycline (12 µg/mL), and the remainder (290 

µL) was diluted into 15 mL of LB broth containing kanamycin (30 µg/mL) and tetracycline (12 
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µg/mL). The plate and culture were incubated at 37 ºC, and the following day, colony counting x 

the dilution factor (30x) revealed coverage of 40,000 clones. 

The saturated overnight culture was diluted 1:10 (100 µL into 900 µL of LB broth) and 

100 µL was plated on selection plates (10 cm petri dishes) using sterile plating beads. Selection 

plates contained the following per plate: 10 mL of LB agar, kanamycin (30 µg/mL), tetracycline 

(12 µg/mL), chloramphenicol (10 µg/mL), arabinose (0.2% w/v), and AAPF (1 mM). As controls, 

a plate lacking AAPF (supplemented with DMSO) was prepared and a plate containing 1 mM 

ONBY (in place of AAPF) was prepared. Plates were incubated at 37 ºC for 72 hours, followed 

by imaging on a ChemiDoc using the GFP settings.  

Surviving colonies (that were also green under UV light) were used to inoculate 1 mL 

starter cultures in LB broth containing kanamycin (30 µg/mL) and tetracycline (12 µg/mL). At 

saturation, these cultures were diluted 1:25 in 1 mL of LB broth containing kanamycin (30 µg/mL) 

and tetracycline (12 µg/mL) and grown to OD600 of 0.5. At this point, the cultures were split into 

a 96 deep-well plate with 200 µL per well and replicates of four (two used for DMSO and two 

used for AAPF). Arabinose was added to 0.2% final concentration and either DMSO or 1 mM 

AAPF was added to the appropriate wells. The deep well plate was secured to the platform of the 

shaker and incubated for 20 hours at 37 ºC. After, 100 µL of each well was transferred to a black, 

96-well plate and sfGFP fluorescence and absorbance at 600 nm were acquired on a Tecan M1000 

plate reader. 

Synthetase panel screen with o-PyrAzoF. A synthetase panel screen was performed as detailed 

in “Synthetase panel screen with AAPF” with only minor modifications denoted here. Once the 

bulk expression culture reached an OD600 of 0.5, then 200 µL was transferred to a 96-well deep 

well plate in quadruplicate per synthetase (for four different conditions). To the appropriate well, 
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2 µL of DMSO, ONBY, or o-PyrAzoF was added for a final 1 mM concentration. An AzoF 

control was also included this time by adding 1 µL of 100 mM AzoF for a 0.5 mM final 

concentration. The remainder of the experiment was conducted as described above. The 

fluorescence/OD600 is plotted for all synthetase mutants screened with each of the four conditions.  

Confirmation of o-PyrAzoF incorporation by ESI-MS. The doubly transformed glycerol stock 

panel was utilized for generating 2 mL starter cultures for EV16-5 and EV20, separately. Cultures 

were grown overnight at 37 ºC with 250 rpm shaking to reach saturation. The next day, 20 mL 

cultures for both synthetase mutants were prepared by diluting the saturated starter culture 1:100 

in LB broth containing kanamycin (50 µg/mL) and tetracycline (25 µg/mL). These cultures were 

grown at 37 ºC with 250 rpm shaking until the OD600 reached 0.5, then 5 mL of culture was 

aliquoted to 15 mL conical tubes (three per synthetase mutant). The 5 mL cultures were treated 

with either 50 µL of DMSO, 50 µL of 100 mM AAPF, or 25 µL of 100 mM AzoF, followed by 

the addition of 25 µL of 20% arabinose for a final 0.1% arabinose concentration. The cultures were 

incubated with 250 rpm shaking at 37 ºC for ~20 hours to allow for protein expression. The next 

day, cells were pelleted at 4000 g for 10 minutes and the cell pellets were lysed following a three-

phase partitioning protocol and purified over Ni-NTA resin (see Sections 8.2.2 and 8.2.4 for a 

detailed protocol). The samples were analyzed via SDS-PAGE following the protocols in 8.2.5. 

An aliquot of sfGFP-Y151o-PyrAzoF from the EV16-5 sample was submitted to the Department 

of Chemistry Mass Spectrometry facility for intact ESI-MS analysis. The raw file was analyzed 

using Protein Deconvolution 2.0 (Thermo Scientific) software using the “Manual ReSpect” 

algorithm with the following parameters: negative charge – false, charge carrier – H+, relative 

abundance threshold – 20%, m/z range – 800-2000, output mass range – 28200-30000, mass 



 154 

tolerance – 10, target mass – 30000, charge state range – 10-50, choice of peak model – intact 

protein. 

Determination of photostationary states and thermal stability of o-PyrAzoF. A solution of o-

PyrAzoF at 250 µM was prepared by diluting 12.5 µL of a 10 mM solution into 488 µL of 1X 

PBS pH 7.4. Fifty microliters of this solution were transferred to an HPLC vial and analyzed as 

the dark state. A 365 nm irradiated sample was prepared by irradiating a ½ dram clear glass vial 

containing 200 µL of the 250 µM solution for 15 minutes on a UV transilluminator set to 365 nm, 

then 50 µL was transferred to an HPLC vial for analysis. This sample was then irradiated with a 

530 nm LED with the bulb touching the bottom of the vial for 10 minutes, then a 50 µL aliquot 

was removed for analysis. A 50 µL aliquot of the 250 µM solution was transferred to a ½ dram 

vial, irradiated for 10 minutes on a UV transilluminator (365 nm), followed by an irradiation with 

a 530 nm LED (output set to 300 mA, LED source directly touching the vial) for 20 minutes (in 5 

minute intervals), then the solution was transferred to an HPLC vial for analysis. A Shimadzu 

HPLC equipped with an analytical scale column (Agilent, Zorbax SB-C18, 3.5 µm, 4.6 x 100 mm) 

was used. Solvent A was milliQ water and Solvent B was HPLC-grade acetonitrile. A gradient 

method of 5 – 95% acetonitrile over 30 minutes with a 1.0 mL/minute flow rate was utilized. An 

autosampler was utilized for injections and 20 µL of sample was injected per analysis. The UV 

detector was set to 280 nm. The raw data was extracted from the Lab Solutions (Shimadzu) 

software and analyzed in Prism. To determine the photostationary states, the peak area at 5.9 

minutes (corresponding to the cis-isomer) and peak area at 8.1 minutes (corresponding to the trans-

isomer) were extracted. The “% cis-isomer” was determined by: (peak area at 5.9 

minutes)/(summation of peak areas of 5.9 and 8.1 minutes)*100. 
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To determine the thermal stability of the cis-isomer, another solution of o-PyrAzoF at 250 

µM was prepared by diluting 12.5 µL of a 10 mM solution into 488 µL of 1X PBS pH 7.4. The 

entire sample (in a ½ dram vial) was irradiated for 15 minutes at 365 nm using a UV 

transilluminator. Fourty microliters was transferred to an HPLC vial for analysis as the initial cis-

isomer, t = 0 sample. The vial was wrapped in aluminum foil and maintained at 37 ºC, and 40 µL 

aliquots were removed at 0.75, 3, 25, and 50 hours post-irradiation. All samples were analyzed 

using the same HPLC system and conditions as in the previous paragraph. The raw data was 

extracted from the Lab Solutions (Shimadzu) software and analyzed in Prism as above. An 

exponential model was fit to the data to obtain half-life values for the cis-isomer. 

Absorbance-based metal chelation study with o-PyrAzoF. One molar solutions of MgCl2, 

CaCl2, LiCl, NaCl, KCl, NiCl2, MnCl2, FeCl3, ZnCl2, CoCl2, and CuCl2 were prepared individually 

using milliQ water. Working solutions of 100 µM were prepared by diluting 0.5 µL of the 1 M 

solution into 5 mL of milliQ. Next, buffer only, AzoF and o-PyrAzoF solutions were prepared by 

diluting 4 µL of DMSO or UAA (from a 100 mM stock solution, for a 100 µM final concentration) 

into 3.996 mL of 25 mM HEPES pH 7.5 buffer. Each of the metal ion solutions (11 metals + water 

control = 12 total) were combined with the buffer only, AzoF, or o-PyrAzoF for 36 total 

combinations with 1:1 molar ratios of 50 µM of each component (200 µL metal solution + 200 µL 

buffer/UAA solution). The solutions were incubated at room temperature for 30 minutes, then 100 

µL of each solution were transferred into a clear, 96-well plate and absorbance scans were acquired 

from 250 – 700 nm. The background absorbance of metal ion in buffer was subtracted from the 

AzoF and o-PyrAzoF samples, then the data was graphed in GraphPad Prism 8.  

ITC binding studies of AAPF test substrates. The potential chelating ligands (13, 14, and 15) 

were prepared at 200 mM concentrations in autoclaved milliQ water. Five metal ion solutions were 
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prepared at 500 mM concentrations in autoclaved milliQ water from the following salts: ZnCl2, 

ZnSO4·7H2O, CuSO4·5H2O, CoSO4·7H2O, and NiCl2. Working solutions of 2 mM of metal 

solution and 90 mM of ligand were prepared fresh for each ITC run. To prepare 2 mM metal 

solutions, 20 µL of 1 M metal solution was combined with 125 µL of 1 M Tris-HCl pH 7.5 and 

4.855 mL of autoclaved milliQ water. To prepare 90 mM ligand solutions, 2.25 mL of 200 mM 

ligand was combined with 125 µL of 1 M Tris-HCl pH 7.5 and 2.625 mL of autoclaved milliQ 

water. 

A MicroCal iTC200 was used for all binding studies. To prepare the instrument, the cell 

was washed with 20% Contrad70 using the “Detergent Soak and Rinse (Long)” feature. After the 

wash cycle, the cell was rinsed twice with milliQ water, then primed once with the metal solution. 

Carefully, 200 µL of metal solution was added without introducing bubbles by filling a syringe to 

the 250 µL mark and ejecting to the 50 µL mark. The syringe was washed by filling and emptying 

the syringe (using the “Syringe Fill” command) twice with milliQ water, then once with the 

appropriate ligand solution. The syringe was filled using the ligand solution, then carefully inserted 

into the cell. The following method was utilized for all runs: 1st injection – 0.4 µL, 2nd – 18th 

injections – 2.0 µL, and a 2-minute equilibration time between injections. Between runs of the 

same metal ion, but different ligands, the cell was rinsed three times with milliQ water, then primed 

again with the same metal solution. The remaining ligand in the syringe was discarded, the syringe 

was rinsed three times with milliQ water, then primed with the next ligand, and filled for an 

experiment with the next ligand. When a different metal ion was to be used, a detergent wash cycle 

was performed first. At the end of the day (or end of a reserved time slot), the cell was soaked for 

1 hour with 100 mM EDTA, followed by a detergent wash cycle, then leaving the cell filled with 

milliQ water.  



 157 

The values reported in the figure are directly taken from the “rawITC” window in the 

Origin analysis software. The first injections were discarded and reported values correspond to the 

“NDH” data from the second injection peak. 

ITC binding studies of putative bidentate AAPF test substrate. A solution of 17 was prepared 

in 1:1:1 water:DMSO:methanol at 33 mM (because of poor aqueous solubility, likely due to the 

addition of the benzyl moiety). A 20 mM working solution was prepared by combining 303 µL of 

the stock with 12.5 µL of 1 M Tris-HCl pH 7.5 and 184.5 µL of milliQ water. As a positive control, 

a 20 mM solution of imidazole (13) was prepared using the identical solvent ratios as for 17. The 

metal solutions were prepared at 2 mM, but to avoid heat of mixing/dilution, DMSO/methanol was 

included at the same final concentration as in the ligand solution. The instrument was operated as 

described in the previous ITC section.  

ITC binding studies of o-pyridinylazobenzene analogs. Stock solutions of substrates (9, 10, and 

11 – synthesized by Olivia Shade; 12 – purchased from TCI) were prepared at 100 mM in DMSO. 

In contrast to previous ITC experiments, the contents of the cell and syringe were inverted for 

these experiments such that the ligand was placed in the cell, while the metal ion solution was 

placed in the syringe. Due to issues with precipitation of copper sulfate in the presence of high 

concentrations of DMSO and buffer, buffer-free conditions were used in these experiments with 

10% DMSO in milliQ water. Ligands were prepared at 1.2 mM by combining 24 µL of the 100 

mM stocks with 176 µL of DMSO in 1800 µL of milliQ water. A working solution of 18 mM 

copper sulfate was prepared by diluting 360 µL of 100 mM copper sulfate with 200 µL of DMSO 

in 1440 µL of milliQ water. A control experiment was conducted this time in which the copper 

solution was injected into a 10% DMSO/water solution to account for any heat release detected 
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due to injection of metal alone. This reference data was subtracted from the experimental injection 

traces. 
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5.0 Optical Activation of Rapamycin-Induced Protein Dimerization 

5.1 Introduction to Chemical Inducers of Dimerization 

Chemical inducers of dimerization, or CIDs, are small molecule ligands that result in the 

dimerization of two proteins and are classified as homodimerizers (those which bind the same two 

proteins) or heterodimerizers (those which bind two different proteins). CIDs play a pivotal role 

in chemical biology by enabling us to place biological processes under conditional control.351-355 

A wide range of ligands and protein binding partners have been discovered/developed in recent 

years and are summarized in Figure 5-1. An in-depth discussion of relevant ligands is provided 

throughout this section. 

  

Figure 5-1 Prominent chemical inducers of dimerization and their respective protein partners 

Compounds are displayed from left to right in the approximate order in which they were developed. The protein 

binding partners are shown on top, while the small molecule ligands are shown on bottom with the portion of the 
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molecule responsible for protein interaction indicated with a gray box. Adapted from Stanton et. al., Science, 2018, 

359, 6380. 

Homodimerizers have somewhat limited utility as chemical biology tools in that fewer 

processes require a homodimeric protein species; however, they have been quite useful for 

controlling receptor dimerization (Figure 5-2). Coumermycin (18) is a natural product that consists 

of two coumarin units joined together by a pyrrole-linker, and was originally discovered as an 

antibiotic that functioned to inhibit bacterial cell growth through the dimerization of DNA gyrase 

B (GyrB), a topoisomerase involved in DNA replication.356 It has been employed as a CID to study 

both the Raf and JAK/STAT signal transduction pathways.357 Another well characterized 

homodimerizer is FK1012 (19), which is a synthetic dimerizer derived from FK506. In pioneering 

work by Stuart Schreiber, they controlled several other dimeric receptors (TGF-β, insulin, and T-

cell) through introduction of 19 in cells and animals.358-361 

 

Figure 5-2 Structures of homodimerizers 18 and 19 

Coumermycin (18) and FK1012 (19) are commonly utilized homodimerizers for controlling receptor activation. 
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Arguably, the discovery and development of heterodimerizers was transformative for the 

chemical biology field. Rather than being limited to bringing together the same two proteins, 

heterodimerization allowed researchers to bring together any proteins of interest that were fused 

to the appropriate dimerization domains. FK506 (20) is an immunosuppressant that functions 

through dimerizing FKBP12 and calcineurin to inhibit calcium/calmodulin-dependent signaling 

(Figure 5-3).362 Derivatization into 19, as discussed above, led to the more common dimerizer.  

 

Figure 5-3 Structures of 20 and 21 function as heterodimerizers 

FK506 (20) and rapamycin (21) both interact with FKBP12 to form a complex, which generates a ternary complex 

with calcineurin and FRB, respectively. The region responsible for binding to FKBP, calcineurin, and FRB are 

indicated with brackets. Derivitization of rapamycin at postions C-40, C-20, and C-16 have been explored and are 

discussed within. 

The discovery of rapamycin (21), which functions to dimerize FKBP12 and the FKBP-

rapamycin binding domain of mTOR (FRB) has afforded endless opportunities to control protein 

dimerization processes and has been commercialized for widespread use throughout the scientific 

community (Figure 5-3, 5-4a).363 Rapamycin binds to FKBP with a dissociation constant of 0.2 

nM. This FKBP-rapamycin complex then binds to FRB, forming a ternary complex with a Kd of 

12 nM (Figure 5-4b).364  
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Figure 5-4 Crystal structure of FKBP-21-FRB and mechanisms of binding 

a) FKBP and FRB, in green and blue, form a ternary complex with rapamycin tightly bound in the middle (PDB: 

1FAP). The ternary complex is stabilized by several protein–protein interactions, as well as, protein–small molecule 

interactions. b) The affinities of each monomeric and dimeric species toward complex formation was determined. 

Adapted from Banazynski et. al., J. Am. Chem. Soc., 127, 4715-4721. Copyright 2005 American Chemical Society. 

Due to the small size of FKBP and FRB (only 12 and 11 kDa, respectively) and their strong 

binding affinity for complexation by rapamycin – essentially forming an irreversible interaction – 

these two domains have been extensively utilized as tools to control the protein-protein interaction 

of FKBP/FRB fusion proteins of interest. Moreover, the fast cellular diffusion and favorable 

pharmacokinetics of rapamycin in animals has led to a wide range of processes being placed under 

rapamycin-inducible control, including (i) regulation of protein translocation (e.g., 

Golgi/endoplasmic reticulum association,365 endocytic trafficking,366 protein sequestration to the 

mitochondria,367 recruitment of an inositol phosphatase to the plasma membrane,368 and cell 

surface glycosylation369), (ii) reconstitution of split proteins or enzymes for activation (e.g., Abl-

kinase,370 Cas9 nuclease,371 tobacco etch virus protease,372-373 green fluorescent protein,374 beta-

lactamase,375 Cre recombinase,376 BS2 esterase,377 and firefly luciferase378), and (iii) regulation of 

ubiquitin-modified proteolytic stability.379 This CID has been extensively utilized by our lab (and 

many others) and is the central theme of the next three chapters. 

FKBP FRB

rapamycin

(21)

rapamycin

FKBP FRB

Kd = 0.2 nM

Kd = 12 nM Kd ~ 100 fM

Kd = 26 µM
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5.1.1 Brief History of Rapamycin 

First discovered in the 1970s by Suren Sehgal, rapamycin was initially reported to be an 

antifungal antibiotic.380-382 It was isolated from Streptomyces hygroscopicus on the island of Rapa 

Nui (or Easter Island), hence the trade name Rapamune or rapamycin. Further research found that 

rapamycin could inhibit cell proliferation and showed immunosuppressive activity.383 Elucidating 

the role of rapamycin as an immunosuppressive agent led to the FDA-approval of rapamycin as an 

organ transplant drug in the 1990s.384-385 As such, Wyeth Pharmaceuticals marketed Rapamune for 

treatment in conjunction with corticosteroids for prevention of kidney rejection. Through his own 

investigations at Ayerst Research Lab, Sehgal was convinced that rapamycin possessed additional 

therapeutic properties beyond its immunosuppressive role. Thus in collaboration with the National 

Cancer Institute (NCI), rapamycin was screened for anti-tumor activity and showed growth 

inhibition in many of the cell lines tested.386 As a result, this prompted the NCI to advance 

rapamycin as a priority drug. In the following years, many analogs of rapamycin were generated 

in the pharmaceutical industry and some of the analogs have been approved for use in the treatment 

of various cancers.387-391 

Independent work by both Sabatini and Schreiber, led to characterization of the mammalian 

target of rapamycin (mTOR) function, regulation, and significance for disease.392-394 It was shown 

that rapamycin inhibits cell growth through direct inhibition of kinase activity of TOR proteins in 

eukaryotes. In human cells, this inhibition is the result of FKBP-rapamycin interacting with a small 

domain in mTOR to inhibit mTOR complex formation. The prevention of mTOR to form an active 

complex, either mTORC1 or mTORC2, is the mechanism through which cell division and a 

number of other pathways is impacted by rapamycin (Figure 5-5).  
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Figure 5-5 Role of rapamycin in mTOR signaling 

Schematic showing the signals sensed by mTORC1/2 and the downstream processes they modulate for control of cell 

growth. Figure used with permission from Sabatini, Proc. Natl. Acad. Sci. U.S.A., 114, 11818-11825. 

The University of Pittsburgh has a long-standing tradition of rapamycin and mTOR 

research dating back to the 1980s work of Thomas E. Starzl (for whom Institutes and campus 

buildings are named in honor of) who advanced the use of rapamycin and cyclosporin from an 

experimental to an established clinical treatment following early transplant surgeries.395-396 

Research in the Thomson group at Pitt focuses on understanding the mechanism of mTORC1/2 

inhibition in T lymphocytes397-398 and additional efforts by Oertel and Monga have explored the 

effects of mTOR inhibition in hepatoblastoma tumor models.399 Decades of research has 

established mTOR as a master regulator, yet there are still areas of mTOR signaling that are not 

fully characterized; however, the work herein focuses solely on the development and application 

of rapamycin analogs as tools for chemical biology, rather than biological studies for an improved 

understanding of the mTOR pathway. 
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5.1.2 Optical Control of Rapamycin-Induced Protein Dimerization 

The material in sections 5.1.2 and 5.1.3 was reprinted in part from Ankenbruck, N.; 

Courtney, T.; Naro, Y.; Deiters, A. Angew. Chem. Int. Ed. 2018, 56, 2768-2798. 

Caged rapamycin analogs allow for the placement of numerous biological processes under 

optical control in order to enhance temporal and spatial resolution. The photocaged rapamycin 

analog 22 was generated through installation of a nitrobenzyl caging group at the C-40 position 

(Figure 5-6a).71 When applied to cells, 22 still induced FKBP-FRB dimerization, indicating that 

the caging group alone wasn’t sufficient to abrogate protein-small molecule interaction, which is 

consistent with previous modifications at C-40.364 However, work by the Hahn lab had shown that 

a truncated FKBP, termed iFKBP,400 exhibited increased flexibility in the loop that interacts with 

the C-40 position of rapamycin. This flexibility increased contacts for interaction with 2 and 

resulted in a distorted binding conformation that prevented formation of the ternary complex 

consisting of iFKBP, FRB, and 22. This system was then applied to the optical activation of focal 

adhesion kinase (FAK), using an engineered iFKBP-FAK fusion which rendered the kinase 

inactive until UV irradiation lead to rapamycin decaging, FAK activation, and an expected cell 

ruffling phenotype (Figure 5-6b). While 22 was readily synthesized, the need for FKBP truncation 

required protein engineering. 
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Figure 5-6 Application of caged rapamycin 22 toward control of FAK kinase 

a) The structure of 22 is shown with the caging group in red. In this system, FAK activity was monitored in the 

presence of 1 with and without UV exposure. b) Cells treated with 22 alone did not display active FAK (left); however, 

UV irradiation led to activation of FAK and subsequent cell ruffling (right). Figure taken from Ankenbruck, et. al., 

Angew. Chem. Int. Ed. 2018, 57, 2768-2798. Copyright 2018 Wiley-VCH. 

A concurrent approach by Inoue addressed this limitation, in the form of the photocleavable 

rapamycin construct 23 consisting of a caging group at the C-40 position of rapamycin conjugated 

to biotin.401 Similar to 22, the biotin moiety was too small to block FKBP interaction, however, 

when bound to the avidin protein, steric demand was significantly increased and cell permeability 

was diminished sequestering 23 outside of the cell (Figure 5-7a). A related strategy of using a 

ligand-protein complex as a caging group, rather than a small synthetic chromophore, was 

previously reported by Miller.402 Upon irradiation, the avidin-biotin moiety was removed 

generating a cell-permeable hydroxyethyl rapamycin 24, which led to intracellular dimerization of 

FKBP and FRB and, for example, membrane recruitment of a protein of interest, such as Tiam, a 

Rac1 activator. The latter induces cell migration and ruffling at the edge of cells (Figure 5-7b). 

Overall, 23 enabled the spatiotemporal activation of protein dimerization and can be readily 
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interfaced with a range of biological systems that have already been placed under control by 

rapamycin. 

 

Figure 5-7 Application of caged rapamycin 23 toward Rac localization 

a) The 23-streptavidin complex is unable to enter cells and does not induce protein dimerization until UV irradiation 

generates 24. b) Rac-FKBP was used with membrane localized FRB. In the absence of UV light, cells displayed 

normal cell edges (left); however, upon irradiation and Rac localization cell ruffling is apparent (right). Figure taken 

from Ankenbruck, et. al., Angew. Chem. Int. Ed. 2018, 57, 2768-2798. Copyright 2018 Wiley-VCH. 

In order to alleviate the need for an external avidin protein, while still capitalizing on the 
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rapamycin molecule was attached to generate the symmetric dimer 25 (Figure 5-8a).212 

Computational and experimental studies confirmed that the formation of an FKBP-4-FKBP 

homodimer conformationally blocked binding of FRB. Thus, 25 did not require the use of an 

engineered iFKBP or the use of an exogenous protein, such as avidin, demonstrating a more 

practical engineering approach for light-triggered dimerization. The broad applicability of light-

activated 25 was demonstrated via optical control of mTOR kinase, TEV protease, and Cre 

recombinase function through protein dimerization (Figure 5-8b,c). 
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Figure 5-8 Application of caged rapamycin 25 toward control of split TEV protease 

a) The structure of 25 is shown with the caging group highlighted in red. b,c) The caged rapamycin dimer 25 was 

applied to a split TEV protease system consisting of FRB-TEVp (N-terminus) and FKBP-TEVp (C-terminus) to 

demonstrate optical control. In the presence of 25, no protease activity is detected. However, after UV irradiation and 

dimerization of split TEV, a luciferase reporter is proteolytically cleaved and luminescence is generated. Figure taken 

from Ankenbruck, et. al., Angew. Chem. Int. Ed. 2018, 57, 2768-2798. Copyright 2018 Wiley-VCH. 

Although not applied as a tool for controlling protein dimerization of two fusion proteins, 

the Woolley group developed the first caged rapamycin 26 in 2010 and demonstrated that this 

analog can be used for controlling inhibition of the endogenous mTOR signaling pathway (Figure 

5-9).403 Rapamycin functions to inhibit the mTORC1 pathway by dimerizing FKBP to the FRB 

domain of mTOR, which blocks downstream phosphorylation of 4EBP1, ribosomal protein S6 
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kinase (S6K), and ribosomal protein S6 (S6). While UV irradiation does not generate the native 

rapamycin but instead a C16-OH analog, this product still retains full inhibitory activity. Using 26, 

they were able to show successful light activation as observed via a decrease in phospho-S6K and 

phospho-S6 levels in western blot analysis. 

 

Figure 5-9 Application of caged rapamycin 26 for inhibition of endogenous mTOR signaling 

a) An isolated subnetwork of the complex mTOR pathway is provided. Rapamycin inhibits the mTORC1 complex by 

dimerizing FKBP to the FRB domain of the complex. In the absence of rapamycin, mTORC1 phosphorylates 4EBP1 

and ribosomal protein S6 kinase (S6K), which phosphorylates ribosomal protein S6; however, upon treatment with 

rapamycin, a loss of phosphorylation is observed. Grey filled circles represent phosphorylation. b) The structure of 26 

is shown with the caging group highlighted in red. 

5.1.3 Optical Control of Other Chemical Inducers of Dimerization 

While rapamycin remains the most well-studied CID, other dimerizer systems have been 

developed and placed under optical control. One limitation of the caged rapamycin system is the 

generation of free and diffusible rapamycin following UV irradiation, limiting spatial resolution. 

To address this concern, Chenoweth developed the photoactivatable covalent protein dimerizer 27, 

containing a chloro-alkyl moiety for targeting the HaloTag enzyme and a trimethoprim (TMP) 

group that binds to E. coli dihydrofolate reductase (DHFR).404-405 The caging group blocks the 

TMP/DHFR interaction until irradiation and subsequent ternary complex formation (Figure 

5-10a,b). This interaction can be reversed through addition of an excess of TMP which 

outcompetes the dimerizer ligand. Additionally, the modularity of this approach allows for easy 
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exchange of components, such as caging groups and binding proteins (e.g., SNAP-tag or 

cutinase).406 The caged TMP-HaloTag ligand has enabled spatial control of protein dimerization 

in a variety of cellular compartments, including kinetochores, centromeres, and centrosomes 

(Figure 5-10c). Unlike the rapamycin dimerization system where protein binding and ternary 

complex formation occur following irradiation, this approach overcomes the diffusion limitation 

through the covalent tethering of TMP to the HaloTag protein, followed by ternary complex 

formation after light activation to yield tight spatial control of dimerization. 

 

Figure 5-10 Application of caged HaloTag-TMP ligand 27 

a) The structure of 27 is shown with the photolabile group highlighted in red, the trimethoprim group that interacts 

with DHFR is shown in blue, and the alkyl chloride is shown in green. b) Compound 27 enters cells and covalently 
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labels HaloTag protein fusions. The removal of the caging group with UV light allows for dimerization with the DHFR 

protein fusion. c) Recruitment of mCherry to centromere-localized GFP following 387 nm light exposure. Figure taken 

from Ankenbruck, et. al., Angew. Chem. Int. Ed. 2018, 57, 2768-2798. Copyright 2018 Wiley-VCH. 

In order to complement light-activated CIDs, Wymann developed the light-cleavable CID 

28, enabling the deactivation of protein dimerization.407 This approach also utilizes the HaloTag 

protein and its chloro-alkyl ligand, as well as SNAP-tag technology (Figure 5-11a). The SNAP 

protein is an engineered mutant of the DNA repair enzyme O6-alkylguanine-DNA alkyltransferase 

and reacts specifically and covalently with benzylguanine analogs. The chloro-alkyl group and the 

benzylguanine are linked through a photocleavable linker. Delivery into cells induced covalent 

dimerization of SNAP-tag and HaloTag fusion proteins until the linker is cleaved through UV 

irradiation (Figure 5-11b,c). Cells expressing NLS-CFP-SNAP (nuclear) and Halo-RFP-giantin 

(Golgi) were treated with 28, which induced dimerization and translocation of CFP from the 

nucleus to the Golgi. Upon UV irradiation and subsequent linker cleavage, CFP translocated back 

to the nucleus. This approach may enable deactivation of proteins via sequestration to a non-native 

location until photoactivation triggers protein transport to its native compartment. 

 

Figure 5-11 Application of the photocleavable SNAP-tag/HaloTag ligand 28 

a) The structure of 28 is shown with the SNAP-tag reactive region in blue, the caging group in red, and the HaloTag 

ligand in green. b) Upon addition of 28 to cells, the SNAP- and HaloTag moieties react with their respective protein 

binding partners, thus dimerizing the two proteins. Upon UV irradiation, the linker is cleaved generating free proteins 
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again. c) Cell micrographs for part b. Figure taken from Ankenbruck, et. al., Angew. Chem. Int. Ed. 2018, 57, 2768-

2798. Copyright 2018 Wiley-VCH. 

Additionally, two other natural product-inspired caged CIDs have been developed based 

on abscisic acid408 (ABA) and gibberellic acid (Figure 5-12).409 ABA is a phytohormone involved 

in plant adaptation due to environmental stresses, which functions by binding to PYL1, then 

forming a complex with ABI1.410 The binding affinity of ABA with PYL1 is reported as 52 and 

340 µM from ITC and SPR measurements, respectively, which is ~1000-fold weaker than the 

rapamycin-FKBP interaction and the binding affinity for ABI1 to generate the ternary complex is 

not characterized.410 ABA was previously developed as a CID by Crabtree, and was utilized with 

rapamycin to orthogonally control two different subcellular localizations.411 The terminal 

carboxylic acid of ABA was chosen for photocaging with a nitrobenzyl group because an essential 

hydrogen bond was identified in the crystal structure. Caged ABA 29 was used in regulating gene 

expression in a split transcriptional activator assay and in regulating cell morphology through 

induced translocation of Tiam1 to initiate Rac1 signaling and membrane ruffling.  

 

Figure 5-12 Structures of caged abscisic acid 29 and gibberellic acid 30 

Abscisic acid was caged using a dimethoxynitrobenzyl caging group and gibberellic acid was caged with an 

aminonitrobiphenylpropanol derivative.  

Gibberellic acid (GA3), another plant hormone, first binds to GID1 with an estimated Kd 

value of 4 µM,412 inducing a conformational change which enables ternary complex formation 

with GAI and has been applied as a CID by Inoue.413 A series of caged GA3 analogs was developed 
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using both nitrobenzyl and aminonitrobiphenyl caging groups to enable one- and two-photon 

activation, respectively.409 Caged GA3 30 was utilized for two-photon activation of mitochondrial 

protein localization in mammalian cells. These two methods present alternative CID approaches 

that do not require protein engineering for efficient optical control and have no endogenous off-

target interactions when applied in mammalian cells since the dimerization components are native 

to plants. Interestingly, in both of these examples, although the caging groups are attached through 

ester linkages, they are reportedly stable to endogenous esterases with minimal background 

activation in the absence of light. One disadvantage of these two approaches is the size of the 

protein components (21 – 38 kDa) required, thus increasing the need for careful design when fusing 

to proteins of interest to avoid interfering with endogenous protein/enzyme function. 

Several photo-controlled CIDs have been developed that enable activation or deactivation 

of protein-protein dimerization. These tools directly interface with well-established and 

commercially available systems, such as FKBP/FRB, HaloTag, and SNAP-tag, and thus have the 

potential to provide optical control for a wide range of cellular processes. 

5.1.4 Optogenetic Approaches to Control Protein Dimerization 

In addition to the chemical inducers discussed in the previous section, several purely 

optogenetic approaches have been developed for the regulation of protein dimerization.17, 414-418 

Optogenetic tools most commonly utilize photo-responsive protein domains derived from 

photoreceptors found in plants, animals or even fungi. A wide range of systems has been developed 

and reported thus far, and there are still numerous ongoing efforts to engineer improved versions. 

Table 5-1 showcases several of the most common systems reported to date and denotes several 

key features: (i) the association and dissociation wavelengths, (ii) the size of the protein domains 
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required, (iii) the approximate lifetime of the on-states, and (iv) the necessity of a cofactor. At least 

one of the protein partners contains a photo-responsive moiety that undergoes a light-induced 

structural change, which in turn induces a protein conformational change. The light-responsive 

moiety is sometimes intrinsic to the photoreceptor (as in UVR8 and Dronpa, gray shaded rows in 

the table) or it is a small molecule cofactor that is conjugated to the protein (LOV domains, 

phytochromes, and cryptochromes). In most cases, the dark-state refers to a dissociated (or inactive 

state), which can be converted to the associated (or active state) with irradiation of the appropriate 

wavelength of light. Systems have been developed to cover the entire visible light spectrum, 

enabling multiplexing of optogenetic components with various fluorescent reporters when 

activation/deactivation and imaging wavelengths are carefully considered.419  
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Table 5-1 Optogenetic dimerizer systems sorted by increasing wavelength 

The various association/dissociation wavelengths, size of each protein partner, and the half-life of different 

optogenetic systems is summarized. Gray shading indicates the chromophore is intrinsic to the one of the proteins, 

while the white background systems utilize a small molecule cofactor. Adapted from Spiltoir et al., Curr. Opin. Struct. 

Biol. 2019, 57, 1-8. Copyright 2019 Elsevier Ltd. 

 

System 

Typical/peak excitation 
wavelength Size 

(amino acids) 

Approx.  
lifetime 

(half-life) 
Association Dissociation 

UVR8/COP1 280 nm N/A 440/340  

UVR8/UVR8 dark 280 nm 440 >8 hours 

Dronpa 405 nm 488 nm 257 light inducible 

CRY2/CIB1 450 nm dark 612/335 5 minutes 

CRY2PHR/CRY2PHR 
(clustering) 

450 nm dark 498 5 minutes 

CRY2olig, CRY2clust 450 nm dark 498 5 minutes 

TULIPs 450 nm dark 153/194 tunable 

iLID/SspB 450 nm dark 144/110 tunable 

FKF1/GI 450 nm dark 619/1173 62.5 hours 

VVD/VVD 450 nm dark 150 tunable 

nMag/pMag (Magnets) 450 nm dark 150/150 tunable 

LOVTRAP dark 450 nm 143/59 tunable 

EL222 450 nm dark 208 <50 seconds 

Aureochrome 450 nm dark 136 7 minutes (tunable) 

PixD/PixE dark 450 nm 150/380 seconds-minutes 

phyB/PIF3 660 nm 740 nm 621/524 light inducible 

phyB/PIF6 660 nm 740 nm 908/100 light inducible 

BphP1/PpsR2 740 nm 650 nm 732/465 
light inducible, dark 

reversion 
15 minutes 

 

These systems function through a variety of different mechanisms as shown in Figure 5-13, 

thus depending on the biological question being addressed, certain systems should be employed 

over others. Similar to chemical dimerizers, the most common use of optogenetic dimerizers is the 

manipulation of protein localization to a desired subcellular compartment (Figure 5-13a), often for 
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control of cell signaling. Examples include the use of PhyB/PIF6 to control the recruitment of the 

Tiam catalytic domain to the plasma membrane for regulation of Rac1 kinase activity,63 use of 

TULIPs and CRY2/CIB1 to control MAPK signaling at the plasma membrane by recruitment of a 

scaffolding protein Ste5,420-421 and use of CRY2PHR or PhyB/PIF6 to recruit CRaf or SOS, 

respectively, for control of the Ras-ERK signaling pathway through varying the duration and 

frequency of plasma membrane localization.61, 422 

 

Figure 5-13 Schematic of various optogenetic dimerizers 

Eight different optogenetic arrangements are depicted in cartoon form and afford control over a wide range of 

processes: (a) recruitment of a target to a desired subcellular location, (b) reconstitution of a split protein or enzyme, 

(c) reconstitution of a split transcription factor to control gene expression, (d) heterodimerization of two different 

proteins, (e) oligomerization of a target protein, (f) inactivation through sequestration, followed by release and 

activation, (g) dissociation of protein clusters, and (h) utilization of a protein-protein interaction to block/inhibit target 

protein function or interaction. Adapted from Spiltoir et al., Curr. Opin. Struct. Biol., 57, 1-8. Copyright 2019 Elsevier 

Ltd. 
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Control of split proteins/enzymes or split transcription factors (Figure 5-13b,c) has been 

performed using PhyB/PIF3 for control of GAL4 DNA binding domains423 and ATPase intein,34 

CRY2/CIB1 to control Cre recombinase,424-425 and nMag/pMag for controlling Cre 

recombinase,426 Cas9,427 and T7 RNA polymerase.428  

Similarly to small-molecule dimerization, optogenetic systems have been developed to 

enable both homo- and heterodimerization of protein fusions that naturally have no or poor-affinity 

for each other (Figure 5-13d,e). Homodimerization (or oligomerization) using CRY2 clustering 

has been employed to study DNA damage response due to TopBP1 protein assembly429 and for 

inducing the B-catenin pathway through clustering of LRP6c.430 Heterodimerization has all been 

employed in activation of cell signaling pathways through the shuttling of proteins to different 

subcellular compartments using CRY2PHR/CIBN in TrkB431 and FGFR pathways.432  

In contrast to light-induced assembly (as seen in the above examples), systems that function 

to activate upon disassembly have also been developed (Figure 5-13f-h). Dimers of UVR8/UVR8 

fused to an endoplasmic reticulum-processed protein initially sequestered the protein in the ER; 

however, upon light-induced disassembly of the dimer, the protein fusion was released from the 

ER and secreted through a series of protein trafficking events. In the LOVTRAP system, proteins 

of interest, in this example constitutively active signaling enzymes Vav2, Rac1, and PI3K, were 

fused to the small protein unit Zdk which is tightly bound to the dark-state of AsLOV2 such that 

the enzymes are inactive due to mis-localization; however, upon irradiation and release of the Zdk-

tagged enzymes, the active enzymes translocate to their appropriate cell compartment to perform 

their functions.433 Similarly, Dronpa has been fused to Cas9434 and MEK160 in such a manner that 

the dark-state dimeric form sterically occludes the active site, until light-induced monomer 

formation exposes the active site enabling catalysis.  
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The various applications described above using different optogenetic systems should sound 

familiar since many of these same systems have been placed under optical control using unnatural 

amino acids (as in Chapter 2.0) or through caged small molecule dimerizers discussed previously 

in this chapter. This shows how widespread the utility of light is for controlling various biological 

processes, but also demonstrates there are a wide range of tools in the field for rendering different 

processes light-responsive. As such, there are advantages and disadvantages of each type of optical 

tool that need to be considered when designing a new application. Compared to photocaged UAAs 

and small molecules, optogenetic methodologies offer an advantage of reversibility of interaction 

through turning the light source on or off. However, the introduction of large photoresponsive 

proteins often requires careful engineering of the design in particular with regard to removal of 

undesired background (dark) activity and in many cases, the off-state does not fully block or inhibit 

activity.435 On the other hand, utilization of optically-controlled dimerizers (typically) abrogates 

the need for protein engineering and can be utilized with commercial or previously established 

systems. 

5.2 Toward the Development of Optically Controlled, Bioorthogonal Rapalogs 

While the combination of rapamycin with other CIDs has enabled orthogonal control of 

two different biological processes, we envisioned that we could use bio-orthogonal rapamycin 

analogs with light-orthogonal caging groups to enable multi-wavelength activation of two distinct 

biological processes (Figure 5-14). All caged rapamycin analogs in the literature use nitrobenzyl-

derived caging groups which optimally decage at 365 nm, thus we hypothesized that development 

of a red-shifted caged rapamycin analog would afford light-orthogonal activation, or at a 
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minimum, sequential activation. Additionally, rapamycin analogs modified at the region involved 

in FRB, termed rapalogs, have been developed alongside a panel of FRB mutants to generate bio-

orthogonal rapalog/FRB pairs. We concurrently worked to (i) validate that the rapalog/FRB pairs 

functioned orthogonally in our assays (5.2.1) and (ii) design, synthesize, and assess red-shifted 

caged rapamycin analogs in a range of biological assays (5.3).  

 

Figure 5-14 Schematic representation of multi-wavelength bio-orthogonal rapamycin dimerization 

a) The orthogonal rapalog/FRB pairs – FRBA/RapA
** and FRBB/RapB

* – can be sequentially activated with 405 (blue 

caging group) and 365 nm (violet caging group) irradiations. b) Ternary complexes formed after sequential decaging 

events where the FRB mutants are fused to two different DNA binding domains which recognize two different 

promoter regions and the iFKBP is fused to a transcriptional activator. In the example shown, sequential irradiation 

would lead to the generation of GFP, then mCherry which could be readout through fluorescence microscopy or 

western blot analysis. 

5.2.1 Validation of Bioorthogonal Rapalogs and FRB Pairs 

Rapamycin interacts with mTOR, which is a kinase responsible for controlling cell growth 

and metabolism.436 Due to the inherent nature of rapamycin to regulate cell growth, rapalogs and 

FRB mutants have been developed to minimize the cytotoxic effects of rapamycin, thereby 

improving the utility of rapamycin as a dimerization tool. BSRap (31), MaRap (32), iRap (33), and 

aiRap (34) (Figure 5-15a) are examples of rapalogs with modifications at either the C-16 or C-20 
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position. Pioneering work by Schreiber and later Crabtree and Wandless led to the discovery of 

specific residues in FRB that provided substantial selectivity toward one rapalog over another 

(Figure 5-15b).437-438 Specific residues 2095, 2098, and 2101 within FRB were randomized to 

create libraries that were then screened by a secreted alkaline phosphatase (SEAP) assay for 

specific binding to the rapalog. In addition to being less toxic than rapamycin, the rapalogs also 

offer the opportunity for orthogonal triggering of two different FKBP/FRB-mutant 

dimerizations.438 Two rapalog/FRB mutant pairs are marked in blue and orange in the table for 

clarity. The matching rapalog/FRB mutant is indicated with a solid box, while the mis-matched 

pair is indicated with a dotted box. 

 

Figure 5-15 Rapalogs and FRB pairs 

a) Structures of the C16 or C20 modified rapalogs BSrap (31), maRap (32), iRap (33), and aiRap (34) are shown. b) 

Using a SEAP reporter assay, the EC50 values (in nM) of rapamycin and the four analogs with various FRB mutants 

are provided in the table. The mutation abbreviations correspond to the residues 2095, 2098, and 2101, respectively. 

The table is adapted from Bayle, et al., Chem Biol, 13, 99-107. Copyright 2006 Elsevier. 
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Based on the literature reported values, we decided to try using 21 and 33 with KTW and 

KLW mutants, respectively. In order to test these constructs, a membrane translocation assay was 

utilized. The constructs for this include Lyn11-FKBPx2-CFP and YFP-FRB, which when expressed 

in mammalian cells localize to the plasma membrane or remain diffuse throughout the cell, 

respectively (Figure 5-16a).439 Upon addition of rapamycin or a rapalog, YFP-FRB translocates to 

the membrane due to ternary complex formation. This assay was imaged on a Nikon A1 using 

either confocal or total internal reflection fluorescence (TIRF) modes. Initial experiments were 

conducted with confocal imaging to verify the integrity of the assay to ensure visualization of 

membrane localization. Rapamycin (21) was tested over a range of concentrations (10 nM to 1 

µM) with FRBKTW and displayed concentration dependent dimerization over time (Figure 5-16b). 

When using 1 µM of 21, complete translocation was observed around 60 minutes after addition of 

the compound. For both 100 nM and 10 nM of 21, complete translocation took closer to 2 hours. 

In order to screen compounds for orthogonality, a 1 µM concentration was selected since complete 

translocation occurred faster and in a more biologically relevant time frame. 
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Figure 5-16 Validation of membrane reporter with varying concentrations of rapamycin 

a) Cartoon representation of the membrane localization assay. Cells doubly transfected with Lyn11-FKBPx2-CFP and 

YFP-FRB show the localization patterns indicated on the left prior to addition of compound. However, upon addition 

of 21 or rapalog, ternary complex formation co-localizes YFP-FRB to the membrane with Lyn11-FKBPx2-CFP. b) 

Higher concentrations (1 µM) of 21 resulted in much faster translocation, while low concentrations (10 nM) still 

resulted in translocation but at a slower overall rate. Numbering represents time in minutes relative to compound 

addition. Scale bar represents 10 µm. Note: only the YFP channel is presented in the images above and is pseudo-

colored green instead of yellow. 

Site-directed mutagenesis was employed to generate the YFP-FRBKLW mutant for use with 

33. Following a published protocol, 33 was synthesized in one step using 21 with TFA and 3-

methylindole in DCM in 72% yield.438 After establishing that the membrane translocation assay 

was working as expected using confocal imaging, we switched to TIRF imaging to enable more 

facile quantification of membrane localization.  
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Hela cells were doubly transfected with Lyn11-FKBPx2-CFP and YFP-FRB* (the asterisk 

denotes a mutant FRB) in glass-bottom chamber slides. To investigate the activity of 33, YFP-

FRBKLW was used; whereas, for 21, YFP-FRBKTW was employed. The following day, cells were 

imaged for ~30 minutes prior to addition of compound to ensure that minimal fluctuations in TIRF 

were observed over time. Compound 21 or 33 was carefully added to the wells at the indicated 

concentration and TIRF images were collected every 2.5 minutes for an hour. Both YFP-FRBKTW 

and YFP-FRBKLW were tested with 1 µM and 100 nM of 33 as seen in Figure 5-17a,b. 

Unfortunately, at both concentrations, similar levels of ternary complex formation and 

translocation are observed. We also tested 21 with YFP-FRBKTW at 1 µM (Figure 5-17c) and 100 

nM (data not shown). Upon comparison of the “matched” pairs 33/KLW (black line) and 21/KTW 

(blue line) against the “mismatched” pair 33/KTW (red line), the level of bio-orthogonality was 

not ideal for activating two different processes (Figure 5-17d). Based on this data, 33 dimerizes 

both FRBKTW and FRBKLW with similar efficiencies. Thus, we concluded that a different set of 

FRB/rapalog pairs would need to be explored in order for us to apply this with a high degree of 

bio-orthogonality. 
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Figure 5-17 TIRF imaging analysis of rapalog and FRB pairs 

a,b) TIRF quantification of membrane localization for 33 with YFP-FRBKTW (a) and YFP-FRBKLW (b) at both 1 µM 

(black line) and 100 nM (gray line) concentrations. c) 21 was tested with YFP-FRBKTW and the TIRF quantification 

is shown at 1 µM final concentration. d) The 1 µM data from parts a-c were combined into a single graph for 

comparison of matched and mismatched pairs. The “matched” pairs are 33/KLW (black line) and 21/KTW (blue line), 

while the “mismatched” pair is 33/KTW (red line). As demonstrated by the graph, these analogs do not display the 

level of orthogonality that is needed. Note: error bars represent the standard error calculated from an average of three 

or more cells per condition. 

The next rapalog/FRB pairs we decided to test were 31/FRBKTW and 32/FRBPLF (Figure 

5-15b). Based on the values obtained from the SEAP reporter assay,438 these compounds show 

more complete orthogonality (see EC50 values from Figure 5-15b; top two rows). Following 

previously reported procedures, 31 and 32 were synthesized in one step each. For synthesis of 31, 

8 and butylsulfonamide in DCM at –40 ºC was treated with trifluoroacetic acid to give 31 in 44% 

yield after column purification.440 Synthesis of 32 started with 8 and trimethylmethylallylsilane in 

DCM cooled to –40 ºC, followed by the addition of boron trifluoride diethyletherate.441 The 

reaction generates two regioisomers, a C-16-modified analog and the C-20-modified analog 32. 
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Only the C-20-modified analog is biologically active; thus, the isomers needed to be further 

separated. In the original report, a phenyl stationary phase HPLC column was utilized, but we first 

tried to optimize conditions using a traditional C18 HPLC column. We were unable to achieve 

baseline separation of the three isomers (R-C-20, S-C-20, and R-C-16); however, we did collect 

both the C-20 isomers together and these were used in the biological studies. 

Site-directed mutagenesis was utilized for generating the YFP-FRBPLF mutant. With the 

new rapalogs in hand and the FRB mutants cloned, we were able to test these pairs in cells to 

determine their bio-orthogonality. Similarly to above, Hela cells were doubly transfected with 

Lyn11-FKBPx2-CFP and YFP-FRB mutants in glass-bottom chamber slides. Depending on the 

specific experiment, either YFP-FRBKTW or YFP-FRBPLF was used for transfection. The next day, 

cells were imaged for ~20 minutes prior to addition of compound, then 31 or 32 was carefully 

added to the wells at the desired final concentration and TIRF images were collected every 2.5 

minutes for an hour. Based on the previous results with 33 and 21, we observed fast translocation 

using 1 µM; therefore, we used 1 µM as a starting point for these experiments. When treated with 

1 µM of 31, YFP-FRBKTW appears to have higher translocation efficiency than YFP-FRBPLF with 

a 3.4-fold change compared to a 2.3-fold change (Figure 5-18a). Similarly, when treated with 1 

µM of 32, YFP-FRBPLF shows a fold change of 3.5 compared to 2.6 with YFP-FRBPLF (Figure 

5-18b). When the four combinations are overlaid on a single plot (Figure 5-18c), the matched pairs 

perform better than the mismatched pairs; however, in order to control biological processes with 

tight control, the mismatched pair should ideally be as close to 1 as possible. We hypothesized that 

the lack of orthogonality could be due to the high concentrations that we were using compared to 

the literature reported experiment in which 10 nM was used;438 thus, we decided to test 10 nM. As 

seen in Figure 5-18d, over the course of an hour, neither mutant appeared to translocate in the 
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presence of 10 nM of 52. We concluded that concentrations higher than 10 nM were necessary to 

see a response with these mutants. Unfortunately, the data presented here does not correlate well 

with the EC50 values reported from the SEAP assay in the initial publication. 

 

Figure 5-18 TIRF analysis of 31 and 32 with KTW and PLF mutants 

a) TIRF quantification using 1 µM 31 with FRBKTW (black) and FRBPLF (red).  b) TIRF quantification using 1 µM 32 

FRBPLF (black) and FRBKTW (red). c) When combining all four pair options into a single plot, it becomes apparent that 

the matched and mismatched pairs are not very different. This indicates that these rapalogs/FRB mutants are not fully 

bio-orthogonal. d) Since 1 µM did not show a high degree of separation, 10 nM was also tested. Unfortunately, at this 

low concentration, no activation was observed in the time frame that was monitored. 

The two different rapalog/FRB pairs that we tested did not display the level of bio-

orthogonality (ideally a binary on or off level of control) needed in our translocation assays. At 

this point, efforts were shifted to focus solely on the development of red-shifted analogs, but in the 

future, there are two avenues we could further pursue toward developing bio-orthogonal pairs. 

First, we could retest these current two pairs in a split luciferase reporter (see Figure 5-23) to more 

closely replicate the SEAP assay and yeast three-hybrid system in which these pairs were 
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established. Secondly, we could generate the FRB mutants utilized in the initial report (FRBTLW 

and FRBKTF) for use with 31 and 32, although based on the table in Figure 5-15b, these FRB 

mutants exhibit less orthogonality in the SEAP reporter assay than the ones we have previously 

tested. Although not discussed in the original publication, subsequent publications and work 

performed by Crabtree et al. demonstrated that PLF and other “L” mutants (e.g., KLW, one 

mutation from wild-type) were unstable unless 32 or rapamycin were present.441-442 While 

substantial work was performed in order to generate these conclusions for PLF and KLW, no 

mention regarding the stability of TLW can be found; however, in our hands, confocal imaging of 

the KLW mutant showed no destabilization (no loss of signal was observed in the time frame 

imaged) relative to that of the KTW mutant. Should a bio-orthogonal pair be found via either 

approach, introduction of nitrobenzyl and amino-nitrobiphenyl caging groups to the validated 

rapalogs could be used for generating multi-wavelength activatable bio-orthogonal pairs. 

5.2.2 Methods 

Synthesis of 31, 32, and 33. All reagents and solvents obtained from commercial sources were 

used without any additional purification. Literature procedures were followed exactly as written 

for the synthesis of 31,438 32,440 and 33.443 NMR characterization of 31 and 32 matched literature 

reported spectra. Purification of 33 via HPLC was performed with an Agilent Zorbax SB-C18 (5 

µm particle size, 9.4 x 250 mm) semi-prep column rather than the recommended phenyl stationary 

phase. Stock solutions of these 3 rapalogs (and rapamycin) were prepared in sterile-filtered DMSO 

at 5 mM, and samples were stored at –20 ºC. 

Cloning of DNA constructs. All cloning was performed using Top10 cells. Phusion DNA 

polymerase was used for site directed mutagenesis following the protocol detailed in 8.1.2. 
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YFP-FRB purchased from Addgene (#20148) contained the FRBKLW mutant (with KLW 

referring to K2095, L2098, and W2101; this short-hand nomenclature is used throughout). Site 

directed mutagenesis was performed using YFP-FRB as the template to generate YFP-FRBKTW 

using primers L2098T For/Rev to generate the wild-type FRB sequence. YFP-FRBPLF was 

generated through two sequential rounds of SDM. First, YFP-FRBPLW was generated using primers 

K2095P For/Rev with YFP-FRB as the template, the YFP-FRBPLW was used as the template to 

generate YFP-FRBPLF using primers W2101F For/Rev. Both mutations were validated by Sanger 

sequencing at Beckman Coulter using an “FRB seq For” sequencing primer. All primer sequences 

are provided in Table 5-2. 

Table 5-2 List of primers used to generate FRB mutants in YFP-FRB 

Base mutations are indicated with CAPITALIZATION.  

Name Sequence (5’ → 3’) 

L2098T For gacctcACCcaagcctgggacctctattatcatgtgttccga 

L2098T Rev ggcttgGGTgaggtccttgacattccctgatttcatgtacttcctg 

K2095P For aatgtcCCCgacctcctccaagcctgggacct 

K2095P Rev gaggtcGGGgacattccctgatttcatgtacttcctgca 

W2101F For caagccTTCgacctctattatcatgtgttccgacgaatctca 

W2101F Rev gaggtcGAAggcttggaggaggtcggggaca 

FRB seq For atgaaggcctggaagaggcatc 

 

Confocal and TIRF microscopy analysis of membrane translocation. Hela cells were plated at 

20,000 – 30,000 cells per well in a PDK-treated glass-bottomed 8-well chamber slide. At ~70% 

confluence, cells were transfected with Lyn11-FKBPx2-CFP and the appropriate YFP-FRB mutant 

(100 ng of each plasmid, 200 ng total/well) using LPEI (protocol 8.2.8). After overnight 

transfection, the media was removed and replaced with 250 µL of DMEM (– phenol red, + 10% 

FBS) or LCIS (+ 10% FBS). Compound solutions were prepared from 1 mM solutions (10 µL of 

5 mM stock into 40 µL of DMSO) or 0.1 mM solutions (10 µL of 1 mM into 90 µL of DMSO). 

Working solutions were prepared at 6X of the final desired concentration (6 µM or 600 nM). For 
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6 µM, 1.2 µL of 1 mM was diluted into 199 µL of media. For 600 nM, 1.2 µL of 0.1 mM was 

diluted into 199 µL of media.  

Chamber slides were imaged on a Nikon TiE inverted microscope equipped with an A1R 

confocal head and LU-NV laser for 405 and 488 nm excitation (with 425–475 nm and 500–550 

nm emission filters, respectively). A 100X 1.45 NA Plan-Apochromatic oil-immersion objective 

was used. For TIRF, a TIRF illuminator arm fiber coupled to an Oxxius L4C laser with 405 and 

488 nm excitation lines was used. The 100X objective was used for objective-based TIRF and 

images were acquired via epifluorescence on a Zyla (Andor) camera. Image acquisition for Figure 

5-16 and 5-17 were acquired on a demo microscope, while data in Figure 5-18 was acquired in the 

Department of Cell Biology (Gerry Hammond lab). For TIRF imaging, cells were imaged for ~15 

– 30 minutes to establish a flat baseline, followed by the addition of 50 µL of 6X compound 

solution to achieve the desired 1 µM or 100 nM concentration. Post-treatment images were 

acquired every 2.5 minutes for an hour. TIRF data was directly analyzed using the NIS Elements 

software by drawing a region of interest (ROI) around a given cell and measuring the mean 

intensity over time. Normalization to the membrane fluorescence at the beginning of the 

experiment (set equal to 1) was used to determine the fold change of activation. The mean plus 

standard error of the mean is reported for 8 – 12 cells per condition. 

5.3 Introduction to Caged Rapamycin Analogs with Improved Photochemical Properties 

Based on the previous success of controlling a single biological process with temporal 

control, we envisioned light- and bio-orthogonal rapalogs could be developed to enable 

wavelength selective activation of multiple biological processes. To do so, after establishing bio-
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orthogonal FRB/rapalog pairs, the corresponding rapalogs need to be caged with light-orthogonal 

caging groups. Our lab has previously developed two nitrobenzyl-caged rapamycin analogs that 

were activated with 365 nm light, thus developing a red-shifted caged rapamycin should enable 

orthogonal light activation. We utilized a modified 7-diethylaminocoumarin as our first red-shifted 

target, which decages upon irradiation with >405 nm light and can be selectively removed in the 

presence of nitrobenzyl caging groups.67, 444-445 A synthetic route established by a former lab 

member (Yan Zou) was initially utilized toward this goal; however, even with significant 

optimization of low-yielding steps, the NHS-carbonate 35 was obtained in <2% yield over eight 

steps. Additionally, the alkynyl-coumarin rapamycin 36 was never isolated even with extended 

reaction times and optimization efforts (Figure 5-19).  

 

Figure 5-19 Attempted synthesis of a coumarin-modified rapamycin 

The 3-aminophenol was converted to the alkynyl-coumarin NHS-carbonate 35 in 8 steps. The desired coumarin-

modified rapamycin analog 36 could not be isolated. 

5.4 BIST-caged Rapamycin Analogs 

Around the same time that we were working to optimize the coumarin-caged rapamycin 

synthesis, the Ellis-Davies group published a new red-shifted caging group, a dinitro-

bisstyrylthiophene (BIST) derivative, BIST-EGTA (Figure 5-20).446 The BIST caging group has 

an absorbance maximum at 440 nm, which is ~100 nm red-shifted of traditional nitrobenzyl caging 
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groups, and should also be light-orthogonal. In their initial report, they demonstrate the release of 

calcium using both one- and two-photon activation, with 405 and 810 nm irradiation, in cardiac 

myocytes. Additionally, based on the linkage between the caging group and EGTA moieties, two 

different decaging mechanisms were plausible. Using NMR, they confirmed release of the α-

substituent, as opposed to fragmentation through the β-elimination pathway.  

 

Figure 5-20 Structure of a new bisstyrylthiophene caging group and the absorbance spectrum 

The structure of BIST-EGTA is shown with the caging moiety indicated in blue. The absorbance spectra of BIST-

EGTA and o-NB-EGTA are shown in blue and purple respectively. The BIST caging group exhibits a bathochromic 

shift of ~100 nm compared to the traditional ortho-nitrobenzyl caging group. Adapted with permission from Agarwal 

et al., J. Am. Chem. Soc., 138(11), 3687-3693. Copyright 2016 American Chemical Society.  

We envisioned this BIST caging group could be modified to generate a monomeric-caged 

BIST-rap or a dimeric BIST-dRap. Thus, the synthetic route in Figure 5-21 was developed for the 

synthesis of a BIST-dRap. Synthesis of 42 commenced with methylation of 5-bromo-2-

nitrobenzaldehyde (37) with trimethyl aluminum in ice-cold DCM to yield the alcohol 38 in 73% 

yield. A Suzuki coupling of a vinyl boronic anhydride pyridine complex and 38 in the presence of 

catalytic amounts of tetrakis(triphenylphosphine)palladium and potassium carbonate in 

water/dimethoxyethane under reflux afforded 39 in 88% yield. A double Heck reaction of 39 with 

2,5-dibromothiophene in DMF under reflux yielded 40 in 39% yield. The symmetric alcohol 40 

was activated with N,N’-disuccinimidyl carbonate with triethylamine in acetonitrile to give 41 in 
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55% yield. Thus, the synthesis of BIST-NHS 41 was achieved over 4 steps in 14% yield. 

Unfortunately, the subsequent step to generate BIST-dRap 42 using 41 and rapamycin (21) in the 

presence of DMAP in DCM remained elusive. A range of reaction times (1 – 3 days) was screened 

in an effort to improve the reaction yield; however, minimal increase in generation of 42 was 

observed with increasing time. Considering that literature reported yields for mono-substitution of 

rapamycin range from 18% to 41%,447 it is not surprising that double addition with rapamycin 

would be even lower yielding, thus preventing isolation of the small amount actually generated in 

the reaction. Generation of the desired product was confirmed by HRMS; however, both 

rapamycin (21) and the caging group alcohol (40) were the predominant species by mass 

spectrometry analysis. 

 

Figure 5-21 Attempted synthesis of a BIST-dRap 42 

The symmetric BIST-NHS 41 was synthesized in four steps from the commercially available 5-bromo-2-

nitrobenzaldehyde. Synthesis of the BIST-dRap 42 was unsuccessful. 
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Since generation of this BIST-dRap variant proved more synthetically challenging than 

originally planned, we decided to utilize click chemistry to generate a BIST-dRap variant. 

Numerous examples of copper-catalyzed click reactions can be found in the literature and the 

yields of these transformations are typically higher than formation of a carbonate using an NHS- 

carbonate.448-449 The NHS-carbonate 41 from Figure 5-21 was reacted with propargyl alcohol to 

generate one of the reactive groups needed for click chemistry, 43.  

 

Figure 5-22 Synthesis of a second-generation BIST-dRap 44 

a) The activated NHS-carbonate 41 was reacted with propargyl alcohol to generate 43. Trevor Horst prepared an azide-

modified rapamycin to use in a click reaction with the symmetric alkyne 43 to yield the second generation BIST-dRap 

44. b) As a control compound, the azide-modified rapamycin was coupled with propargyl alcohol to generate the 

triazole-modified rapamycin 45 that would be released upon decaging.  

In collaboration with Trevor Horst, rapamycin was functionalized with an aliphatic azide 

over three steps to generate an azido-rap. The azido-rap and alkyne 43 underwent a click reaction 

to generate the second generation BIST-dRap 44 in 64% yield (Figure 5-22a). Additionally, azido-

rap was coupled to propargyl alcohol to give triazole-modified rapamycin 45 that mimics the 
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rapamycin analog that should be released upon decaging (Figure 5-22b). Biological evaluations of 

BIST-dRap 44 were performed in a luciferase assay below. 

Plasmids for a split luciferase FKBP/FRB dimerization assay were obtained from Addgene 

(#31181 and 31184).378 When transiently expressed in mammalian cells, CLuc-FKBP and FRB-

NLuc fragments undergo minimal interaction. However, upon addition of rapamycin to the cell 

medium, FKBP-rapamycin-FRB ternary complex formation occurs, thereby reconstituting a 

functional luciferase enzyme that generates a luminescence output (Figure 5-23a). In the literature, 

this system has exclusively been applied to rapamycin; however, we envisioned that this assay 

would enable a rapid method for the testing of caged, rapamycin analogs (Figure 5-23b).  

 

Figure 5-23 Schematic representation of a split luciferase with rapamycin 

a) FRB-NLuc and CLuc-FKBP are transiently expressed in mammalian cells, then upon rapamycin addition and 

ternary complex formation, a functional luciferase enzyme is reconstituted. Following addition of luciferase substrates 

(luciferin, ATP, etc), luminescence is measured on a plate reader. b) When using the split luciferase assay with dRap 

analogs, homodimerization of FKBP occurs. After irradiation to generate rapamycin, ternary complex formation 

results in a functional luciferase enzyme which provides a luminescence output.  

Based on previous computational data that supports the formation of a FKBP-25-FKBP 

homodimer prior to irradiation, we decided to try three different ratios of the FKBP:FRB plasmid 
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amounts during transfection in order to produce more FKBP, thus minimizing background 

dimerization (Figure 5-24). For all subsequent dimeric rapamycin experiments, a 3:1 FKBP:FRB 

plasmid ratio was chosen since it showed the greatest fold change between rapamycin (21) and 

published dRap (25) and 25 showed minimal background activity relative to DMSO treatment.  

 

Figure 5-24 Determination of optimal FKBP:FRB ratios in the split luciferase reporter for dRap analogs 

HEK293T cells were transfected with various plasmid ratios of FKBP:FRB to find optimal conditions to minimize 

background dimerization with 25, while still displaying high signal-to-noise values. Cells were treated with 100 nM 

concentrations of 21 or 25 and incubated at 37 ºC for three hours. Based on these results, a 3:1 ratio was chosen for 

all future dRap analog experiments since minimal background was observed and a moderate signal was obtained. The 

fold change values comparing 21 to 25 are provided, with the 3:1 plasmid ratio showing the greatest difference. Error 

bars represent the standard deviation of three independent wells.  

Cells expressing the split luciferase constructs were treated with 21, 44, or 45 at 25 nM. A 

subset of wells was irradiated with a Zeiss mercury lamp (filter 47HE, ex. 436/25, em. 480/40) for 

0, 30, 60, or 90 seconds (Figure 5-25a). Unfortunately, we did not observe activation of 44 even 

after 90 seconds of irradiation. Several controls were included to ensure that the longer irradiation 

times did not impact the integrity of the assay. Additionally, three LEDs were tested for decaging 

(405, 448, and 470 nm) with no activation of 44 being observed (Figure 5-25b). Unexpectedly, 

irradiation at 405 nm and 448 nm resulted in a significant decrease in signal, although an increase 

was expected. The luminescence values obtained were much smaller than even the DMSO control 

which leads to the hypothesis that the split protein fragments could have been degraded as a result 

of the extended irradiation. Additional experiments would need to be conducted to elucidate the 

precise factor that lead to this substantial loss of signal. Irradiation with 470 nm light showed 
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minimal decrease in signal. Based on this, it appears that the 470 nm LED does not have a 

detrimental effect on the system and that the compound, however, does not efficiently decage at 

this wavelength.  

 

Figure 5-25 Attempts to photoactivate 44 in a split luciferase reporter assay 

a) HEK293T cells were transfected with the split luciferase plasmids, then treated with the specified rapalog at 25 nM. 

A Zeiss CFP filter set was used to irradiate the desired samples for the times given in the graph. Following irradiation, 

cells were incubated at 37 ºC to allow for dimerization, then BrightGlo reagent was added and luminescence was read 

out. Unfortunately, no activation of 44 was observed in any of these irradiation conditions. b) The same transfection 

as part (a) was repeated and cells were treated with 50 nM of 21, 50 nM of 45 or 25 nM of 44 and a subset of wells 

were irradiated with a 405 nm, 448 nm or 470 nm LED for 60, 30, or 10 seconds. Again, no activation of 44 was 

observed.  

Unfortunately, the BIST-dRap 44 does not appear to readily decage at any of the 

wavelengths tested thus far. Additionally, we observed that the triazole-modified rapamycin 45 

did not function as efficiently as rapamycin, so if only small percentage of decaging was occurring, 

it may be difficult to detect. As such, we redesigned the caging group such that native rapamycin 

would be generated upon photocleavage. We hypothesized that the double substitution of 

rapamycin onto the double NHS-carbonate 41 (Figure 5-21) suffered from low reactivity due to 
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the steric bulk from benzylic methyl groups. As such, we envisioned that removal of these methyl 

groups might allow for the successful synthesis of a BIST-dRap analog that would generate 

rapamycin following irradiation. Toward this goal, Trevor Horst optimized a synthetic route to 

generate the BIST-dRap 46 (Figure 5-26). Concurrently, he synthesized a monomeric BIST-Rap 

47 (Figure 5-26), since the monomeric BIST caging group had successfully been utilized by 

Anirban Bardhan in our lab for an unrelated project. 

 

Figure 5-26 Structures of BIST-dRap 46 and BIST-Rap 47 

Both 46 and 47 were synthesized by Trevor Horst. 

With these new BIST analogs in hand, we first decided to validate decaging using HPLC. 

An absorbance spectrum of 46 shows a maximum at 455 nm (Figure 5-27a), so decaging 

experiments were performed with a 450 nm LED. A 250 µM solution of BIST-dRap 46 was 

prepared in methanol (5% DMSO) and an aliquot was collected and analyzed via HPLC as a non-

irradiated sample (Figure 5-27b). While there appears to be a small amount of impurity (likely the 
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monomeric caged rapamycin species that wasn’t completely removed during purification), BIST-

dRap 46 has a retention time of 44 minutes, while the similarly prepared rapamycin control has a 

retention time of 20 minutes, suggesting that we can monitor both the disappearance of 46 and the 

appearance of rapamycin via this approach. The solution of 46 was irradiated in increments of 15 

minutes for a total of 45 minutes, with aliquots collected and analyzed via HPLC at each time 

point. Initially, the samples were monitored at 280 nm (Figure 5-27b), which is maximum for 

rapamycin; however, almost no appearance of rapamycin was detected. Thus, the experiment was 

repeated with monitoring at 450 nm, near the maximum for the BIST chromophore, to see if we 

could detect the by-product following release of a single rapamycin unit (Figure 5-27c). 

Unfortunately, this still did not show the appearance of any new peak(s), but did further validate 

the disappearance of 46. 

 

Figure 5-27 HPLC analysis of BIST-dRap 46 decaging with 450 nm LED irradiation 

a) A 10 µM solution of BIST-dRap 46 was prepared in water and the absorbance spectrum was measured. BIST-dRap 

shows a maximum at 455 nm. b,c) A 250 µM solution of 46 in methanol (5% DMSO) was prepared. A handheld 450 

nm LED was used for decaging studies with irradiation times of 15, 30, and 45 minutes. Monitoring at 280 nm (b), 

the maximum for rapamycin, shows near complete loss of BIST-dRap; however, only marginal appearance of 
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rapamycin is observed. Monitoring at 450 nm (c), again shows disappearance of BIST-dRap, but no appearance of a 

red-shifted decaged byproduct. 

Since we were unable to detect the appearance of rapamycin in this study, we explored the 

possibility that the nitroso byproduct was reacting with the triene of rapamycin, and in doing so, 

disrupting the conjugation that is required for absorbance at 280 nm. In the literature, there is an 

example of a Diels Alder reaction occurring with the triene using nitrosobenzene (Figure 5-28a).450 

Additionally, there have been several examples of nitroso-modified species reacting with dienes 

of various natural products.451 Although there is no report of a photo-induced nitroso reaction with 

rapamycin, we hypothesized that this could account for the lack of rapamycin signal appearance. 

To test this, we added an excess of 1,3-cyclohexadiene (48) to the sample prior to performing the 

irradiation experiments, to see if the addition of a more reactive diene could quench the nitroso 

species and enable the detection of rapamycin appearance. An HPLC study was performed as 

detailed above using 280 nm for detection (Figure 5-28b). Interestingly, in the presence of a 

significant excess of 48, a slight improvement in the appearance of rapamycin was observed. Thus, 

it seems that there may in fact be an undesired side reaction occurring between the nitroso 

byproduct and rapamycin; however, there is likely something else happening during light 

irradiation or the decaging process since we were still unable to produce a significant amount of 

rapamycin upon complete disappearance of 46.  



 201 

 

Figure 5-28 HPLC decaging of 46 in the presence of 1,3-cyclohexadiene (48) 

a) In the literature, rapamycin was reacted with nitrosobenzene at an elevated temperature to generate a cycloaddition 

product that abolishes conjugation of the triene.450 For simplicity, only the triene portion is shown here. b) A 250 µM 

solution of 46 (and 21 as a control) were supplemented with 210 mM of 48 (an excess of 840X compared to 46) prior 

to performing the irradiations with a 450 nm LED. Irradiations were performed in 15 minute intervals for 60 minutes 

total with aliquots analyzed by HPLC (at 280 nm) every 15 minutes. 

While the introduction of 48 was useful in allowing us to identify one potential side 

reaction in the decaging process, it did not afford a significant improvement in decaging efficiency, 

and as such, we concluded that this BIST-dRap analog was not suitable for photoactivation in a 

cellular context. However, we did still proceed with an initial testing in the split luciferase reporter 

to see how background dimerization compared to that of the previously reported dRap 25. 

HEK293T cells were transiently transfected with CLuc-FKBP and FRB-NLuc in a 3:1 plasmid 

ratio (the optimal ratio determined previously for dRap 25) and treated with different 

concentrations of rapamycin, dRap 25 and BIST-dRap 46 for 2.5 hours, then luciferase substrates 

were added and luminescence measured. Raw values were normalized to the DMSO negative 

control (Figure 5-29). A decrease in background dimerization activity was observed with the new 

BIST-dRap analog compared to the previously reported analog. This is potentially due to the 

shorter, more rigid linker between the two rapamycin molecules such that the more compact 

homodimer precludes background FRB binding. To further validate this claim, additional linker 



 202 

lengths would need to be synthesized and tested to confirm that this trend holds, but unfortunately, 

that is outside the scope of the current testing. 

 

Figure 5-29 Background dimerization comparison of dRap 25 and BIST-dRap 46 

HEK293T cells expressing the split luciferase reporter in a 3:1 FKBP:FRB ratio were treated with a range of 

concentrations of 21, dRap 25, or BIST-dRap X for 2.5 hours. Cells were lysed, luciferase substrates were added, and 

luminescence values were recorded. A reduction in background dimerization activity was observed for 46 compared 

to the previously published analog. 

After demonstrating that BIST-dRap 46 still suffered from poor decaging, we hypothesized 

that maybe the symmetric BIST caging group was not amenable for rapamycin caging. 

Additionally, the same BIST caging group in 46 was utilized by Trevor Horst to cage benzyl 

alcohol as a test substrate. In his HPLC analysis of decaging, complete loss of signal monitoring 

at 450 nm was observed; however, concomitant of detection of benzyl alcohol when monitoring 

at 250 nm showed no desired product (data not shown – experiment conducted by Trevor). Thus, 

we concluded that the symmetric BIST caging group could not be used to cage aromatic or large 

macrocyclic structures. With the asymmetric BIST-Rap 47 in hand, we first collected an 

absorbance spectrum and identified a maximum of 455 nm (Figure 5-30a), then Trevor performed 

the HPLC decaging experiment in a similar manner as before using both a 415 and 450 nm LED 

(Figure 5-30b,c). While the decaging with either wavelength was not very efficient, it did at least 

appear that the marginal loss of 47 was accompanied by the appearance of rapamycin (21), which 

was a significant improvement over the dimeric analog. 
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Figure 5-30 HPLC analysis of decaging of BIST-Rap 47 

a) The absorbance spectrum of BIST-Rap 47 at 10 µM shows a maximum of 455 nm. b,c) Trevor Horst performed 

decaging experiments with a 415 (b) and 450 nm (c) LED, followed by HPLC analysis for detecting appearance of 

rapamycin. Unfortunately, poor decaging was observed with either condition. 

We were encouraged that BIST-Rap 47 was being decaged to generate rapamycin, albeit 

with very low efficiency; however, we hypothesized that we might observe more complete 

decaging if we were using a significantly lower concentration of the compound. For this, we 

decided to test 47 in the split luciferase reporter using 50 nM compound treatment, which was 

5000-fold more dilute than our HPLC studies. HEK293T cells were transiently transfected with 

the split luciferase reporter in a 1:1 plasmid ratio (optimal ratio for monomeric caged analogs), 

and were treated with rapamycin or 47 at 50 nM. A subset of samples was irradiated with either a 

415 or 450 nm LED for 0 – 180 seconds (Figure 5-31a,b), followed by a 2.5 hour incubation to 

allow for ternary complex formation. After addition of luciferase substrates and a 2-minute lysis, 

luminescence values were measured, then normalized to DMSO. Interestingly, we did observe a 

slightly improved decaging efficiency with 415 nm irradiation than we had in our HPLC study. 
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Unexpectedly, the amount of rapamycin generated plateaued at ~30% even upon extended 

irradiation. Irradiation of rapamycin alone for up to 3 minutes showed no detrimental effect, thus 

it appears that the compound is simply not decaging under these conditions. Irradiation with 450 

nm showed no activation of 47, but also had no negative impact on the rapamycin control alone. 

 

Figure 5-31 Photoactivation of BIST-Rap 47 in the split luciferase reporter 

HEK293T cells expressing the split luciferase reporter in a 1:1 FKBP:FRB ratio were treated with 50 nM of rapamycin 

or BIST-Rap 47, and a subset was irradiated from 0 – 180 seconds with a 415 (a) or 450 nm (b) LED, followed by a 

2.5 hour incubation. Cells were lysed, luciferase substrates were added, and luminescence values were recorded. A 

reduction in background dimerization activity was observed for 47 compared to the previously published analog.  

Unfortunately, in our hands, the BIST caging group did not prove viable for generating 

red-shifted caged rapamycin analogs, thus alternative red-shifted caging groups were explored (see 

section 5.5). After we had synthesized and tested these four different BIST-caged rapamycin 

analogs, a second BIST-caged compound was reported in the literature by the Ellis-Davies group. 

In this report, they developed a symmetric caged γ-aminobutyric acid (GABA) analog cloaked 

with a G3.5 dendrimer (a branched ethylenediamine core with terminal carboxylate groups to 

enhance solubility) that was completely resistant to one-photon decaging at 470 nm irradiation 

(exposure for 2 days at 1.4 W); however, this analog underwent quantitative decaging with two-

photon excitation at 780 nm.452 Unfortunately, at the time of this report we had already shifted our 

efforts toward development of an alternate caged analog; however, in the future, it may be worth 

subjecting these analogs to two-photon activation (potentially in collaboration with the 

Neurobiology Department) to see how they perform. 
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5.4.1 Methods 

1-(5-Bromo-2-nitrophenyl)ethan-1-ol (38). In a doubly-flame dried round bottom flask, 5-

bromo-2-nitrobenzaldehyde (500 mg, 2.17 mmol, 1 eq) was dissolved in DCM (16 mL) and cooled 

to 0 ºC in an ice bath (~ 20 minutes) under argon. AlMe3 (2 M in hexanes, 1.63 mL, 3.260 mmol, 

1.5 eq) was added dropwise over 20 minutes and the reaction was stirred for an additional 3 hours 

at the same temperature. The reaction was quenched by the slow addition of ice-cold water (2 mL), 

followed by the slow addition of 1 M NaOH (16 mL). The biphasic solution was stirred vigorously 

at room temperature for 1 hour, then the phases were separated. The organic layer was collected, 

the aqueous layer was extracted with DCM (3 x 20 mL), then the organic layers were combined. 

The combined organic layers were washed with water (100 mL), then brine (50 mL), then dried 

over sodium sulfate and concentrated under reduced pressure. The crude material was purified 

over silica with 20% ethyl acetate in hexanes to afford 36 as a pale-yellow solid (389 mg, 73% 

yield). 1H NMR spectral data matched literature reported values.453 

1-(2-Nitro-5-vinylphenyl)ethan-1-ol (39). The bromide 38 (351 mg, 1.43 mmol, 1 eq) and 

tetrakis(triphenylphosphine)palladium(0) (35 mg, 0.03 mmol, 0.02 eq) were dissolved in 

dimethoxyethane (15 mL). A solution of potassium carbonate (197 mg, 1.43 mmol, 1 eq) in water 

(4 mL) was added to the stirring reaction mixture, followed by the addition 2,4,6-

trivinylcyclotriboroxane pyridine complex (120 mg, 0.74 mmol, 0.5 eq). The reaction mixture was 

refluxed overnight (~20 hours). The solvents were evaporated under reduced pressure and the 

residue was purified over silica with a 0 – 10 % gradient of ethyl acetate in hexanes to provide 39 

as a pale-yellow solid (242 mg, 88% yield). 1H NMR (400 MHz, CDCl3) δ 7.934 (d, 1 H, J = 8.4 

Hz), 7.846 (d, 1 H, J = 1.6 Hz), 7.447 (dd, 1 H, J = 2, 6.4 Hz), 6.808 (q, 1 H, J = 6.8 Hz), 5.957 (d, 
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1 H, J = 17.6 Hz), 5.503 (m, 2 H), 2.318 (d, 1 H, J = 4 Hz), 1.592 (d, 3 H, J = 6 Hz). Compound 

characterization is incomplete since 13C NMR and HRMS data were not collected.  

1,1'-(((1E,1'E)-Thiophene-2,5-diylbis(ethene-2,1-diyl))bis(6-nitro-3,1-phenylene))bis(ethan-

1-ol) (40). The styrene 39 (211 mg, 1.09 mmol, 3 eq), 2,5-dibromothiophene (45 µL, 0.40 mmol, 

1 eq), lithium chloride (52 mg, 1.23 mmol, 3.3 eq), sodium bicarbonate (102 mg, 1.21 mmol, 3.3 

eq), and tetrabutylammonium chloride (169 mg, 0.61 mmol, 1.7 eq) were suspended in DMF (7.25 

mL) and purged with nitrogen for 20 minutes. TPGS-750 (5 wt % in water, 200 µL) and palladium 

(II) acetate (20 mg, 0.25 mmol, 0.25 eq) were added, and the reaction was heated to 110 ºC for 1 

hour. The reaction mixture was poured into water (75 mL), then extracted thrice with ethyl acetate 

(75 mL each). The organic layer was dried over sodium sulfate, then concentrated under reduced 

pressure. The crude material was purified over silica with a gradient of 0 – 25% ethyl acetate in 

hexanes to yield 40 as a red solid (72 mg, 39% yield). 1H NMR (400 MHz, CDCl3) δ 7.995 (d, 2 

H, J = 8.4 Hz), 7.938 (d, 2 H, J = 2 Hz), 7.500 (dd, 2 H, J = 1.6, 8.8 Hz), 7.389 (d, 2 H, J = 16 Hz), 

7.104 (s, 2 H), 6.979 (d, 2 H, J = 16), 5.574 (m, 2 H), 2.302 (d, 2 H, J = 4 Hz), 1.626 (d, 6 H, J = 

6.4). Compound characterization is incomplete since 13C NMR and HRMS data were not collected. 

Bis(2,5-dioxopyrrolidin-1-yl) ((((1E,1'E)-thiophene-2,5-diylbis(ethene-2,1-diyl))bis(6-nitro-

3,1-phenylene))bis(ethane-1,1-diyl)) bis(carbonate) (41). The alcohol 40 (72 mg, 0.16 mmol, 1 

eq) and DSC (159 mg, 4 eq) were dissolved in acetonitrile (775 µL) under nitrogen. TEA (130 µL, 

0.93 mmol, 6 eq) was added, and the reaction was stirred overnight at room temperature. The 

reaction mixture was concentrated, then purified over silica with a gradient of 5 – 10% acetone in 

DCM to yield 41 as a red solid (64 mg, 55% yield). 1H NMR (400 MHz, CDCl3) δ 8.099 (d, 2H, J 

= 8.4 Hz), 7.780 (d, 2H, J = 1.6 Hz), 7.549 (dd, 2H, J = 2, 8.8 Hz), 7.462 (d, 2H, J = 16 Hz), 7.160 
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(s, 2H), 7.003 (d, 2H, J = 16 Hz), 6.536 (q, 2H, J = 6.4 Hz), 2.823 (s, 8H), 1.823 (d, 6H, J = 6.4 

Hz). Compound characterization is incomplete since 13C NMR and HRMS data were not collected. 

Di(prop-2-yn-1-yl) ((((1E,1'E)-thiophene-2,5-diylbis(ethene-2,1-diyl))bis(6-nitro-3,1-phenyl-

ene))bis(ethane-1,1-diyl)) bis(carbonate) (43). The NHS-carbonate 41 (64 mg, 0.09 mmol, 1 eq), 

propargyl alcohol (10 µL, 0.17 mmol, 2.1 eq), and DMAP (11 mg, 0.09 mmol, 1 eq) were dissolved 

in anhydrous DCM (900 µL) under a nitrogen atmosphere. TEA (25 µL, 0.18 mmol, 2.1 eq) was 

added and the reaction was stirred at room temperature overnight. The reaction mixture was 

concentrated, then purified over silica with 0 – 25% ethyl acetate in DCM to yield 43 as a red-

orange solid (27 mg, 52% yield). 1H NMR (400 MHz, CDCl3) δ 8.053 (d, 2 H, J = 8.4 Hz), 7.730 

(d, 2 H, J = 1.6 Hz), 7.541 (dd, 2 H, J = 1.6, 7.2 Hz), 7.376 (d, 2 H, J = 16 Hz), 7.125 (s, 2 H), 

6.965 (d, 2 H, J = 16 Hz), 6.416 (q, 2 H, J = 6.4 Hz), 4.768 (m, 4 H), 2.535 (t, 2 H, J = 2.4 Hz), 

1.745 (d, 6 H, J = 6.4 Hz). HRMS calculated for [M + Na]+ C32H26N2NaO10S 653.1200, found 

653.1222. Compound characterization is incomplete since 13C NMR was not collected. 

Optimal FKBP:FRB ratio for dRap analogs in split luciferase reporter. HEK293T cells were 

plated at 200,000 cells/well in a 6-well clear bottom plate and grown at 37 ºC/5% CO2. At ~80% 

confluence, cells were co-transfected with CLuc-FKBP and FRB-NLuc (2000 ng total per well; 

1:1, 1000 ng of each; 3:1, 1500 ng of FKBP:500 ng of FRB; 9:1, 1800 ng of FKBP:200 ng of FRB) 

using Lipo2K. The two plasmids were diluted into 250 µL of OptiMEM in separate tubes. Three 

separate tubes of 250 µL of OptiMEM plus 5 µL of Lipo2K were incubated at room temperature 

for five minutes, then the Lipo/OptiMEM solution was mixed into the DNA/OptiMEM solutions 

to generate 500 µL solutions for each ratio. Transfection solutions were incubated at room 

temperature for 20 minutes. Meanwhile, the media in the wells was replaced with 2 mL of DMEM 

(+ 10% FBS, – antibiotics), then the transfection mix (all 500 µL) was added to the wells and 
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incubated overnight. After ~18 hours of transfection, the media was removed, the cells were lifted 

with 0.5 mL of TrypLe and transferred to a 15 mL conical tube, then TrypLe was inactivated by 

the addition of 4.5 mL of media. Cells were pelleted at 1,000 g for 10 minutes at room temperature. 

The media was removed, and the cells were resuspended in 1 mL of LCIS. Cells were counted 

using a hemocytometer in the presence of Trypan Blue to avoid counting dead cells. Subsequently, 

cells were plated in a white, clear bottom 96-well plate at 30,000 cells per well in 100 µL of LCIS.  

To prepare the compound solutions, 1 mM stocks of rapamycin and 25 were diluted to 0.1 

mM in milliQ water (10 µL of stock solution into 90 µL). A 1.1 µM solution of each was prepared 

in milliQ water by diluting 3.3 µL of the 100 µM stock solution into 297 µL of LCIS. To each well 

of the 96-well plate containing cells expressing the reporter, 10 µL of compound was added in 

triplicate to yield 100 nM and placed in the incubator for 30 minutes. Afterwards, 100 µL of 

BrightGlo reagent (Promega) was added to each well and incubated for two minutes, then 

luminescence was measured on a Tecan M1000. Raw luminescence values were normalized such 

that DMSO equaled 1. Average fold-change values with error bars representing standard deviation 

of triplicates are reported. 

Attempted activation of BIST-dRap 44 using a CFP filter. HEK293T cells were plated, 

transfected, counted and re-plated into a 96-well plate in 90 µL of LCIS exactly as described above 

using the 3:1 plasmid ratio only for transfection (2-wells transfected identically). Using 1 mM 

stock solutions in DMSO, 25 µM solutions of rapamycin, tRap 45, and dRap 44 were prepared by 

diluting 1 µL of the 1 mM stock into 39 µL of milliQ water. A working solution of 250 nM (10X 

desired final concentration) was prepared by diluting 3 µL of 25 µM into 297 µL of LCIS. Ten 

microliters of the 10X solution was added to the 96-well plate containing cells expressing the 

reporter in triplicate such that a final 25 nM concentration was achieved. The plate was placed in 
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the plate holder on the Zeiss and the z-plane was adjusted such that the cells were in focus through 

the 5X objective. The x- and y-positions were adjusted such that the objective was placed in the 

center of the well. The light path was directed through the eyepiece to avoid any potential damage 

to the camera upon extended light illumination. Three different irradiation times (30, 60, and 90 

seconds) were utilized, each of the triplicate wells was aligned as described, and all four sample 

conditions (DMSO, rapamycin, tRap 45, and dRap 44) were irradiated at all three times. The plate 

was placed back in the incubator for two hours to allow for ternary complex formation, then 90 

µL of BrightGlo reagent was added per well and incubated for 2 minutes at room temperature, 

then luminescence values were measured. Raw luminescence values were normalized such that 

DMSO equaled 1. Average fold-change values with error bars representing standard deviation of 

triplicates are reported. 

Attempted activation of BIST-dRap 44 using blue light LEDs. HEK293T cells were plated, 

transfected, counted and re-plated into a 96-well plate in 90 µL of LCIS exactly as described above. 

Using 1 mM stock solutions in DMSO, 25 µM solutions of rapamycin, tRap 45, and dRap 44 were 

prepared by diluting 1 µL of the 1 mM stock into 39 µL of milliQ water. A working solution of 

250 nM (10X desired final concentration) of dRap 44 was prepared by diluting 3 µL of 25 µM into 

297 µL of LCIS. Working solutions of 500 nM (10X desired final concentration) of rapamycin 

and tRap 45 were prepared by diluting 6 µL of 25 µM solutions into 294 µL of LCIS. Ten 

microliters of the 10X solution was added to the 96-well plate containing cells expressing the 

reporter in triplicate such that a final 25 nM concentration was achieved for the caged analog, 

while 50 nM was used for rapamycin and tRap 45. Three different LEDs (405, 447.5, and 450 nm) 

were utilized for the decaging experiments with the controller box set to the max output of 1000 

mA. An aluminum foil mask was used with a cutout the size of a single well, to prevent 
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unintentional irradiation of neighboring wells. The LED was held directly over the well and 

irradiation times of 10, 30, and 60 seconds were employed. Note: All three LEDs were mounted 

on a “small” heat sink, which did not provide sufficient cooling, thus after every 60 second 

irradiation, the LED was left off to cool at room temperature for ~2 minutes. All three LEDs have 

now been mounted on “medium” heat sinks (see Appendix D) allowing up to 15-minute 

irradiations with no overheating. After irradiation, the plates were placed back in the incubator for 

two hours. Then, 90 µL of BrightGlo reagent was added and incubated for 2 minutes, and 

luminescence was measured. Values were normalized such that DMSO equaled 1, and averages 

with standard deviation of triplicate wells are reported. 

Analysis of BIST-dRap 46 decaging by HPLC. A 250 µM solution of 46 was prepared using a 

5 mM stock solution (10 µL of stock solution diluted in 190 µL of methanol) in a ½ dram clear 

glass vial. A 25 µL pre-irradiation sample was transferred to an HPLC sample vial. The vial was 

irradiated from the bottom with the LED source touching the glass surface. A handheld 450 nm 

LED operated at 700 mA output (the manufacturer’s recommendation) was used in increments of 

15 minutes to provide 15, 30, and 45-minute irradiation samples (25 µL was removed and 

transferred to an HPLC vial at each time point). A 250 µM solution of rapamycin was prepared in 

the same manner to use as a control for retention time and expected product peak area following 

irradiation. A Shimadzu HPLC equipped with an analytical scale column (Agilent, Zorbax SB-

C18, 3.5 µm, 4.6 x 100 mm) was used for analysis. Solvent A was milliQ water and Solvent B was 

HPLC-grade acetonitrile. A gradient method with 1.0 mL/minute flow rate was developed and 

percentages listed are for Solvent B (0 minutes – 35%, 35 minutes – 95%, 60 minutes – 95%, 40.05 

minutes – 35%, 70 minutes – 35%). An autosampler was utilized for injections and 10 µL of 

sample was injected per analysis. The UV detector was set to 280 nm (absorbance maximum for 



 211 

rapamycin) for the first batch of samples (in order, rapamycin, 46 dark, 15 minutes, 30 minutes, 

45 minutes), then the method was modified such that the detection wavelength was 450 nm 

(absorbance maximum for BIST) and the batch was reanalyzed. The raw data was extracted from 

the Lab Solutions (Shimadzu) software and analyzed in GraphPad Prism 8. 

Analysis of BIST-dRap 46 decaging in the presence of 48 by HPLC. A 250 µM solution of 46 

and a 210 mM solution of 48 (gift from the Brummond lab) was prepared using a 5 mM stock 

solution of 46 (10 µL of 46 and 4 µL of 48 were diluted in 186 µL of methanol) in a ½ dram clear 

glass vial. A 25 µL pre-irradiation sample was transferred to an HPLC sample vial. Irradiation, 

HPLC analysis, and data analysis were performed in the same manner described above (analysis 

was performed at 280 nm). Additionally, a modified, steeper gradient HPLC method (0 minutes – 

35%, 15 minutes – 95%, 40 minutes – 95%, 40.083 minutes – 35%, 50 minutes – 35%) was utilized 

in order to shorten the overall run time required. 

Assessment of background dimerization of BIST-dRap 46 in split luciferase assay. HEK293T 

cells were plated, transfected, counted and re-plated into a 96-well plate in 90 µL of LCIS exactly 

as described above using the 3:1 plasmid ratio for transfection (2-wells were transfected 

identically). Working compound solutions were prepared at 10X (10 µM – 250 nM) the desired 

final concentration (1 µM – 25 nM) by diluting a 1 mM stock solution into LCIS (for 10 µM), then 

using the 10 µM stock to prepare the remaining three solutions in LCIS. To the wells of cells 

expressing the reporter, 10 µL of the appropriate working solution were added in triplicate and 

incubated for 2.5 hours. Then, 90 µL of BrightGlo reagent was added and luminescence was 

measured after a 2-minute incubation. Raw values were normalized such that DMSO equaled 1, 

and averages with standard deviation are reported. 
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Activation of BIST-Rap 47 in split luciferase assay. HEK293T cells were plated, transfected, 

counted and re-plated into a 96-well plate in 90 µL of LCIS exactly as described above using the 

1:1 plasmid ratio for transfection (2-wells were transfected identically). Working solutions of 21 

and 47 were prepared at 10X (500 nM) the desired final concentration (50 nM) by diluting a 0.1 

mM stock solution into LCIS (4 µL into 796 µL). To the wells of cells expressing the reporter, 10 

µL of the compound solutions were added in triplicate. A subset of wells was irradiated with a 415 

or 450 nm LED set to 700 mA using a foil mask (from 0 – 180 seconds), then the plate was 

incubated for 2.5 hours. After, 90 µL of BrightGlo reagent was added and luminescence was 

measured after a 2-minute incubation. Raw values were normalized such that DMSO equaled 1, 

and averages with standard deviation are reported. 

5.5 ANB-caged Rapamycin Analogs 

Here, we describe the development and application of an aminonitrobiphenyl-caged 

rapamycin analog (53) which represents a significant advancement over previously reported 

systems, since (1) it is activated with >400 nm light and (2) shows minimal background activity, 

enabling interfacing with existing FKBP/FRB-based switches. In recent years, several 

nitrobiphenyl derived caging groups have been developed by Specht and Goeldner (Figure 5-32). 

The para-methoxy 48454 and para-tris-ethoxymethoxy 49455 caging groups can be photolyzed with 

both one- and two-photon excitation; however, their one-photon excitation maxima is ~395 nm, 

thus optimal decaging was typically achieved with 365 nm light. Switching from a biphenylphenol 

to an alkylated aminobiphenyl (as in 50 and 51) resulted in a bathochromic shift such that 

activation could be achieved with 405 nm light.456 All four of these analogs decage through the β-
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elimination pathway like other (nitrophenyl)ethanol and (nitrophenyl)propanol cages. Most 

recently, the Specht group developed 52, which has an absorption maximum at 413 nm and upon 

irradiation generates a keto-enol byproduct that is fluorescent.457 This analog decages through the 

traditional release of the α-substituent like other nitrobenzyl cages. We developed an 

aminonitrobiphenyl (ANB) ethanol caging group due to the synthetic accessibility, only two steps 

for the caging alcohol, and for its red-shifted properties compared to previous other nitrobiphenyl 

cages. Caged rapamycin 53 was synthesized in four steps by former lab member, Trevor Horst 

(Figure 5-32).  

 

Figure 5-32 Structures of nitrobiphenyl caging groups and 53 

Structures of different nitrobiphenyl caging groups reported in the literatures. Caged rapamycin 53 was synthesized 

by Trevor Horst. 

We first performed decaging studies to validate that 53 generates rapamycin upon 

irradiation with >400 nm light. An absorbance scan of 53 showed a maximum at 412 nm (Figure 

5-33a) when measured in water and therefore 405, 415, and 450 nm LED irradiation was tested 
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for efficient decaging and the photolysis reactions were analyzed by HPLC (Figure 5-33b-d). Both 

the 405 and 415 nm LEDs resulted in almost complete loss of 53 (<3% remaining caged CID) with 

84% and 71% recovery of rapamycin, respectively, after 10 minutes of irradiation. Marginal 

photolysis (~20%) was observed with the 450 nm LED after 10 minutes of irradiation. Based on 

these results, the remaining biological studies were performed with 405 or 415 nm irradiation. 

Additionally, we determined the extinction coefficient for 53 at 405 and 415 nm to be 7900 and 

8100 M-1cm-1, respectively.  

 

Figure 5-33 HPLC decaging analysis of caged rapamycin 53 with 405, 415, and 450 nm LEDs 

a) The absorbance spectrum of 53 shows a maximum at 412 nm in water and 402 nm in methanol (50 µM; 2% DMSO). 

b-d) HPLC analysis of decaging of 53 (100 µM; 2% DMSO in methanol) with an LED at 405 nm (b), 415 nm (c), or 

450 nm (d). Successful decaging is observed with the 405 and 415 nm LEDs, while minimal decaging is observed 

upon 450 nm irradiation after a 10 minute irradiation. 

Since the first-generation rapamycin analog, 22, required protein engineering of FKBP to 

minimize background dimerization activity71 and the second-generation analog, 25, required a 

second rapamycin attached to the caging group to recruit a second FKBP for increased steric 

bulk,212 we wanted to explore whether 53 would be compatible with the well-established wild-type 

FKBP/FRB system or if it would require additional protein engineering. For this, analysis of 
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ternary complex formation through gel shift assays was performed. FKBP-YFP-6xHis and FRB-

CFP-6xHis were recombinantly expressed in BL21 (DE3) cells and purified using Ni-NTA resin. 

The two fusion proteins were combined in 1:1 molar ratios (5 µM of each) and incubated with 

increasing concentrations of compound (either rapamycin [21], 22, 25, or 53) for two hours in the 

dark to allow for ternary complex formation. The proteins were then resolved by native-PAGE and 

detected via Coomassie staining (Figure 5-34). Gratifyingly, 53 showed almost no background 

dimerization compared to the previous caged analogs. These results confirmed that 53 can be 

applied to the broadly utilized wild-type FKBP systems that have been reported and that are 

commercially available, thereby providing optical control without the need for any further protein 

engineering. 

 

Figure 5-34 Gel shift assays with caged rapamycin 53 and previous caged analogs 

Gel shift assays with 5 µM of FKBP-YFP-6xHis and FRB-CFP-6xHis with compounds (a) rapamycin (21), (b) 25, 

(c) 22, and (d) 53, allowing for the investigation of background ternary complex formation. Rapamycin shows 

significant ternary complex formation – as expected, while 22 and 25 show similar background levels with wild-type 

FKBP. Importantly, 53 shows almost no background activity up to 100 µM. 

Numerous split enzyme systems have been developed using the FKBP/FRB dimerization 

pair.458 Addition of rapamycin to these systems results in reconstitution of an active enzyme of 

interest. In order to demonstrate that 53 could be utilized in a split enzyme system, we used the 
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split luciferase reporter as discussed above (Figure 5-23).378 In this reporter, the C-terminus 

(residues 398 - 550) of luciferase is fused to FKBP while the N-terminus (residues 2 - 416) is fused 

to FRB (Figure 5-35a). When these protein fusions are co-expressed in mammalian cells, minimal 

interaction between FKBP/FRB or the split enzyme fragments occurs in the absence of compound; 

however, addition of rapamycin results in ternary complex formation and subsequent 

reconstitution of an active luciferase enzyme. HEK293T cells co-expressing FRB-NLuc and 

CLuc-FKBP at a 1:1 ratio were treated with 50 nM of 53 in the dark for one hour, then a subset of 

wells was irradiated for various durations (15, 30, 45, 60, or 90 seconds) with either a 405 or 415 

nm LED. Cells were further incubated, and luciferase activity was read out after lysis and substrate 

addition. A dose-dependent response to light was observed, with minimal background activity in 

the absence of irradiation. (Figure 5-35b,c). These results confirmed that 53 can be used to control 

the activation of a split enzyme system with light. 

 

Figure 5-35 Photoactivation of caged rapamycin 53 in the split luciferase reporter assay 

a) HEK293T cells co-expressing the reporter were treated with rapamycin or 53 for one hour, then irradiated with a 

405 nm LED for the specified time and incubated for four hours. Almost complete photoactivation was achieved with 

90 seconds of irradiation. b) The experiment was also conducted with a 415 nm LED and similar levels of activation 

are observed. Bars represent the average luminescence measured from three replicate wells, with error bars denoting 

standard deviation. 
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After successfully demonstrating that 53 could be applied to optical activation of split 

enzymes, we next wanted to demonstrate applicability toward optical control of a protein degron 

via a destabilized FKBP domain. The combination of F36V and L106P mutations in FKBP has 

been shown to generate a destabilized FKBP variant (ddFKBP), which results in subsequent 

protein degradation. Addition of a synthetic ligand, Shield-1 (54), results in stabilization of the 

ddFKBP protein (Figure 5-36a).459-462 Fusion of ddFKBP to a protein of interest allows for small 

molecule-controlled temporal regulation of protein stability and was successfully applied to cyclin-

dependent kinase 1, the transmembrane protein CD8α, and the motor protein TgMyoA in cell 

culture and live parasites.459, 463  

Traditionally, 54 has been used in the literature for these stabilization assays since it only 

interacts with FKBP and does not induce ternary complex formation, thereby avoiding any 

potential interaction with endogenous calcineurin or mTOR. In the initial report, the authors did 

demonstrate that FK506 successfully stabilized their ddFKBP fusion (however, a 10-fold higher 

concentration of ligand was required compared to 54),459 thus we hypothesized that rapamycin and 

photoactivated analogs could be used in a similar manner. To optically control a degron system 

with 53, we fused mCherry-HA to the C-terminus of ddFKBP to utilize a fluorescent readout of 

protein stabilization/destabilization (Figure 5-36b). Briefly, mCherry-HA was PCR amplified, 

then Gibson assembled into the commercial Clontech pPTuner IRES2 system. This system co-

expresses the ddFKBP fusion of interest with acGFP using an internal ribosomal entry site (IRES) 

such that the destabilized fusion is expressed in a 1:1 ratio with acGFP (which is utilized as a 

transfection and transcription control). 
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Figure 5-36 Structure of Shield-1 (54) and schematic of destabilized FKBP reporter 

a) Structure of Shield-1 (54). b) The destabilized FKBP mutant was fused to mCherry-HA for visualization of 

stabilization via fluorescence microscopy. In the absence of stabilizing ligand, the fusion protein is degraded; however, 

upon additon of stabilizer (shown here as a photoactivated rapamycin analog), the reporter is stabilized and red 

fluorescence is observed.  

In order to determine the optimal concentration of rapamycin to use in place of 54, 

HEK293T cells expressing the ddFKBP-mCherry-HA-IRES-acGFP reporter were treated with 

DMSO, 54, or rapamycin (21) at increasing concentrations (Figure 5-37a). Fluorescence 

micrographs acquired at 24 hours post-treatment showed that 5 and 10 µM concentrations of 21 

stabilized comparably or better than the 0.5 µM of 54 control. At 25 µM, mild cytotoxicity was 

detected through visible patchiness of the cell monolayer. Since 5 µM most closely matched that 

of the control and showed no morphological changes in this assay, we utilized this concentration 

for follow up assays. 

Literature reports using 54 for protein stabilization incubated with ligand for 24 hours, thus 

we were curious whether incubation with rapamycin would require the same incubation period, or 

if a shorter time period would afford higher protein levels. HEK293T cells were transiently 

transfected with the ddFKBP-mCherry-HA-IRES-acGFP reporter overnight, then the transfection 

media was replaced with compound treatment in media (DMSO, 54, or 21). Fluorescence imaging 

was performed periodically for 24 hours to monitor for the stabilization of mCherry (Figure 5-37b). 

While 5 µM of 21 showed a much faster response than the synthetic ligand, maximum protein 
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levels were only obtained at the 24-hour time point, thus it does appear that the 24-hour incubation 

is necessary for optimal protein levels.  

 

Figure 5-37 Optimization of a destabilized FKBP reporter for use with rapamycin 

a) HEK293T cells expressing the ddFKBP-mCherry-HA-IRES-acGFP were treated with 54 (0.5 µM) and a range of 

rapamycin (21) concentrations to monitor for the stabilization of mCherry-HA. Treatment with 5 µM of 21 resulted 

in comparable stabilization as the 54 control; however, treatment with 25 µM showed noticeable cytotoxicity as 

observed in the patchiness of the cell monolayer. Thus, 5 µM was chosen for future experiments. b) HEK293T cells 

expressing the reporter were treated with DMSO, 0.5 µM of 54, or 5 µM of 21 and monitored over 24 hours to 

determinal the optimal incubation time. Maximum fluorescence intensity was observed at 24 hours, thus future 

incubations were performed for this length. 

When the ddFKBP-mCherry-HA reporter was expressed in HEK293T cells in the absence 

of a small molecule stabilizer, almost no mCherry signal was detected (Figure 5-38a). Addition of 

rapamycin (5 µM) resulted in significant stabilization of the reporter and subsequent mCherry 

fluorescence. In the presence of 53 (5 µM), minimal background stabilization was observed. Upon 

increasing exposure to 415 nm light, we observed a dose-dependent response in mCherry 

stabilization (Figure 5-38b). Furthermore, these results suggest that the ANB caging group 

functions to prevent interaction with the FKBP domain (as opposed to the FRB domain, which is 
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absent from this system). These results are consistent with our previous findings that 22 could be 

rendered a suitable light-activated dimerizer through engineering FKBP (iFKBP) in order to 

develop a low-background optically controlled system.71 

 

Figure 5-38 Photoactivation of caged rapamycin 53 in a destabilized FKBP reporter 

a) HEK293T cells expressing the ddFKBP-mCherry-HA reporter were treated with 5 µM of 21 or 53, then cells were 

irradiated with a 415 nm LED. Fluorescence micrographs were acquired 24 hours later and show stabilization of the 

ddFKBP-mCherry-HA fusion for rapamycin and the photoactivated 53 samples. The acGFP images show similar 

levels of transfected cells across all samples, while the mCherry signal varies depending on the degree of stabilization. 

Scale bar equals 125 µm. b) Quantification of fluorescence intensity shows that 53 photoactivation occurs in a dose-

dependent manner. Bars represent the average mCherry fluorescence measured from three biological replicate wells, 

with error bars denoting standard deviation. 

Subcellular protein translocation is a common mechanism in the regulation of biological 

processes.351 Small molecule-based protein dimerization systems have been extensively applied to 

the control of sub-cellular protein localization through anchoring of one binding partner in a 

particular cellular compartment.351, 354, 464-465 We investigated whether 53 could be a useful addition 

to the toolbox of conditional control to subcellular protein localization. For this, we utilized a 

nuclear translocation reporter which consists of mCherry-NLSx3-FRB and GFP-FKBP, such that 

mCherry is localized to the nucleus while GFP is diffuse throughout the cell (Figure 5-39a). Upon 

addition of rapamycin, ternary complex formation of FKBP-21-FRB results in co-localization of 
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the fluorescent proteins as seen by the nuclear translocation of GFP. When 53 is added to cells 

expressing the reporter, no nuclear localization of GFP is observed, again indicating no 

background activity in the dark state, until photoactivation with 415 nm light (Figure 5-39b-c). 

Quantification of the nuclear/cytoplasmic ratio over time demonstrates successful photoactivation 

of 53, with ~70% efficiency compared to rapamycin. Rapamycin induces a rapid response of 

nuclear accumulation, while the photoactivated 53 results in a slower, more gradual nuclear 

localization of FKBP-GFP, which is potentially due to less efficient decaging in a complex cellular 

environment such that the actual concentration of released rapamycin is lower than the control 

sample.  

 

Figure 5-39 Photoactivation of caged rapamycin 53 in a nuclear translocation reporter 

a) Schematic representation of the nuclear translocation reporter. GFP-FKBP (diffuse throughout the cell) and 

mCherry-NLSx3-FRB (nuclear localized) are co-expressed. Upon addition of caged rapamycin, no translocation is 

observed; however, irradiation with 415 nm light results in ternary complex formation and nuclear accumulation of 

GFP-FKBP. b) HEK293T cells co-expressing the reporter were treated with 1 µM of 21 or 53. Following irradiation 

with a 415 nm LED for 2 minutes significant nuclear accumulation of GFP-FKBP is observed after 2 hours. Scale bar 

equals 10 µm. c) Quantification of the nuclear/cytoplasmic ratio supports the micrograph findings. Five cells per 

condition were averaged and plotted with error bars representing standard error of the mean. 
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first validated that 53 could be used for light-controlled inhibition of ribosomal protein S6, a well-

established readout of mTOR activity.466 Hela cells were treated with 5 and 10 nM 21 or 53 in the 

presence or absence of 405 nm irradiation for one hour. Following incubation, the samples were 

lysed and western blot analysis was performed using a phospho-S6 antibody, with GAPDH serving 

as a loading control (Figure 5-40). With 10 nM treatment, a minimal degree of background activity 

for 53 was observed; however, no background inhibition was observed with 5 nM treatment. 

Treatment with 21 at both concentrations resulted in complete inhibition. Gratifyingly, irradiation 

with 405 nm light resulted in inhibition of the pathway as observed by a loss of phosphorylated 

signal. 

 

Figure 5-40 Optical control of 53 inhibition of mTOR signaling in Hela cells 

a) The mTORC1 complex results in phosphorylation of S6K and S6; however, treatment with rapamycin results in a 

ternary complex of mTOR-rapamycin-FKBP which blocks the kinase activity of mTOR and prevents phosphorylation 

of downstream targets. Grey filled circles represent phosphorylation. b) Western blot analysis using an anti-phospho-

S6 antibody demonstrates complete inhibition of the pathway when treated with 10 or 5 nM of rapamycin, while 

treatment with aRap only inhibits phosphorylation following photoactivation with a 405 nm LED (30 seconds). 

In zebrafish embryos, we first tested for background activity of 53 by treating with 

compound concentrations previously reported for rapamycin.466-467 Wild-type embryos were 

exposed to 100 nM, 400 nM, or 10 µM of rapamycin or 53 at 4 hours post fertilization (hpf), with 

daily refreshing of compound treatment every 24 hours, for a total of 72 hours of treatment. 

Representative images show increased developmental defects with increased concentration of 
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rapamycin treatment (Figure 5-41a), which are consistent with literature reported phenotypes.467-

468 These defects include shortened body length, an enlarged yolk sac, and decreased dorsal 

pigmentation. Treatment with 53 from 0.1 to 10 µM showed no apparent phenotypic defects, 

suggesting that 53 has minimal background activity. Western blot analysis of these embryos 

probing for phospho-S6 levels shows complete inhibition of phosphorylation at all rapamycin 

concentrations tested (Figure 5-41b). Interestingly, western blot analysis of 53-treated embryos 

revealed background inhibition of mTOR signaling when treated at >0.4 µM; however, treatment 

at 0.1 µM does not inhibit signaling. These results suggest that different thresholds exist for 

phenotypic effects (system level) and extent of protein phosphorylation (molecular level). 

 

Figure 5-41 Assessment of background activity of 53 in zebrafish embryos 

a) Representative images of 76 hpf zebrafish treated with increasing concentrations of rapamycin or 53. Scale bar 

equals 1 mm. b) Western blot analysis shows complete inhibition of phosphorylated S6 protein at all rapamycin 

concentrations, while 53 only shows background inhibition at greater than 100 nM. Zebrafish treatment, image 

acquisition, and tissue lysis was conducted by Kristie Darrah. 

In these preliminary experiments, compound was refreshed daily over the length of the 

experiment as is done in literature reports; however, this is not amenable to the use of light as a 

trigger as irradiations would need to be performed daily post-addition of fresh compound. We 
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modified the workflow to: (1) shorten the overall treatment time from 72 to 48 hours and (2) did 

not refresh compound solutions daily. Western blot analysis of these embryos probing for 

phospho-S6 levels shows complete inhibition of phosphorylation at all rapamycin concentrations 

tested (Figure 5-42a). Western blot analysis of 53-treated embryos shows background inhibition 

of the mTOR pathway upon treatment >0.4 µM; however, treatment at 0.1 µM does not inhibit 

signaling. These blot results are consistent with the previous experimental design, suggesting that 

this modified workflow can be applied in light activation studies. With this earlier end time, 

developmental defects (at the phenotypic level) are not apparent, thus we focused on western blot 

analysis as the readout in our remaining experiments. 

 

Figure 5-42 Demonstration of light activation of 53 in zebrafish embryos 

a) Zebrafish embryos were treated with rapamycin or 53 at 4 hpf with varied concentrations (0.1 to 10 µM) and 

maintained until 48 hpt. Western blot analysis probing for pS6 and GAPDH was performed. b) Western blot analysis 

of irradiated embryos shows light-induced mTOR inhibition for 53, while light alone has no impact on DMSO or 

rapamycin treatment. 

Based on this, we proceeded to test the light activation of 53 in zebrafish embryos by 

treating with 100 nM of compound at 4 hpf, followed by a 1-minute irradiation (405 nm) at 6 hpf, 

then embryos were harvested for western blot analysis at 48 hpf (Figure 5-42b). Gratifyingly, we 

observed light-induced inactivation of mTOR signaling with 53-irradiated samples, while 

irradiated DMSO and rapamycin samples show no light-induced effects. These results demonstrate 

that caged rapamycin analogs can be used for regulating mTOR signaling in embryos and may 

enable future studies involving the effects of temporal control of mTOR inhibition. 

We have successfully developed a caged rapamycin analog that does not induce 

FKBP/FRB heterodimerization until activated with 405 and 415 nm light. Caged rapamycin 53 
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exhibits several advantages over the previously reported caged rapamycin analogs: (i) it has no 

background activity in the absence of light stimulation, (ii) it requires no FKBP engineering, (iii) 

it does not need a caging group that increases steric bulk or leads to extracellular localization, and 

(iv) it can be activated with visible light rather than UV light. We have demonstrated that 53 can 

be used to control several biological processes, including split enzyme reconstitution, stabilization 

of ddFKBP fusion proteins, protein translocation and localization, and inhibition of endogenous 

mTOR signaling. We envision that this rapamycin analog will be compatible with a wide range of 

biological applications and readily convey optical activation over a wide range of processes that 

have been placed under control of chemically induced protein dimerization by rapamycin. 

5.5.1 Methods 

Reagents. Rapamycin (and caged analogs) stocks were generated at 5 mM in sterile-filtered 

DMSO. LEDs were obtained from Mouser Electronics: 405 nm (LZ1-10UA00-00U8) and 450 nm 

(LXML-PR02-A900), or LuxeonStar: 415 nm (SZ-01-U8). 

Photochemical analysis of 53. Five solutions of 53 were prepared at various concentrations (20, 

30, 40 50, and 75 µM) in milliQ water at a final DMSO concentration of 0.75%. A DMSO blank 

was also prepared. Samples were transferred to a 1.5 mL cuvette and absorbance readings at 405, 

412, 415, and 450 nm were acquired on a UV spectrophotometer (Childers lab, VWR UV1600PC). 

The absorbance of the DMSO sample was background subtracted from all values and plots were 

generated in Graphpad Prism 8. Linear regression was fitted to each data set such that the slopes 

correspond to the extinction coefficient. 

Cloning of DNA constructs. Top10 cells were used for all cloning. FRB-CFP-6xHis and FKBP-

YFP-6xHis were generated using Gibson assembly. The FRB fragment (template: mCherry-
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NLSx3-FRB, primers: P1/P2), the CFP fragment (template: CFP-FRBx5-His, primers P3/P4), the 

FKBP fragment (template: GFP-FKBP, primers P5/P6), and the YFP fragment (template: YFP-

FKBPx5-His, primers P7/P8) were PCR amplified using DreamTaq Green. PCR products were 

electrophoresed on a 0.8% agarose gel and gel extracted following the manufacturer’s protocol. 

CFP-FRBx5-His was linearized with NcoI and NotI (from NEB) to generate the backbone 

fragment. Equimolar amounts of backbone, FRB, and CFP were used to generate FRB-CFP-6xHis, 

while equimolar amounts of backbone, FKBP, and YFP were used to generate FKBP-YFP-6xHis 

by Gibson assembly.99 Both constructs were confirmed by Sanger sequencing performed by 

Genewiz using their “T7” forward and “T7 term” reverse sequencing primers. 

To generate the ddFKBP-mCherry-HA construct, an HA-tag was added to mCherry 

through PCR amplification using primers P9 and P10 using mCherry-actin as the template. 

pPTuner IRES2 (Clontech #632168) was linearized with EcoRI and BamHI. The mCherry-HA 

fragment was ligated into the backbone using T4 DNA ligase. The construct was verified by Sanger 

sequencing at Genewiz using their “CMV-forward” sequencing primer. Plasmid maps are included 

in Appendix A. 

Table 5-3 Primer sequences for cloning constructs used with caged rapamycin 53 

Restriction sites are indicated in bold. 

Primer Sequence (5’ → 3’) 

P1 gtttaactttaagaaggagatataccatgggcatcctctggcatgagatgtgg 

P2 ttgctcaccataccaccagcactagtctttgagattcgtcggaac 

P3 tctcaaagactagtgctggtggtatggtgagcaagggcgagga 

P4 gtggtggtggtggtgctcgagtgcggccgccttgtacagctcgtccatgccg 

P5 ttgtttaactttaagaaggagatataccatgggagtgcaggtggaaaccatctcc 

P6 cactgccataccaccagcactttccagttttagaagctccacatcg 

P7 aactggaaagtgctggtggtatggcagtgagcaagggcga 

P8 gtggtggtgctcgagtgcggccgccttgtacagctcgtccatgccgag 

P9 gtatgaattctatggtgagcaagggcgagga 

P10 atatggatcctcaagcgtaatctggaacatcgtatgggtacttgtacagctcgtccatgc 
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HPLC analysis of decaging. A 100 µM solution of 53 was prepared using a 5 mM stock solution 

(10 µL of stock diluted into 490 µL of methanol) in a ½ dram clear glass vial. A 40 µL pre-

irradiation sample was transferred to an HPLC sample vial. The remainder of the solution was split 

into 120 µL aliquots in three separate ½ dram clear glass vials (one for each irradiation 

wavelength). The vials were irradiated from the bottom with the LED source touching the glass 

surface. Handheld LEDs (405, 415, and 450 nm) operated at 700 mA output were used in 

increments of 5 minutes to provide 5- and 10-minute irradiation samples (40 µL was removed and 

transferred to an HPLC vial at each time point). A 100 µM solution of rapamycin was prepared in 

the same manner to use as a control for retention time and expected product peak area following 

irradiation. A Shimadzu HPLC equipped with an analytical scale column (Agilent, Zorbax SB-

C18, 3.5 µm, 4.6 x 100 mm) was used for analysis. Solvent A was milliQ water and Solvent B was 

HPLC-grade acetonitrile. A 50-minute gradient method with a 1.0 mL/minute flow rate was 

developed and percentages listed are for Solvent B (0 minutes – 35%, 15 minutes – 95%, 40 

minutes – 95%, 40.083 minutes – 35%, 50 minutes – 35%). An autosampler was utilized for 

injections and 25 µL of sample was injected per analysis. The UV detector was set to 280 nm 

(absorbance maxima for rapamycin). The raw data was extracted from the LabSolutions software 

(Shimadzu) and plotted in GraphPad Prism 8.   

Gel shift analysis of ternary complex formation. Bacterially expressed FKBP-YFP-6xHis and 

FRB-CFP-6xHis (see section below for expression) were diluted to 10 µM in assay buffer (20 mM 

Tris-HCl pH 7.4, 100 mM NaCl, 10% glycerol). Compound stocks (5 mM) were diluted in water 

to 10X (1 mM – 0.01 mM) of the desired final concentrations (100 µM – 1 µM), with the exception 

being that the 1 mM stock was prepared in DMSO. A master mix of the two proteins was prepared 

by mixing 300 µL of FKBP-YFP-6xHis with 300 µL of FRB-CFP-6xHis, then 18 µL were 



 228 

transferred to PCR tubes. The desired compound (2 µL of a 10X stock) was added to the proteins 

to yield ~5 µM of each protein partner with 1X compound. These samples were incubated at room 

temperature in the dark for two hours. Afterwards, 8 µL of 4X Laemmli buffer without reducing 

agent or SDS (see 8.3.9, Native) was added to each sample. Native-PAGE gels (10%, 1.5 mm 

thick, 10-well comb) were prepared. The entire 28 µL of sample was loaded, and the gels were 

electrophoresed at 60 V for 20 minutes, followed by 150 V for 70 minutes on ice. Gels were 

Coomassie stained and imaged on a ChemiDoc Imager. 

Bacterial expression of FKBP-YFP-6xHis and FRB-CFP-6xHis.  BL21 (DE3) were 

transformed with either FKBP-YFP-6xHis or FRB-CFP-6xHis and grown on LB agar 

supplemented with kanamycin (50 µg/mL). Starter expression cultures in LB/kanamycin were 

prepared and incubated with shaking (250 rpm) overnight at 37 ºC. Expression cultures (100 mL 

for each) were prepared by diluting 1 mL of the saturated starter culture in 100 mL of 

LB/kanamycin and cells were incubated with shaking (250 rpm) at 37 ºC until OD600 reached 0.5. 

Protein expression was induced by the addition of 10 µL of 1M IPTG (for a final concentration of 

0.1 mM of IPTG) and flasks were shaken at 250 rpm overnight at room temperature. After 18 

hours, cells were collected into 50 mL conical tubes (2 tubes per expression) and pelleted at 4000 

g for 10 minutes at 4 ºC. Cell pellets were resuspended in 10 mL of PBS (pH 7.4) supplemented 

with 1X protease inhibitor (Sigma P8849) via vortexing and kept on ice, then the two identical 

samples were pooled (20 mL per sample). Cell lysis was performed using an EmulsiFlex C3 

Homogenizer (Avestin) in a cold room. Cells were passed through without pressure for 5 minutes, 

then cycled through with pressure (~20,000 psi) for 15 minutes. Cellular debris was pelleted at 

21,000 g for 15 minutes at 4 ºC, and the soluble protein fraction was transferred to a fresh tube and 

kept on ice. Ni-NTA resin (400 µL; G-Biosciences) was added to each sample and incubated with 
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rocking for 90 minutes in a cold room. The immobilized protein on the resin was pelleted at 800 g 

for 5 minutes, then the supernatant was discarded. The resin was washed thrice with wash buffer 

(PBS containing 75 mM imidazole). The proteins were eluted in four fractions with PBS plus 250 

mM imidazole. Protein purity was assessed using a 10% SDS-PAGE gel, followed by Coomassie 

staining. After confirming purity, the elution fractions were combined and buffer exchanged in 

storage and assay buffer (20 mM Tris-HCl pH 7.4, 100 mM NaCl, 10% glycerol) using centrifuge 

filters (Amicon Ultra, 10 kDa cutoff). Protein concentrations were determined using a BSA 

standard curve from densitometry analysis of a Coomassie stained protein gel.  

Split luciferase reporter. HEK293T cells were plated at 200,000 cells/well in a 6-well clear 

bottom plate (Greiner) and grown at 37 ºC/5% CO2. At ~80% confluence, cells were co-transfected 

with CLuc-FKBP and FRB-NLuc (1000 ng each, 2000 ng total) using Lipofectamine 2000. 

Lipofectamine 2000 (10 µL) was diluted into OptiMEM (500 µL) and incubated at room 

temperature for five minutes. In a separate tube, plasmid DNA (4000 ng, for two wells) was diluted 

into 500 µL of OptiMEM. After the incubation, the Lipofectamine/OptiMEM solution was added 

to the DNA/OptiMEM solution (~1000 µL total) and mixed gently by flicking the tube, then the 

transfection mixture was incubated for 20 minutes at room temperature. During this time, the 

media was replaced with 2 mL of DMEM (+ 10% FBS, – antibiotics), then the transfection mix 

(500 µL/well) was added and incubated overnight. Two wells were transfected identically in order 

to obtain enough cells for a single assay. After ~18 hours of transfection, the transfection media 

was removed, the cells were lifted with TrypLe (500 µL/well) and transferred to a 15 mL conical 

tube, then TrypLe was inactivated by the addition of 9 mL of DMEM (+ 10% FBS, – antibiotics). 

Cells were pelleted at 1,000 g for 10 minutes at room temperature. The media was removed, and 

the cell pellet was resuspended in 1 mL of LCIS. Cells were counted using a hemocytometer in 
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the presence of Trypan Blue to avoid counting dead cells (combination of two wells typically 

yielded 1.5 – 1.8 million cells). Subsequently, cells were plated in a white, clear bottom 96-well 

plate at 10,000 cells per well in 90 µL of LCIS.  

To prepare the compound solutions, 5 mM stocks of 21 or 53 in DMSO were first diluted 

to 1 mM in DMSO, then a 0.1 mM solution was prepared by dilution of the 1 mM solution into 

water. For a final concentration of 50 nM, a 10X sample (500 nM) was prepared by diluting 4 µL 

of the 0.1 mM solution into 796 µL of LCIS. To each well of the 96-well plate containing cells 

expressing the reporter, 10 µL of compound (either 21, 53, or DMSO) was added in triplicate and 

the plate was placed in the incubator for one hour. A subset of wells was photoactivated using 

either a 405 or 415 nm LED (set to 300 mA) by holding the LED directly above the well and using 

a foil mask to prevent undesired irradiation of neighboring wells. Irradiation times of 15, 30, 45, 

60, or 90 seconds were utilized. After irradiation, the plate was incubated for an additional four 

hours at 37 ºC/5% CO2. Afterwards, 90 µL of BrightGlo reagent was added to each well and 

incubated for two minutes, then luminescence was measured on a Tecan M1000 plate reader using 

an integration time of 200 msec. Raw luminescence values were normalized such that DMSO 

equaled 1. Average fold-change values with error bars representing standard deviation are 

reported.  

Determination of optimal parameters for degron FKBP reporter. HEK293T cells were plated 

at 200,000 cells/well in a 6-well plate. At ~80% confluence, cells were transfected with 1600 ng 

of ddFKBP-mCherry-HA-IRES-acGFP in 200 µL of OptiMEM using 20 µL of LPEI (0.323 

mg/mL). All six wells were transfected identically. The transfection mix was added to wells 

containing 2 mL of DMEM (+ 10% FBS, – antibiotics) and incubated for ~18 hours. Afterwards, 

the transfection media was removed and replaced with media containing various concentrations of 
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compound. A 0.5 µM solution of 54 was prepared by diluting 1.5 µL of a 0.5 mM stock (in ethanol) 

into 1.5 mL of DMEM (+10% FBS, – antibiotics, – phenol red). Rapamycin solutions were 

prepared at 1, 5, 10, and 25 µM in DMEM (+10% FBS, – antibiotics, – phenol red) using 100X 

stock solutions prepared in water (100 – 2500 µM) by diluting 15 µL into 1.485 mL. The entire 

1500 µL of compound solutions was transferred to the appropriate well, including a DMSO control 

prepared in the same manner. The plate was maintained at 37 ºC/5% CO2 for the course of the 

experiment, except every few hours when the plate was removed for imaging at ambient 

temperature. Images were acquired on a Zeiss microscope using a 5X N-Achroplan (0.13 NA) 

objective equipped with an AxioCam MRm camera with mCherry and EGFP filter sets (Zeiss 

43HE and 38HE, respectively).  

Degron FKBP reporter with 53. HEK293T cells were plated at 50,000 cells/well in a black 96-

well poly-D-lysine treated plate. At ~80% confluence, cells were transfected with 200 ng of 

ddFKBP-mCherry-HA-IRES-acGFP in 20 µL of OptiMEM using 2 µL of LPEI (0.5 mg/mL). The 

transfection mix was added to wells containing 100 µL of DMEM (+ 10% FBS, – antibiotics) and 

incubated for ~18 hours. Afterwards, the transfection media was removed and replaced with media 

containing 5 µM of compound (either 21, 53, or DMSO). Compound solutions were prepared by 

diluting 5 µL of a 1 mM stock solution into 995 µL of DMEM (+ 10% FBS, – antibiotics, – phenol-

red) to prepare a 5 µM solution. One hundred microliters of compound in media was added to each 

well. One hour after the addition of compound, a subset of wells was irradiated for 1, 2, or 5 

minutes using the 415 nm LED in conjunction with the foil mask (as described above). The plate 

was incubated for an additional 24 hours to allow for stabilization of the reporter. Cells were 

imaged at ambient temperature with an Axio Observer Z1 microscope using a 10X Plan 

Apochromat objective equipped with an AxioCam MRm camera with mCherry and EGFP filter 
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sets (Zeiss 43HE and 38HE, respectively). Integrated density (mean fluorescence × area of region) 

from three different wells per condition was quantified using FIJI. Averages with error bars 

representing the standard deviation are provided. 

Nuclear translocation reporter. HEK293T cells were plated at 50,000 cells/well in a black 96-

well poly-D-lysine treated plate. At 80% confluence, cells were co-transfected with 33 ng of GFP-

FKBP and 66 ng of mCherry-NLSx3-FRB in 20 µL of OptiMEM using 2 µL of LPEI (0.5 mg/mL). 

The transfection mix was added to wells containing 100 µL of DMEM (+ 10% FBS, – antibiotics) 

and incubated for ~18 hours. The transfection media was removed and replaced with 90 µL of 

LCIS. Compound stocks (10 µM) were prepared by diluting 5 µL of a 1 mM stock into 495 µL of 

LCIS. A solution of 53 (10 µL) was added to the desired wells and incubated in the dark for 30 

minutes to check for any background dimerization activity. The plate was carefully removed from 

the stage, irradiated from below with the LED bulb touching the surface of the plate for 2 minutes, 

then immediately returned to the stage for continued imaging. Rapamycin (21) was added to a 

separate set of wells for use as a control immediately after irradiation of 53-containing wells. 

Images were acquired every 30 minutes until 2 hours post-addition of light (or rapamycin). 

Circular ROIs were selected in the nucleus and cytoplasm of the GFP channel and mean 

fluorescence intensity was measured using FIJI in order to calculate the nuclear/cytoplasmic (N/C) 

ratio. Five cells were quantified per condition. Average N/C ratios are provided with error bars 

representing standard error of the mean. 

Inhibition of endogenous mTOR signaling in cells. Hela cells were plated in a clear, 24-well 

plate and maintained at 5% CO2/37 ºC until cells reached 90% confluency (usually 24 – 48 hours). 

Rapamycin and 53 solutions were prepared at 200X in DMSO (1 µM and 2 µM) from a 5 mM 

DMSO stock. Working solutions were prepared by diluting 2.5 µL into 498 µL of LCIS, and 250 
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µL was used per well (treatment performed in duplicate for ± irradiation). A 405 nm LED (set to 

700 mA) was positioned directly above the well, with the heat sink barely touching the plate and 

a 15 second irradiation was performed for each of the samples. The plate was placed in the 

incubator for one hour. Lysis buffer was prepared as follows: 500 µL of RIPA + 5 µL of 100X 

Halt Protease Inhibitor Cocktail + 10.5 µL of 50X phosphatase inhibitors (100 mM each of sodium 

fluoride and sodium orthovanadate). The plate was placed on ice, the compound solutions were 

removed, cells were carefully washed once with cold PBS, followed by addition of 40 µL of lysis 

buffer. The plate still on ice was placed on an orbital shaker at 250 rpm for 15 minutes for cell 

lysis. The lysate was collected into 1.7 mL tubes, 17 µL of 4X loading dye was added, and samples 

were boiled for 10 minutes at 95 ºC. Lysate was stored at –80 ºC. Western blot analysis was 

performed using 12 µL of lysate per sample, as described previously for gel electrophoresis and 

transfer. Membranes were blocked for 1 hour with 5% milk in TBST, then washed thrice with 

TBST for 5 minutes each time. Phospho-S6 antibody was used at 1:1,000 dilution (2 µL in 2 mL 

of 5% BSA in TBST) and GAPDH was used at 1:5,000 (1 µL in 5 mL of 5% milk in TBST). 

Membranes were incubated overnight in a cold room with rocking. Primary antibody solutions 

were discarded, the membranes were washed thrice with TBST for 5 minutes each time, followed 

by incubation with secondary goat anti-rabbit at 1:10,000 in TBST for one hour at room 

temperature with rocking. The antibody was discarded, the membrane was again washed thrice as 

before, and a chemiluminescent substrate was added. 

Western blot analysis of zebrafish lysates. All zebrafish manipulations (treatment, imaging, and 

lysis) were performed by Kristie Darrah in accordance with IACUC regulations. A detergent 

compatible Bradford assay (Pierce – 23246) was performed using 2.5 µL of lysate diluted with 2.5 

µL of T-PER (Thermo Scientific – 78510) and 150 µL of Bradford reagent (5 µL of eight different 
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BSA concentrations was used for generating a standard curve), followed by a 10 minute incubation 

with 50 rpm orbital shaking at room temperature. Absorbance measurements were acquired on a 

Tecan M1000 at 595 nm. Following background subtraction of a buffer only sample, 

concentrations were determined using the standard curve. The volume necessary for 20 and 15 µg 

was determined by dividing by the concentration. Western blot analysis was performed as 

described above, except the appropriate volume of lysate was loaded per lane to obtain 20 µg and 

15 µg (used for phospho-S6 and GAPDH, respectively). The remainder of the process was repeated 

identically to the above section. 
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6.0 Optical Deactivation of Rapamycin-Induced Protein Dimerization 

While we have demonstrated the ability to use light to turn-on dimerization using 

rapamycin analogs, we hypothesized we could develop an analog to enable turn-off behavior. In 

Nature, biological processes undergo rapid association and dissociation as a means of regulating 

signaling pathways and other cellular responses, thus we envisioned the ability to break open or 

disassemble the ternary complex would be beneficial to the field.10 The use of light to inactivate 

biological processes (via CALI) is well-established and has been introduced in detail in Chapter 

3. Initially, we hypothesized that attachment of a small molecule ROS generator to rapamycin 

would lead to one of two outcomes following light-induced oxidation: (1) oxidation/degradation 

of rapamycin and the two FKBP/FRB fusion proteins, or (2) oxidation/inactivation of rapamycin 

alone such that the intact FKBP/FRB fusions could undergo an additional dimerization event upon 

addition of more compound (Figure 6-1). 

 

Figure 6-1 Schematic representation of ROS-induced ternary complex disruption 

Rapamycin was modified with a ROS generator (indicated with a lightning bolt). After addition of compound, 

dimerization is achieved. Upon irradiation, singlet oxygen is generated which we propose can result in one of two 

pathways shown in the figure: 1) complete degradation of the entire complex, or 2) degradation of ROS-rap to yield 

free FKBP and FRB which could then be re-dimerized upon a second addition of compound. 
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6.1 Development and Application of Optically-Deactivated Rapamycin Analog 

While there are several small molecule-based ROS generators reported in the literature, we 

initially chose the iodinated-BODIPY chromophore due to its red-shifted (>500 nm) activation 

wavelength and high quantum yield. Trevor Horst synthesized the BODIPY-modified rapamycin 

55 (Figure 6-2a) and validated this analog generated ROS using a small molecule reporter (data 

not shown). BODIPY-rapamycin 55 was initially tested in the split luciferase assay to demonstrate 

ternary complex formation before trying to test its degradation ability. Briefly, HEK293T cells 

were doubly transfected with CLuc-FKBP and FRB-NLuc in a 1:1 plasmid ratio and treated with 

increasing concentrations of 55 (Figure 6-2b). After a two-hour incubation with compound, a 

BrightGlo assay was performed and raw luminescence values were normalized to DMSO. 

Unfortunately, 55 functioned very inefficiently as a dimerizer. Even with 10 and 25 µM of 55, 

only a ~1/3 activation was observed compared to the 1 µM of rapamycin control. Higher 

concentrations (up to 50 µM) were also tested with no improvement in dimerization. Being 

concerned that the split luciferase assay wasn’t providing the full picture, we also tested 55 in the 

nuclear translocation assay but observed the same lack of dimerization ability (not shown).  

 

Figure 6-2 Structure of BODIPY-rapamycin 55 and testing in split luciferase reporter 

a) Structure BODIPY-rapamycin 55 which was synthesized by Trevor Horst. b) BODIPY-rapamycin 55 was initially 

tested in the split luciferase assay using a 1:1 FKBP:FRB ratio to check for dimerization activity prior to performing 
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ROS generation experiments. Unfortunately, even at moderate micromolar concentrations (due to poor solubility, 

higher concentrations were not possible), no dimerization is detected. 

We hypothesized that the BODIPY group is too sterically demanding to allow for efficient 

dimerization in the current design and decided to introduce a PEG-3 linker between the BODIPY 

group and rapamycin in order to generate a longer, more flexible linker that would hopefully be 

more efficient at dimerization. Trevor Horst synthesized a PEG-BODIPY-rapamycin 57 using a 

click reaction with 56 and an alkynyl-modified iodinated-BODIPY (Figure 6-3). 

 

Figure 6-3 Structures of 56 and PEG-BODIPY-rapamycin 57  

Trevor Horst synthesized 57 using 56 and an alkynyl-modified iodinated-BODIPY. 

In order to determine if 57 was capable of generating ROS, the singlet oxygen sensor, 4 

was used (Figure 6-4a).469 A solution of 4 with and without 57 (10:1 4:57) was irradiated for 0, 

10, 30, or 60 seconds using a 530 nm LED. With increasing irradiation times, a concomitant 

decrease in fluorescence was observed in samples containing 57, thus demonstrating that 57 does 

generate ROS (Figure 6-4b). 
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Figure 6-4 Testing of 57 with the singlet oxygen sensor 4 

a) The fluorescent sensor, 4, reacts with singlet oxygen to generate an unstable peroxide intermediate that rapidly 

decomposes into a non-fluorescent product. b) Sensor 4 was utilized to measure the singlet oxygen generation 

capabilities of 57. The sensor was kept in 10-fold excess of 57 such that 100 µM of 4 and 10 µM of 57 was used. 

Irradiation of the sensor alone with increasing amounts of 530 nm light showed minimal change in fluorescence; 

however, upon increasing irradiation of the sample containing 57 and the sensor, a significant decrease in fluorescence 

was observed, thus demonstrating that 57 generates reactive oxygen species. 

Prior to testing in a biological setting, we first characterized the stability of 57 in 

physiological buffers. The stability of 57 was tested in phosphate buffered saline at pH 7.4 (Figure 

6-5a) or 10% fetal bovine serum (FBS) in phosphate buffered saline at pH 7.4 (Figure 6-5b) over 

an 8-hour period at 37 °C to closely mimic physiological conditions. Monitoring the peak area by 

HPLC, we found 57 to be completely stable over this time period in both scenarios, suggesting 

this compound should be stable in cells over the time frame required for inactivation experiments. 
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Figure 6-5 HPLC analysis of 57 stability in physiological buffers 

Compound 57 was diluted in phosphate buffered saline at 20 µM in the absence (a) and presence (b) of 10% fetal 

bovine serum (FBS) and maintained at 37 °C for 8 hours. Each hour, an aliquot of this solution was analyzed by 

HPLC. The integration of each peak was normalized to the initial reading and plotted over time (subset). Compound 

57 is stable with and without FBS over 8 hours. Experiment was performed by Chasity Hankinson. 

Next, we validated that 57 functions to dimerize FKBP and FRB in vitro. Ternary complex 

formation was assessed through a gel shift assay using bacterially expressed FKBP and FRB fusion 

proteins (as discussed previously in Section 5.5). Purified FKBP-YFP-His and FRB-CFP-His were 

incubated with rapamycin (21) or 57 (with increasing concentrations) for two hours to allow for 

ternary complex formation. The samples were resolved by Native-PAGE and Coomassie stained 

to monitor for the appearance of a higher molecular weight band for the ternary complex. Ternary 

complex formation is achieved using 57; unfortunately, it does not have as high of an affinity as 

the rapamycin (21) control (Figure 6-6a,b). We predicted that the BODIPY group was functioning 

to decrease the affinity, even with the introduction of a longer linker, thus we also tested 56 in the 

same assay and found that it functions as efficiently as rapamycin (Figure 6-6c). Based on these 

results, it appears the BODIPY chromophore is primarily responsible for the significant decrease 

in ternary complex formation efficiency. Although 57 is a less efficient dimerizer than 21, we 

proceeded with further cell-based experiments to explore its ability to induce ROS-mediated 

oxidation and/or degradation of FKBP/FRB fusions. 
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Figure 6-6 Gel shift assays using 21, 56, and 57 

Recombinant FKBP-YFP-His and FRB-CFP-His were used in a 1:1 ratio at 5 µM each for in vitro gel shift assays. 

Solutions of FKBP/FRB were incubated with rapamycin [21] (A), 57 (B), or 56 (C) at the specified concentrations for 

two hours, then analyzed via Native-PAGE to assess for dimerization which is apparent through a gel shift to a higher 

molecular weight. Compound 57 does result in a gel shift; however, a ~10-fold higher concentration than rapamycin 

is needed to obtain a similar shift. Compound 56 functions as efficiently as rapamycin, thus suggesting that the 

BODIPY-chromophore is the main contributor for the decreased affinity of 57. 

A split luciferase reporter (described in Figure 5-23a) was used to test dimerization of 

FKBP and FRB in response to 57 in HEK293T cells. Chasity Hankinson performed preliminary 

experiments to determine the optimal concentration of 21 and 57 in this assay, then used those 

concentrations (100 nM – 21, 10 µM – 57) to demonstrate optical inactivation of luciferase activity 

upon increasing irradiation with a 530 nm LED (Figure 6-7b). A significant reduction in enzymatic 

activity was observed upon a 90 second irradiation with 57-treated samples, while an irradiated 

rapamycin control showed no decrease, suggesting that this reduction was a result of light-induced 

oxidation.  
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Figure 6-7 Application of 57 in a split luciferase reporter 

a) Rapamycin analog 57 was validated as a functional dimerizer in cells by testing a range of concentrations in the 

split luciferase reporter. We found that 100 nM of 21 and 10 µM of 15 elicited optimal activity, and as such, were 

used in the subsequent experiment. b) Cells were treated with the optimal concentration of each compound and 

irradiated with 530 nm light for various amounts of time. A decrease in luminescence was observed with increasing 

irradiation times for 57-treated cells, while no light-induced effect was seen in the 21-treated control. Average signal 

intensity is plotted with error bars representing standard deviation. Experiment was performed by Chasity Hankinson. 

After demonstrating we could control a split enzyme, we wanted to further showcase the 

utility in a translocation-based assay. We utilized the membrane reporter consisting of Lyn11-

FKBPx2-CFP and YFP-FRB (introduced in Figure 5-16a) to visualize dimerization of FKBP and 

FRB through monitoring co-localization of CFP and YFP at the plasma membrane.439 When cells 

expressing the reporter were treated with 21 or 57, YFP-FRB translocated to the membrane as a 

result of ternary complex formation as observed in epifluorescence imaging (Figure 6-8). 

Treatment with 20 µM of 21 or 57 resulted in the most efficient translocation to the membrane 

within a reasonable time frame, so this concentration was used in all subsequent translocation 

assays. 
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Figure 6-8 Validation of the dimerization efficiency of 57 in the membrane translocation reporter 

HEK293T cells expressing both YFP-FRB and Lyn11-FKBPx2-CFP in a 1:1 ratio were treated with either 21 or 57 at 

both 5 and 20 µM concentrations. Epifluorescent images were acquired over the course of two hours to monitor for 

membrane translocation and the YFP images are provided here pseudocolored in green. Treatment with 20 µM of 57 

resulted in the most rapid membrane accumulation, thus this concentration was utilized in subsequent experiments. 

Scale bar = 10 µM. 

Next, light-inactivation experiments with 57 in the membrane reporter were performed by 

Chasity Hankinson. Briefly, HEK293T cells expressing the reporter were treated with 20 µM of 

21 or 57, followed by a 2-hour incubation period to allow for ternary complex formation and two 

1-hour washes to remove any excess, unbound dimerizer. Irradiations were performed using a 

DsRed filter (550/25 nm) on the microscope and images were acquired for two hours. 

Quantification of mean fluorescence intensity over time revealed a ~30% decrease in the irradiated, 

57-treated sample, but no change in any of the controls (Figure 6-9). This experiment validates 

that both compound treatment with 57 and irradiation with 530 nm light are necessary for 

deactivation of the ternary complex to occur.  
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Figure 6-9 Light-induced deactivation of fluorescent membrane reporter proteins using 57 

HEK293T cells expressing the membrane reporter in a 3:1 FKBP:FRB ratio were treated with either 21 or 57 at 20 

µM concentrations for two hours, followed by two one-hour washes, and then irradiated with a DsRed filter to monitor 

for disappearance of fluorescence. Quantification of the mean CFP signal intensity over times shows a reduction of 

fluorescence upon a 90 second irradiation of 57-treated cells, while all other conditions showed no decrease in 

fluorescent signal. Average signal intensity is plotted with error bars representing standard deviation. Data was 

collected and analyzed by Chasity Hankinson. 

To further investigate the effects of 57 using the membrane reporter, protein levels were 

analyzed via western blot. HEK293T cells expressing the membrane reporter system were treated 

with 20 µM of 21 or 57, followed by a 2-hour incubation period and two 1-hour washes. Cells 

were irradiated using a 530 nm LED and incubated for an additional 2 hours. Following cell lysis 

and protein denaturation, western blot analysis was performed. To visualize the levels of Lyn11-

FKBPx2-CFP and YFP-FRB, a GFP antibody was utilized, and to monitor two housekeeping 

proteins, GAPDH and nucleolin, their corresponding antibodies were employed. Both Lyn11-

FKBPx2-CFP and YFP-FRB signals decrease in response to increasing irradiation time when 

treated with 57, but not rapamycin. This data suggests 57 is selectively deactivating the proteins 

of interest (Figure 6-10a).  

To further validate the results of decreased fluorescence observed in the micrographs, a 

similar experiment as just described was performed; however, the samples were not boiled in order 

to avoid denaturing the fluorescent proteins. The samples were analyzed by SDS-PAGE and 

imaged using a ChemiDoc equipped with a GFP filter (560/50 nm) to visualize in-gel fluorescence. 
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For both Lyn11-FKBPx2-CFP and FRB-YFP the same trend applies in which an increase in 

irradiation time corresponds to a decrease in protein signal (Figure 6-10b). 

 

Figure 6-10 Western blot analysis of light-induced oxidation using 57 in a membrane reporter 

a) HEK293T cells expressing the membrane reporter in 3:1 ratio were treated with 20 µM of 21 or 57 for two hours, 

followed by two one-hour washes prior to irradiating with 530 nm light. Western blot analysis using anti-GFP, anti-

GAPDH, and anti-Nucleolin antibodies was performed. A decrease in signal is observed with 57, but not the 

rapamycin treatment. b) Prior to denaturing samples for western blot, an aliquot of native proteins was collected and 

used to analyze in-gel fluorescence. As above, a decrease in signal is observed with 57, but not the rapamycin 

treatment. Data in Panel b was generated by Chasity Hankinson. 

Next, we wanted to elucidate the mechanism through which deactivation and/or 

degradation was occurring. We hypothesized that the oxidized and inactive proteins might be 

shuttled to the proteasome to result in degradation, thus explaining the decrease in signal we 

observe by blotting. To investigate this, two known proteasome inhibitors MG132470 and 

epoxomicin471 were employed. If protein degradation was occurring via an active proteasome, no 

decrease in signal would be observed in the presence of an inhibitor. HEK293T cells expressing 

the membrane reporter were treated with 20 µM of 57 for two hours, then washed twice for one 

hour each time (with and without 10 µM of inhibitor), then irradiated as described previously. The 

same sample preparation was followed, and protein levels were detected via western blot. When 

treated with either MG132 or epoxomicin, a decrease in signal is still observed for the proteins of 
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interest (Figure 6-11), thus suggesting that an active proteasome is not required for the decreased 

signal we observed. 

 

Figure 6-11 Western blot analysis of 57 in the membrane reporter with a proteasome inhibitor 

Proteasome inhibitors MG132 and epoxomicin were used in the membrane reporter assay to test if an active 

proteasome was required for the observed loss of signal. A decrease in both Lyn11-FKBPx2-CFP and YFP-FRB were 

still observed in the presence of inhibitor, thus suggesting that an active proteasome is not required. 

We hypothesized that the proteins are simply being rendered inactive through oxidation, 

but not to an extent as to trigger rapid degradation, and therefore are not recognized efficiently by 

the antibodies. Since oxidation could be occurring via singlet oxygen generation or by superoxide 

radical formation, we tested whether protein levels would be retained in the presence of different 

ROS scavengers. Sodium azide and sodium pyruvate act as quenchers of singlet oxygen472 and 

hydrogen peroxide,473 respectively. HEK293T cells expressing the membrane reporter were 

treated with 20 µM of 57 for two hours, followed by two 1-hour washes (with and without 10 mM 

of scavenger), followed by irradiation. Western blot analysis was performed as before. When 

treated with 57 in the presence of sodium azide, no decrease in GFP or nucleolin signal was 

observed (Figure 6-12). This validates that singlet oxygen is required for the observed protein 

oxidation. Sodium pyruvate does not appear to block degradation as efficiently as sodium azide. 

GFP

nucleolin

20 µM 57

+ MG132

0    10    30    60 seconds

Lyn11-FKBPx2-CFP

YFP-FRB

20 µM 57

+ epoxomicin

0    10    30    60

GAPDH

20 µM 57

0    10    30    60



 246 

 

Figure 6-12 Determination of type of ROS being generated upon light-induced oxidation in the membrane reporter 

To validate whether oxidation proceeds through the Type I or II pathways, two different scavengers were employed. 

HEK293T cells expressing the membrane reporter were treated with 57 in the presence and absence of NaN3 or sodium 

pyruvate. Following irradiation with 530 nm light to induce oxidation, western blot analysis was performed. Sodium 

azide functions to block loss of signal, while sodium pyruvate has less of an effect, thus supporting that 57-induced 

signal loss requires the generation of singlet oxygen. 

An XTT cell viability assay was performed to ensure the generation of ROS has no effect 

on overall cell health. This assay showed 57 has no effect on cell viability up to 72 hours. Non-

transfected HEK293T cells and HEK293T cells expressing the membrane reporter were treated 

with 20 µM of 21 or 57, followed by a 2-hour incubation period and two 1-hour washes. Cells 

were irradiated using a 530 nm LED, followed by a 72-hour incubation period, then an XTT assay 

was performed (Figure 6-13). Absorbance values were normalized such that non-irradiated 57-

treated cells were equal to 100%. No decrease in normalized absorbance is observed in cells treated 

with 57 even upon irradiation and oxidation. A decrease in rapamycin cell viability was observed 

for non-transfected cells, but no effect due to the LED was seen. This is consistent with literature 

reports of rapamycin-induced cell toxicity in a variety of different cell lines upon prolonged 

treatment.474-476 
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Figure 6-13 XTT cell viability assay with 57 in non-transfected and membrane reporter transfected cells 

Non-transfected (a) or membrane reporter transfected (b) HEK293T cells were incubated with 20 µM of 21 or 57 for 

two hours, then washed twice for one hour each time, and irradiated for the indicated time. Cells were maintained in 

the incubator for an additional 72 hours prior to cell viability testing with an XTT assay. No apparent toxicity was 

observed for the irradiated 57-treated samples. Average signal intensity is plotted with error bars representing standard 

deviation. 

6.2 Summary and Outlook 

In summary, we have developed a BODIPY-modified rapamycin analog 57 capable of 

generating singlet oxygen to oxidize an FKBP-FRB induced protein-protein interaction upon 

irradiation with 530 nm light. While formation of the FKBP-rapamycin-FRB ternary complex has 

proven to be a useful tool for activating split-proteins or inducing protein-protein interactions, this 

has up until this point been an essentially irreversible process. By harnessing the ROS-generating 

capability of the BODIPY chromophore, we demonstrate that oxidation by singlet oxygen can 

inactivate a split luciferase enzyme and a fluorescent membrane reporter in HEK293T cells. 
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6.3 Methods 

Reagent preparation. Stock solutions of 21 and 57 were generated at 2.86 mM (5 mg/mL for the 

BODIPY-PEG-rapamycin) in sterile-filtered DMSO and stored at –20 °C. Unfortunately, due to 

limited solubility, the typical 5 mM stock solution could not be prepared for 57. 

DPBF singlet oxygen assay. DPBF (4, Acros) was prepared at 100 mM in DMSO and aliquots 

were frozen at –20 ºC. A working stock solution (10 mM) was prepared by diluting 10 µL of the 

100 mM solution into 90 µL of DMSO. The “4 only” sample was prepared by combining 15 µL 

of 10 mM DPBF, 60 µL of DMSO, and 1425 µL of 1X PBS (pH 7.4). The “4 + 57” sample was 

prepared by combining 15 µL of 10 mM 4, 5 µL of 2.86 mM 57, 55 µL of DMSO, and 1425 µL 

of 1X PBS (pH 7.4). This preparation yielded 100 µM 4 ±10 µM 57 in a 5% DMSO solution. To 

a black 96-well flat-bottomed plate, 100 µL of each prepared solution was transferred to 12 

separate wells (24 wells total). Wells were irradiated for 0, 10, 30, or 60 seconds in triplicate using 

a 530 nm LED (Mouser Electronics, LUMILEDS LXML-PM01-0100) set at 700 mA. DPBF 

fluorescence was monitored using ex. 417/5 and em. 487/5 nm on a Tecan M1000 plate reader. 

The three independent wells were averaged and values were normalized such that the 0 second 

sample was equal to 100 percent. Error bars represent standard deviation of the three replicates. 

Gel-shift dimerization assay. Bacterial expression of FKBP-YFP-His and FRB-CFP-His were 

performed as described in Section 5.5.1. FKBP-YFP-His and FRB-CFP-His were diluted to 10 

µM in assay buffer (20 mM Tris-HCl pH 7.4, 100 mM NaCl, 10% glycerol). A master mix of 1:1 

FKBP-YFP-His and FRB-CFP-His was prepared by mixing 300 µL of each 10 µM protein sample 

(600 µL total of 5 µM FKBP/FRB) and 18 µL were transferred to 0.2 mL tubes. Compound 

solutions (21, 56 or 57) were prepared at 10X (2.5 mM to 0.01 mM) in water (except 1 and 2.5 

mM were in DMSO) of the desired final concentrations (250 µM to 1 µM) and 2 µL was added to 
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the protein mixture. Samples were incubated for 2 hours at room temperature. After, 8 µL of 4X 

Laemmli buffer without reducing agent (200 mM Tris-HCl pH 6.8, 8% SDS, 40% glycerol, 0.08% 

bromophenol blue) was added to each sample. The entire 28 µL of sample was loaded and resolved 

on 10% native-PAGE gels with a 5% stacking gel on ice for 20 minutes at 60 V followed by 80 

minutes at 150 V. The gel was Coomassie stained and imaged using a BioRad ChemiDoc system. 

Images were processed using the BioRad Image Lab software. 

Split-luciferase reporter assays. HEK293T cells were plated at 200,000 cells per well in a 6-well 

clear bottom plate and grown at 37 °C, 5% CO2 in 2 mL per well of Dulbecco’s modified Eagle’s 

media (DMEM) supplemented with 10% FBS and 1% streptomycin/penicillin. At 80% confluence, 

the media on the cells was replaced with 2 mL of DMEM (+ 10% FBS) in preparation for 

transfection. CLuc-FKBP and FRB-NLuc in a 2:1 ratio (2667 ng FKBP:1333 ng FRB) at 4000 

total ng (2000 ng/well) were diluted into 500 µL of OptiMEM. Lipofectamine 2000 (10 µL) was 

diluted into 500 µL of OptiMEM in a separate tube. These two solutions were incubated at room 

temperature for 5 minutes, the Lipo/OptiMEM solution was mixed into the DNA/OptiMEM 

solution and mixed by inverting. Following a 20 minute room temperature incubation, 500 µL of 

transfection mix was added to each well (two wells were transfected identically). Approximately 

18 hours after transfection, the media was carefully removed, and the cells were lifted with 500 

µL of TrypLe and combined in a 15 mL conical tube. The addition of 9 mL of DMEM inactivated 

TrypLe. Cells were pelleted at 1,000 g for 10 minutes at room temperature. DMEM was removed 

and cells were resuspended in 1 mL of Live Cell Imaging Solution (LCIS). Cells were counted on 

a hemocytometer using Trypan Blue (to avoid counting dead cells). Cells were re-plated at 10,000 

cells per well in a black, clear bottom 96-well plate in 90 µL of LCIS. 
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Membrane translocation reporter – validation of dimerization. HEK293T cells were plated at 

10,000 cells per well in a PDK-treated black, clear bottom 96-well plate and grown at 37 °C, 5% 

CO2 in 100 µL per well of DMEM (+ 10% FBS, + 1% streptomycin/penicillin). At 80 confluency, 

cells were transfected using linear polyethyleneimine (LPEI). The media on the cells was replaced 

with 100 µL of DMEM (+ 10% FBS) in preparation of transfection. A batch transfection mix was 

prepared for 12 wells as to avoid pipetting small volumes of reagents. Lyn11-FKBPx2-CFP and 

YFP-FRB in a 3:1 ratio (1800 ng FKBP:600 ng FRB) at 2400 total ng (200 ng/well) were diluted 

into 240 µL of OptiMEM. LPEI (24 µL of a 0.5 mg/mL stock solution) at 12,000 total ng 

(1000/well) was added and the transfection solution was mixed by inverting, followed by a 20-

minute room temperature incubation. Transfection mix (20 µL) was added to each well (12 wells 

were transfected identically). Approximately 18 hours after transfection, a 10X stock solution of 

each 21 and 57 were made at both 50 µM and 200 µM in DMEM (– phenol red, + 10% FBS). The 

media was carefully removed and replaced with 90 µL of DMEM (– phenol red, + 10% FBS). The 

plate was imaged on a Zeiss Axio Observer Z1 microscope (20X objective, NA 0.8 Plan-

Apochromat) with a GFP (filter set 38 HE; ex. BP 470/40; em. BP 525/50 nm) filter cube, with an 

HBO 100 lamp as a light source. Images were acquired every 15 minutes (from 15 minutes pre-

treatment to 120 minutes post-addition). Cells were treated at 5 µM and 20 µM concentrations of 

each compound by carefully adding 10 µL of the appropriate 10X stock solution to each well. 

Image processing and analysis was performed in FIJI. 

Western blot analysis of light-induced deactivation. HEK293T cells were plated at 100,000 

cells per well in 8 wells of a clear bottom 12-well plate and grown at 37 °C, 5% CO2 in 1 mL per 

well of DMEM (+ 10% FBS, + 1% streptomycin/penicillin) until 80% confluent. Media was 

replaced with 1 mL of DMEM (+ 10% FBS) in preparation for transfection. A batch transfection 
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mix was prepared for each treatment condition (4 wells per condition) as to avoid any variation in 

transfection efficiency. Lyn11-FKBPx2-CFP and YFP-FRB in a 3:1 ratio (3000 ng FKBP:1000 ng 

FRB) at 4000 total ng (1000 ng/well) were diluted into 400 µL of OptiMEM. LPEI (40 µL of a 0.5 

mg/mL stock solution) at 20,000 total ng (5000/well) was added and the transfection solution was 

mixed by inverting, followed by a 20-minute room temperature incubation. Transfection mix (100 

µL) was added to each well. Approximately 18 hours after transfection, 20 µM solutions of 21 and 

57 were made in DMEM (– phenol red, + 10% FBS) to allow for 500 µL of compound solution 

for each well. The media was carefully removed and replaced with 500 µL of the appropriate 

compound solution, followed by a 2-hour incubation period. Media was carefully removed and 

replaced with 1 mL of LCIS for two 1-hour washes to remove any residual unbound compound. 

Cells were irradiated for 0, 10, 30 or 60 seconds using a 530 nm LED (using a foil mask to ensure 

illumination of only the specified well), followed by a 2-hour incubation period in the absence of 

light.  

After this time, the 12-well plate was placed on ice and the cells were lifted and transferred 

to Eppendorf tubes using the 1 mL of media, and cells were pelleted at 10,000 g for 2 minutes at 

4 °C and the supernatant discarded. Cells were resuspended in 100 μL of ice-cold RIPA lysis buffer 

(150 mM NaCl, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris pH 8.0) with 

1X Halt protease inhibitor cocktail and placed on an orbital shaker (still on ice) for 15 minutes to 

completely lyse cells. Cellular debris was pelleted at 15,000 g for 7.5 minutes at 4 °C and 72 µL 

of each supernatant was transferred to a 0.2 mL tube. Samples were mixed with 30 µL of 4X 

Laemmli sample buffer (recipe above + 4% β-mercaptoethanol). At this point, 15 µL of each 

sample was removed for in-gel fluorescence analysis. The remaining samples were then heated at 

95 °C for 10 minutes to denature proteins. Each sample (15 µL) was resolved on a 10% SDS-
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PAGE gel with a 4% stacking gel on ice at 60 V for 20 minutes followed by 150 V for 80 minutes, 

then transferred to a 0.45 µM PVDF membrane at 80 V for 105 minutes in Towbin buffer (25 mM 

Tris-HCl, 192 mM glycine, 20% methanol). Membranes were blocked for 2 hours with 5% milk 

in TBST (0.1% Tween-20 in 1X tris-buffered saline). After this time, one membrane was cut in 

half horizontally at the 70 kDa marker. The top half of the membrane was probed with anti-

nucleolin and the bottom half was probed with anti-GAPDH, while another entire membrane was 

probed with anti-GFP. Anti-GFP was diluted 1:5,000 and anti-GAPDH was diluted 1:5,000 in 5% 

milk in TBST, while anti-nucleolin was diluted 1:2,000 in TBST (6 mL of each were prepared). 

The membranes were incubated with the appropriate primary antibodies overnight with rocking in 

a cold room. The following day, membranes were washed with TBST (3 x 10 mL), then a 

secondary antibody solution (goat anti-rabbit HRP) was prepared using 1:10,000 dilution in TBST 

(10 mL). The secondary antibody solution was applied, and membranes were incubated at room 

temperature for 1 hour with rocking. Membranes were again washed with TBST (3 x 10 mL). 

Membranes were then developed using SuperSignal West Pico PLUS Chemiluminescent Substrate 

for 5 minutes and imaged on a BioRad ChemiDoc system using the Chemi Hi Sensitivity setting. 

Images were processed using the BioRad Image Lab software. 

Cell viability assay. HEK293T cells were plated at 10,000 cells per well in a PDK-treated black, 

clear bottom 96-well plate and grown at 37 °C, 5% CO2 in 100 µL per well of DMEM (+ 10% 

FBS, + 1% streptomycin/penicillin). At 80 confluence, half of the plate of cells was transfected 

using LPEI as detailed previously. The other half of the plate had the media changed and was 

maintained as a non-transfected sample. The next day, cells were treated with 20 µM of 21 or 57 

for two hours, followed by two 1-hour washes. The media was replaced with 100 µL of DMEM 

(–phenol red, + 10% FBS), then a subset of wells was irradiated for 0, 10, 30, or 60 seconds (in 
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both the membrane reporter transfected wells and the non-transfected samples). The plate was 

maintained in the 37 ºC, 5% CO2 incubator for an additional 72 hours. An XTT cell viability assay 

was performed by adding 40 µL of the activated XTT reagent (8 µL of 1.7 mg/mL menadione 

diluted into 1 mL of 1 mg/mL XTT reagent solution) to each well. Absorbance was measured at 

450 nm and 630 nm (background) on a Tecan M1000 plate reader immediately following reagent 

addition. Cells were placed back in the incubator for four hours, then final absorbance 

measurements were taken. The background absorbance was subtracted from each well, then 

absorbance was normalized such that the non-irradiated sample equaled 100% cell viability. 

Averages are reported with standard deviation. 
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7.0 Reversible Optical Switching of Rapamycin-Induced Protein Dimerization 

The material in Section 7.1 was reprinted in its entirety with permission from Courtney, 

T. M.; Horst, T. J.; Hankinson, C. P.; Deiters, A. Org. Biomol. Chem. 2019, 17, 8348–8353. 

7.1 Arylazopyrazole-modified Rapamycin Analogs 

Since most biological processes occur reversibly in a highly-regulated spatiotemporal 

manner (for example, regulation of the MEK/ERK pathway by protein phosphatases),477-478 it 

would be beneficial to develop tools that enable chemical biologists to control cycles of protein 

dimerization/localization with light. To date, truly reversible control of rapamycin-induced 

dimerization has yet to be achieved in mammalian cells. Wandless and Crabtree demonstrated 

reversibility through addition of a large excess of FK506M, which acts by outcompeting 

rapamycin and inducing proteasomal degradation, requiring 9 hours for depletion in mice.441 Lee 

utilized a similar approach of outcompeting with a 50-fold excess of FK506 and observed slightly 

faster loss of dimerization.479 Interestingly, in yeast, formation of rapamycin-induced dimerization 

can be reversed in 20 minutes by removal of rapamycin from the cells by switching to drug-free 

media.443, 480 Taken together, these approaches allow for a single on-then-off cycle of dimerization, 

but at a timescale that is often not amenable for dissecting dynamic biological processes. 

Additionally, several photocaged rapamycin analogs have been developed that allow for off-to-on 

control of dimerization (discussed extensively in sections 5.1.2, 5.4, and 5.5). 
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Therefore, we aimed to develop the first rapamycin analogs that would enable multiple 

cycles of activation and deactivation of ternary complex formation that could be applied to existing 

FKBP/FRB systems. In order to render rapamycin reversibly switchable, we envisioned that 

addition of a diazobenzene or arylazopyrazole (AAP) light-switchable moiety to rapamycin would 

enable reversible control using light. Azobenzenes have been applied to a wide range of biological 

processes including reversible control of transcription factors, protein-protein interactions of -

helices, cell membrane receptors, catabolite-binding proteins, DNA duplex formation, RNA 

aptamers and several others.13, 222, 229, 234, 481-484 However, the arylazopyrazole (discussed 

previously in Section 4.2) is a recently developed photoswitchable group with improved 

photostationary states and slower thermal reversion compared to traditional azobenzenes.237 

Arylazopyrazoles utilize switching wavelengths of trans-to-cis (365 nm) and cis-to-trans (530 nm) 

and we decided to focus on developing arylazopyrazole modified rapamycin analogs. Although 

non-methylated arylazopyrazoles provide longer thermal stability (1000 days with 3,5-H vs 10 

days with 3,5-CH3), we decided to use dimethylated analogs as they display near quantitative 

switching between the two stereoisomers.240 Since prediction of the molecular interactions of the 

cis- vs trans-AAP modified-rapamycin analogs with FKBP/FRB is impossible, we made no initial 

assumptions regarding which isomer, if either, would allow for ternary complex formation. 

We synthesized five AAP-modified rapamycin analogs for subsequent biological testing. 

Both alkyl and aryl substituents were utilized in order to cover a broad steric range from a small 

methyl to a bulky naphthyl group. Modification at the N-1 position was selected due the synthetic 

versatility of using various hydrazines to generate a small panel of analogs. Although the methyl 

groups at positions 3 and 5 could be varied depending on the dione used in the condensation 

reaction, we avoided modifying these positions with bulkier substituents which could adversely 
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affect trans-to-cis switching. The five analogs were synthesized following similar procedures by 

Trevor Horst, a fellow Deiters lab member (Figure 7-1).  

 

Figure 7-1 Five arylazopyrazole-modified rapamycin analogs were synthesized 

A combination of both alkyl and aryl substituents at the N-1 position were synthesized by Trevor Horst. 

The photostationary states and thermal stabilities were determined by 1H-NMR (Table 

7-1). Solutions of the five AAP analogs were prepared in 20% D2O:80% d6-DMSO at 4 mM 

concentration. Unfortunately, due to the poor aqueous solubility of rapamycin, we were unable to 

generate more physiologically-relevant solvent conditions for these photoswitching studies. A UV 

transilluminator (365 nm) was used for irradiations when determining the photostationary state 

(PSS) of the trans-to-cis conversion. A 530 nm LED was utilized for the cis-to-trans isomerization. 

For cis-thermal stability studies, the solutions were irradiated with 365 nm light until the PSS was 

reached, then maintained at 37 ºC and NMR spectra were acquired every 24 hours. This data was 

collected by Trevor Horst and Chasity Hankinson, also a Deiters lab member. 

Table 7-1 Characterization of the PSS at 365 nm and 530 nm irradiation and thermal stability of the AAP-rapamycin 

analogs 

 trans:cis (365 nm) trans:cis (530 nm) cis half-life at 37 ºC 

58 6 : 94 93 : 7 1.3 days 

59 13: 87 91 : 9 1.7 days 

60 16 : 84 92 : 8 2.8 days 

61 11 : 89 98 : 2 1.7 days 

62 10 : 90 94 : 6 3.6 days 
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The AAP-rapamycin analogs were tested in cells using a split luciferase reporter. The split 

luciferase reporter was chosen because activity can easily be quantified with high sensitivity and 

linearity across several orders of magnitude. Additionally, the reporter works well with low 

(nanomolar) concentrations of rapamycin as opposed to translocation reporters which require 

micromolar ligand (data not shown). This reporter utilizes the N-terminus of a split firefly 

luciferase fused to FRB, while the C-terminus is attached to FKBP.378 When co-expressed in 

HEK293T cells, addition of rapamycin generates the FKBP-rapamycin-FRB ternary complex and 

brings the two luciferase halves in close proximity in order to reconstitute the active enzyme 

(Figure 7-2a).  

 

Figure 7-2 A split luciferase reporter was used to test the efficacy of the photoswitchable rapamycin analogs 

a) A schematic of the split luciferase reporter is provided. In the presence of the trans-isomer, minimal ternary complex 

formation is expected; however, upon generation of the cis-isomer and ternary complex formation, an active luciferase 

is formed. In theory, irradiation with 530 nm light should regenerate the inactive, trans-isomer (indicated with a dotted 

arrow). b-c) HEK293T cells expressing the split luciferase reporter were treated with pre-formed cis- or trans-isomers 

at 100 nM (b) or 25 nM (c) for 2.5 hours, then luciferase substrates were added and luminescence was measured. 

Black bars represent the DMSO control and grey bars represent rapamycin. Raw values were normalized to DMSO 

and error bars represent standard deviations from experiments conducted in triplicate. Reproduced from Courtney et. 

al., Org. Biomol. Chem. 2019, 17, 8348-8353. Copyright 2019 The Royal Society of Chemistry. 
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HEK293T cells expressing the split luciferase reporter were treated with pre-formed cis- 

and trans-isomers of the five AAP-analogs, incubated for 2.5 hours, and lysed. Luciferase 

substrates were added and recorded luminescence values were normalized to DMSO (negative 

control) (Figure 7-2b-c). While most the stereoisomers of 59-62 did not show significant 

differential activity, the methyl analog 58 was >2-fold more active as the cis-isomer compared to 

the trans isomer at both 100 nM and 25 nM concentrations. The larger alkyl and aryl modifications 

resulted in a loss of isomer selectivity, and the n-butyl and 1-naphthyl isomers only allowed for 

moderate ternary complex formation for both the cis- and trans-isomers. Overall, cis-58 displayed 

80% and 65% activity compared to unmodified rapamycin at 100 nM and 25 nM, respectively. 

Based on the encouraging results of our preliminary testing with wild-type FKBP, we 

wanted to explore whether FKBP protein engineering would result in further improved 

enhancement of ternary complex formation for one isomer over the other. Based on our previous 

experience with iFKBP,71, 400 we generated the corresponding CLuc-iFKBP expression construct 

to use in the split enzyme reporter. When cells co-expressing the CLuc-iFKBP and FRB-NLuc 

reporter were treated with rapamycin or the pre-formed cis- or trans-58 for 2.5 hours, no 

dimerization was observed for either isomer at concentrations as high as 5 µM (Figure 7-3). iFKBP 

requires higher compound concentration due to the decreased affinity for rapamycin.  

 

Figure 7-3 Split luciferase variant (iFKBP) was used for testing 58 

a) HEK293T cells expressing the split luciferase reporter (with CLuc-iFKBP and FRB-NLuc) were treated with pre-

formed cis- or trans-isomers of 58 at 1 and 5 µM for 2.5 hours, then luciferase substrates were added and luminescence 

was measured. Black bars represent the DMSO control and grey bars represent rapamycin. Raw values were 
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normalized to DMSO and error bars represent standard deviation of three replicates. Reproduced from Courtney et. 

al., Org. Biomol. Chem. 2019, 17, 8348-8353. Copyright 2019 The Royal Society of Chemistry. 

Since no improvement in selectivity was achieved with iFKBP, we looked into alternative 

approaches to modify FKBP. We analyzed the crystal structure of FKBP-rapamycin-FRB (PDB: 

1FAP)363 to find residues that were proximal to the C-40 hydroxyl of rapamycin (the position 

where the AAP-moiety was appended). We selected glutamine 53 to mutate to phenylalanine and 

to tryptophan with two different rationales in mind: (1) increase in steric bulk would reduce the 

background binding of the trans-isomer or (2) introduction of π–π stacking opportunities would 

preferentially stabilize one isomer over the other (Figure 7-4a). Cells co-expressing either CLuc-

FKBP Q53F or Q53W with FRB-NLuc were treated with rapamycin or pre-formed cis- or trans-

58 at 25 nM for 2.5 hours (Figure 7-4b). No significant reduction in trans-58 background activity 

was observed and no significant increase in cis/trans preferential complexation was obtained. 

Unfortunately, neither of these approaches resulted in any improvement, thus we proceeded with 

additional testing of the methyl-AAP analog 58 with wild-type FKBP. 

 

Figure 7-4 Split luciferase variants (point mutations made in FKBP) were used for testing 58 

Either CLuc-FKBP, CLuc-FKBPQ53F, or CLuc-FKBPQ53W were co-expressed with FRB-NLuc, and treated with 25 

nM of pre-formed cis- and trans-58. Black bars represent the DMSO control and grey bars represent rapamycin. Raw 

values were normalized to DMSO and error bars represent standard deviation of three replicates. Reproduced from 

Courtney et. al., Org. Biomol. Chem. 2019, 17, 8348-8353. Copyright 2019 The Royal Society of Chemistry. 
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compound. We first validated that 58 could undergo multiple cycles of photoswitching without 

displaying fatigue or degradation (Figure 7-5). Reversible switching was performed four times by 

irradiating the sample alternatingly with 365 and 530 nm light, with 1H NMR analysis performed 

after every irradiation step (experiment conducted by Chasity Hankinson). 

 

Figure 7-5 The photocycling stability of 58 was analyzed 

Photoswitching of analog 58 in D2O/d6-DMSO (1:4) demonstrated robust switching with fatigue resistance following 

irradiations with both 365 and 530 nm light over four cycles, as measured by NMR. Experiment was performed by 

Chasity Hankinson. Reproduced from Courtney et. al., Org. Biomol. Chem. 2019, 17, 8348-8353. Copyright 2019 The 

Royal Society of Chemistry. 

To test the turn-on ability of 58, cells expressing the split luciferase reporter were treated 

with the trans-isomer for one hour. A fraction of the cells was irradiated using a 365 nm UV 

transilluminator for 0.5, 1, or 2 minutes. Incubation was performed for an additional 90 minutes 

(for 2.5 hours total) to allow for ternary complex formation, then cells were lysed, luciferase 

substrates were added, and luminescence was measured. Gratifyingly, we observed significant off-

to-on activation in this experiment with minimal adverse effect of the UV exposure as seen by the 

irradiated rapamycin control (Figure 7-6a). 
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Figure 7-6 Assessment of reversibly controlled ternary complex formation with 58 in the split luciferase assay 

a) HEK293T cells expressing the split luciferase reporter were treated with the pre-formed trans-isomer for one hour. 

Irradiation to generate the cis-isomer was performed using a UV transilluminator and cells were incubated for an 

additional 90 minutes to allow for ternary complex formation. Successful off-to-on activation was achieved. b) 

HEK293T cells expressing the split luciferase reporter were treated with the pre-formed cis-isomer for one hour. A 

handheld 530 nm LED was used to convert to the trans-isomer and cells were incubated for an additional 90 minutes. 

Interestingly, minimal on-to-off activity was observed. Reproduced from Courtney et. al., Org. Biomol. Chem. 2019, 

17, 8348-8353. Copyright 2019 The Royal Society of Chemistry. 

After demonstrating that the system could be turned on in cells, we wanted to explore the 

turn-off nature of this analog. For this, cells expressing the split luciferase reporter were treated 

with the pre-formed cis-isomer for one hour to allow for uptake and initial complex formation. 

Irradiations were then performed with a 530 nm LED for 10, 20, or 40 seconds to intracellularly 

generate the trans-isomer, followed by incubation for an additional 90 minutes. Interestingly, the 

luminescence readout showed no significant decrease in signal, indicating the inability to optically 

break up the FKBP-rapamycin-FRB complex (Figure 7-6b). We hypothesize that isomerization to 

the trans-isomer does not provide sufficiently disfavorable steric interactions to disrupt an already 

formed ternary complex that involves very high-affinity protein-ligand and protein-protein 

interactions with a Kd of 12 nM.364 A split luciferase reporter system with FKBP/FRB replaced 

with a kinase/kinase interacting peptide has previously been utilized for screening kinase inhibitors 

as detected by loss of luciferase activity,485 thus implicating that the inability to detect a decrease 

in luminescence here is a direct result of the FKBP-58-FRB complex remaining intact. 

Alternatively, the ternary complex that is formed with the cis-isomer could be oriented in such a 

way that trans isomerization is inhibited or minimized, although this is less likely to be the case. 



 262 

Unfortunately, since these experiments are performed at very low compound concentrations in 

cells, monitoring absorbance to confirm isomerization is not possible. 

In conclusion, five arylazopyrazole-modified rapamycin analogs were synthesized and 

their photoswitching properties were characterized. These analogs exhibit favorable switching 

properties with photostationary states that result in almost complete cis or trans-isomer formation 

depending on the irradiation wavelength. Moreover, they provided very high thermal stability with 

half-lives of greater than 1 day for the cis-isomer of all five analogs. Additionally, we demonstrated 

that the AAP results in fatigue resistance over eight alternating irradiations. In a split luciferase 

reporter, the methyl-substituted derivative provided ~2.5 fold enhancement in the FKBP-rapalog-

FRB ternary complex formation for the photoswitched cis-isomer over the ground-state trans-

isomer, comparing favorably to negative (DMSO) and positive (natural rapamycin) controls. The 

remaining four analogs did not induce ternary complex formation with any significant preference 

for one isomer over the other. We explored the methyl analog as a potential on/off light-switch 

and found that we could successfully turn on dimerization activity in cells through irradiation with 

365 nm light; however, once the protein complex was formed, we were unable to turn off 

dimerization with this analog. The FRB-rapamycin-FKBP complex is extremely stable, which 

allows complete dimerization of a wide range of fusion proteins at low rapamycin concentration. 

Since previous reports had to use 50-fold excess of competing ligand to reverse the ternary 

complex over the course of several hours,479 reversing the complex through photoswitching of a 

small molecule ligand may not be achievable. In order to further develop systems that can undergo 

multiple cycles of dimerization activation/deactivation, we hypothesize that a weaker ternary 

complex may need to be engineered (e.g., through further mutational analysis of the protein-

protein interface) in order to successfully achieve reversible complex formation. While protein 
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engineering to reduce the binding affinity should, in theory, be possible for this CID system, one 

should keep in mind that the high binding affinity is often an attractive feature of this system. Thus, 

a fine balance of weaker affinity to allow for reversibility and high affinity to hold together proteins 

of interest must be achieved. Additionally, alternative photoswitchable handles could be appended 

to rapamycin in an effort to improve the preferential binding through chemical means, as opposed 

to biological optimization. Although our current system does not afford reversibility, further 

development to achieve reversibility of the FKBP-rapamycin-FRB complex is certainly 

worthwhile. Unlike photoswitchable protein dimerizers (e.g. LOV domains, PhyB/PIF, 

CRY2/CIB),415 FKBP and FRB are significantly smaller and are less likely to interfere with the 

biological question being addressed. Additionally, small molecule photoswitches typically don’t 

require pulsed (or even constant) irradiation like their optogenetic counterparts, thus minimizing 

the potential for phototoxicity. 

7.2 Spiropyran-modified Rapamycin Analog 

In addition to the azobenzene and arylazopyrazole photoswitches described previously, the 

spiropyran (SP) is another commonly utilized photoswitch.486 Spiropyrans are a unique class of 

photoswitch in that their two isomers have vastly differing properties. Upon irradiation with UV 

light, the spiropyran undergoes a heterolytic cleavage of the C-O bond to generate a merocyanine 

(MC) form (Figure 7-7).  
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Figure 7-7 The spiropyran photoswitch exists in both a spiropyran and merocyanine form 

The spiropyran (closed) form can be isomerized to the merocyanine (open) form with UV light, while the reverse 

isomerization can be induced with visible light. Various substituents have been explored in order to modify 

isomerization wavelengths, solubility, and preferential stability of one form. 

The merocyanine form can be reverted back to the spiropyran thermally in the dark or upon 

irradiation with visible light due to electronic excitation of the phenolate. The structural change 

induced upon SP and MC isomerization is less significant than that of azobenzenes or 

arylazopyrazoles; however, a unique feature of this class of photoswitch is the >10 D difference 

in dipole moment between the SP and MC forms.486-488 Another unique feature is the conversion 

between a non-planar and planar molecule. The thermal equilibrium for spiropyrans usually 

consists of a mixture of the SP and MC forms, with a spiropyran being the predominant species in 

most cases.489 Thermal half-lives for the MC form are strongly dependent on the surrounding 

environment and polar solvents tend to favor the MC form. Additionally, as a result of the 

formation of a phenolate in the MC form, the ability to isomerize to the SP form can be greatly 

diminished in low pH environments, because protonation of the phenol prevents nucleophilic 

attack. 

Spiropyrans have been employed in a wide range of materials: (i) polymeric chains (for 

reversible micelle formation490 and micellular drug delivery,491 for control of microfluidic device 

valves,492-493 and for control of metal ion chelation494-495), (ii) biomacromolecules (controlled 

folding of polypeptide chains,496-497 control of enzymatic activity,498-499 and control of DNA 

hybridization500), and (iii) solid supports (control of protein501 and cell adhesion502-503). We 

hypothesized that introduction of a spiropyran at the C-40 position of rapamycin would enable us 

to optically control ternary complex formation in a complementary manner to that of our 
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arylazopyrazole-modified derivatives. Trevor Horst synthesized the spiropyran conjugated 

rapamycin analog, 63 (Figure 7-8). 

 

Figure 7-8 Structure of the spiropyran-modified rapamycin 63 

Compound 63 was synthesized by Trevor Horst. 

Photoswitching of 63 was performed in DMSO using NMR by Trevor Horst and confirmed 

successful switching using white light and UV (365 nm) illumination using a dual white/UV 

transilluminator. Additionally, the change in absorbance of the two forms was analyzed. A 10 µM 

sample of 63 was prepared in phosphate buffered saline (pH 7.4). Irradiation with UV light to 

generate the merocyanine form shows an absorbance maximum at 565 nm (Figure 7-9), while 

irradiation with white light shows near complete loss of this peak. 

 

Figure 7-9 Absorbance spectra of spRap in the spiropyran and merocyanine forms 

A 10 µM solution of 63 in PBS at pH 7.4 was irradiated for 5 minutes with white light to obtain an absorbance 

spectrum of the predominant spiropyran form (black line). Following a 5 minute irradiation with UV light, the 

absorbance spectrum of the merocyanine form was recorded (purple line). Appearance of a peak with maximum at 

565 nm is characteristic of the open form. 
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After validating that 63 undergoes photoisomerization into two different forms, we 

proceeded to test this in the split luciferase reporter described previously in Figure 7-2a. HEK293T 

cells expressing the split luciferase reporter at a 1:2 FKBP:FRB ratio (as used in the previous 

section) were treated with pre-formed spiropyran and merocyanine forms, incubated for 2.5 hours, 

and lysed. Luciferase substrates were added, and recorded luminescence values were normalized 

to DMSO (Figure 7-10a). At all concentrations tested, the merocyanine form appeared to function 

slightly better than the spiropyran; however, overall dimerization efficiency relative to that of 

rapamycin (21) was quite poor.  

 

Figure 7-10 A split luciferase reporter was used to test the spiropyran-modified rapamycin analog 63 

HEK293T cells expressing the split luciferase reporter in 1:2 FKBP:FRB ratio (a) or 2:1 FKBP:FRB ratio (b) were 

treated with pre-formed MC or SP forms of 63 at 100 nM, 50 nM and 25 nM for 2.5 hours, then luciferase substrates 

were added and luminescence was measured. Black bars represent the DMSO control and gray bars represent 

rapamycin. Raw values were normalized to DMSO and error bars represent standard deviations from experiments 

conducted in triplicate. 

Next, we repeated the assay with an inverted plasmid ratio (2:1) and observed a slightly 

higher response for both the spiropyran and merocyanine forms (Figure 7-10b). Unfortunately, the 

selectivity for one form over the other was still lower than we had observed previously for the 

arylazopyrazole-modified rapamycin analogs. Additionally, the overall response relative to 

rapamycin was still low, suggesting that neither form is an optimal substrate for dimerization. 

Since this analog proved to function worse than our previous photoswitchable analogs, we 

did not proceed with further optimization of the split luciferase testing. Theoretically, FKBP 

engineering could be performed to introduce positively and negative charged residues to stabilize 
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the zwitterionic merocyanine form; however, it is likely that a series of FKBP mutants would need 

to be screened to find one that functions as a dimerizer and stabilizes the merocyanine form.  

7.3 Methods 

Reagents and equipment. Rapamycin (and photoswitchable analogs) stocks were generated at 5 

mM in sterile-filtered DMSO. Working solutions of 1 mM were prepared in sterile-filtered DMSO 

and stored at –20 ºC. Live Cell Imaging Solution (LCIS) was purchased from Molecular 

Probes/Invitrogen. Chemically competent bacterial cells (Top10) were prepared in-house. 

HEK293T cells were obtained from ATCC and monitored every three months to ensure the 

absence of mycoplasma contamination. The 530 nm LED was obtained from Mouser Electronics 

(LUMILEDS LXML-PM01-0100) and was mounted on a heat sink by the University of Pittsburgh 

Electronics Shop.  

Cloning of DNA constructs. All cloning was performed using Top10 cells (Invitrogen). 

DreamTaq Green DNA polymerase (Thermo) was used for PCR amplification, while Phusion 

DNA polymerase (Thermo) was used for site directed mutagenesis. 

Site directed mutagenesis was performed using CLuc-FKBP as the template to generate 

CLuc-FKBPQ53F (primers Q53F F/R) and CLuc-FKBPQ53W (primers Q53W F/R) mutations in 

FKBP. Both mutations were validated by Sanger sequencing at Genewiz using their BGHR 

sequencing primer. 

To generate CLuc-iFKBP, a Gibson assembly strategy was utilized. CLuc was PCR 

amplified from CLuc-FKBP using primers CLuc F/R, while the iFKBP sequence (a truncated form 

of FKBP, residues 22 – 108) was PCR amplified from CLuc-FKBP using primers iFKBP F/R. 
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CLuc-FKBP was linearized with BamHI and NotI to generate the backbone. The backbone, CLuc 

insert, and iFKBP insert were Gibson assembled, and verified by Sanger sequencing at Genewiz 

using their BGHR sequencing primer. For maps of all plasmids used, see Appendix A. 

Table 7-2 List of primers used to generate constructs for AAP-rapamycin analogs testing 

Base mutations are indicated with CAPITALIZATION. 

Primer Sequence (5’ → 3’) 

Q53F F aagtttatgctaggcaagTTCgaggtgatccgaggctgg 

Q53F R ccagcctcggatcacctcGAActtgcctagcataaactt 

Q53W F aagtttatgctaggcaagTGGgaggtgatccgaggctgg 

Q53W R ccagcctcggatcacctcCCActtgcctagcataaactt 

CLuc F ttggtaccgagctcggatccactagtccagtgtggtggaa 

CLuc R gtgtagtgcaccacgcaggtgccccgggacgcgtacgaga 

iFKBP F tctcgtacgcgtcccggggcacctgcgtggtgcactacac 

iFKBP R ctctagactcgagcggccgccactgtgctggatatctgca 

 

Split luciferase reporter with AAP-analogs. HEK293T cells were plated at 200,000 cells/well 

in a 6-well clear bottom plate (Greiner) and grown at 37 ºC/5% CO2. At ~80% confluence, cells 

were co-transfected with CLuc-FKBP (wild-type, Q53F, Q53W or iFKBP) and FRB-NLuc (666 

ng FKBP and 1333 ng FRB, 2000 ng total per well) using Lipofectamine 2000 following the 

manufacturer’s protocol. The media on the cells was replaced with 2 mL of DMEM supplemented 

with 10% FBS (minus antibiotics), then the transfection mix (all 500 µL) was added to the cells 

and incubated overnight. Two wells were transfected identically in order to obtain enough cells 

for a single assay. After ~18 hours of transfection, the media was removed, the cells were lifted 

with 0.5 mL of TrypLe and transferred to a 15 mL conical tube, then TrypLe was inactivated by 

the addition of 9.5 mL of media. Cells were pelleted at 1,000 g for 10 minutes at room temperature. 

The media was removed and the cells were resuspended in 1 mL of LCIS. Cells were counted 

using a hemocytometer in the presence of Trypan Blue to avoid counting dead cells (combination 

of two wells typically yielded 1.5 – 1.8 million cells). Subsequently, cells were plated in a white, 

clear bottom 96-well plate at 10,000 cells per well in 90 µL of LCIS.  
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To prepare the compound solutions, 1 mM stocks of the five analogs were diluted to 0.1 

mM in milliQ water (10 µL of stock into 90 µL). Two identical 0.1 mM solutions were prepared 

and transferred to a clear, glass ½ dram vial. One vial was irradiated using a UV transilluminator 

set at 365 nm for 10 minutes, while the other vial was irradiated with the 530 nm LED (output set 

to 700 mA) for two minutes. In order to obtain final concentrations of 100 and 25 nM once added 

to cells, a 10X solution (1 µM and 0.25 µM) was prepared for each of the five analogs for both the 

cis- (365 nm) and trans-isomers (530 nm). To each well of the 96-well plate containing cells 

expressing the reporter, 10 µL of compound (either rapamycin, AAP-analog, or DMSO) was added 

in triplicate and placed in the incubator for two and a half hours. Afterwards, 90 µL of BrightGlo 

reagent was added to each well and incubated for two minutes, then luminescence was measured 

on a Tecan M1000. Raw luminescence values were normalized such that DMSO equaled 1. 

Average fold-change values with error bars representing standard deviation of triplicates are 

reported. 

For experiments with photoswitching in cells, HEK293T cells were transfected the same 

as above. Cells were counted and plated in a white, 96-well plate just as above. For the turn-on 

experiment: analog 58 was prepared at 250 nM (maintained in the dark), then 10 µL of this solution 

was added to the cells in 90 µL LCIS (final concentration of 25 nM). Cells were incubated with 

compound for one hour in the dark, then a subset of wells were irradiated with 365 nm (UV 

transilluminator) for either 30, 60, or 120 seconds. After an additional 1.5-hour incubation, 

luciferase substrates were added and luminescence was measured. For the turn-off experiment: 

analog 58 was pre-irradiated at 100 µM for 10 minutes with 365 nm light, then diluted to 250 nM. 

To the cells in 90 µL of LCIS, 10 µL of compound was added and incubated for an hour. Then, a 

subset of wells was irradiated with a 530 nm LED using a foil mask to prevent undesired irradiation 
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of neighboring wells. After another 90-minute incubation, luciferase substrates were added and 

luminescence was measured. Normalization to DMSO was performed as described above. 

Split luciferase reporter with spiropyran-modified rapamycin 63. HEK293T cells were plated 

at 200,000 cells/well in a 6-well clear bottom plate (Greiner) and grown at 37 ºC/5% CO2. At 

~80% confluence, cells were co-transfected with CLuc-FKBP and FRB-NLuc (666 ng and 1333 

ng, 2000 ng total per well, in either a 2:1 or 1:2 FKBP:FRB plasmid ratio) using Lipofectamine 

2000 following the manufacturer’s protocol. The media on the cells was replaced with 2 mL of 

DMEM supplemented with 10% FBS (without antibiotics), then the transfection mix (all 500 µL) 

was added to the cells and incubated overnight. Two wells were transfected identically in order to 

obtain enough cells for a single assay. After ~18 hours of transfection, the cells were lifted, counted 

and re-plated as described in the section above in 90 µL of LCIS.  

To prepare the compound solutions, a 1 mM stock of 63 was diluted to 100 µM in milliQ 

water (10 µL of stock into 90 µL). The 100 µM solution was split into two clear, glass ½ dram 

vials (50 µL each). One vial was irradiated using a UV transilluminator set at 365 nm for 5 minutes, 

while the other vial was irradiated on a white light transilluminator for 5 minutes. The 100 µM 

pre-irradiated solutions were used to generate 1000, 500, and 250 nM (10X) working solutions, 

such that a final concentration of 100, 50, and 25 nM were achieved following addition to cells. 

To each well of the 96-well plate containing cells expressing the reporter, 10 µL of compound 

(either rapamycin (21), 63, or DMSO) was added in triplicate and placed in the incubator for two 

and a half hours. Afterwards, 90 µL of BrightGlo reagent was added to each well and incubated 

for two minutes, then luminescence was measured on a Tecan M1000. Raw luminescence values 

were normalized such that DMSO equaled 1. Average fold-change values with error bars 

representing standard deviation of triplicates are reported. 
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8.0 Expanded Methods 

8.1 General Techniques – Molecular Biology 

8.1.1 Polymerase Chain Reaction (PCR) 

For fragments <2000 bp, DreamTaq polymerase (Thermo EP0711) was utilized, while 

Phusion polymerase (Thermo F530S) was utilized for anything >2000 bp. A 10 mM dNTP solution 

was prepared by mixing 10 µL of each of the four dNTPs (100 mM each, Thermo FERR0181) 

with 60 µL of autoclaved milliQ water. Primers were ordered from either Sigma or Integrated 

DNA Technologies (IDT) and were resuspended at 100 µM using autoclaved milliQ water and a 

working 10 µM dilution was prepared by diluting 10 µL of the 100 µM stock into 90 µL of 

autoclaved milliQ water.  

DreamTaq Reaction Setup: DreamTaq Cycling Conditions: 

5 µL of 10X DreamTaq Green Buffer  95 ºC  1 minute 

2 µL of 10 mM dNTPs  95 ºC  30 seconds 

2.5 µL of 10 µM forward primer Tm – 5 ºC  30 seconds 

2.5 µL of 10 µM reverse primer  72 ºC  1 minute 

1 µL of DNA template (1 – 100 ng) Repeat step 2 – 4 30 times 

0.5 µL of DreamTaq 72 ºC  5 minutes 

36.5 µL of autoclaved milliQ water  cool to 12 ºC, hold at room temperature 

 

Phusion Reaction Setup: Phusion Cycling Conditions: 

10 µL of 5X Phusion-HF Buffer 98 ºC 1 minute 

1 µL of 10 mM dNTPs 98 ºC 30 seconds 

2.5 µL of 10 µM forward primer Tm – 5 ºC 30 seconds 

2.5 µL of 10 µM reverse primer 72 ºC 30 seconds per kilobase 

1 µL of DNA template (1 – 100 ng) Repeat step 2 – 4 30 times 

0.5 µL of Phusion 72 ºC 10 minutes 

32.5 µL of autoclaved milliQ water cool to 12 ºC, hold at room temperature 
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After completion of the PCR reaction, 5.55 µL of CutSmart Buffer (NEB) and 0.5 µL of 

DpnI were added, followed by a two-hour incubation at 37 ºC to digest the parental template. To 

the crude Phusion PCR product, 15 µL of 6X Gel Loading Dye (NEB B7024S) was added and 

mixed. The DreamTaq PCR product contains a proprietary loading dye mixture and was used as-

is. The entire volume was loaded onto a 0.8% agarose gel and electrophoresed at 80 V for 45 

minutes. The desired bands were purified using E.Z.N.A Gel Extraction Kit (Omega Biotek 

D2500-02) or GeneJET Gel Extraction Kit (Thermo Scientific K0692) following the 

manufacturer’s recommended protocol using nuclease-free water for elution. All fragments 

purified before March 2020 used the Omega kit, while all preps since were performed with 

GeneJET brand. 

8.1.2 Introduction of Point Mutations (Site-Directed Mutagenesis and QuikChange) 

Two different methods were utilized for introducing point mutations: (1) site-directed 

mutagenesis design (SDM) or (2) QuikChange design. The SDM approach utilizes forward and 

reverse primers with partial overlapping (15 bases) and non-overlapping (~17 to 25 bases) regions. 

The mutation site is included in the middle of the overlapping region, such that there are 6 fully 

complementary bases, followed by the three bases being mutated, followed by another 6 fully 

complementary bases (15 total). The non-overlapping region was designed to have a Tm of 5 – 10 

ºC higher than that of the overlapping region. The two non-overlapping regions of the forward and 

reverse primers may have different lengths; however, the annealing temperatures should be with 

two degrees Celsius of one another, where possible. The QuikChange design utilizes completely 

complementary primers designed using the Agilent QuikChange Primer Design Tool online. The 
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SDM approach allows for exponential amplification, while the QuikChange protocol does not. 

Between the two approaches the SDM design was typically utilized first. However, upon failure 

to introduce the desired mutation, a QuikChange design was attempted. Note: when setting up the 

PCR reactions for either approach, a negative control reaction was assembled identically to the 

experimental one but without dNTPs or polymerase and was substituted with 2 µL of autoclaved 

milliQ water. 

SDM Setup: SDM Cycling Conditions: 

5 µL of 5X Phusion-HF Buffer 95 ºC 5 minute 

1 µL of 10 mM dNTPs 95 ºC 1 minute 

2.5 µL of 10 µM forward primer Tm whole – 5 ºC 1 minute 

2.5 µL of 10 µM reverse primer 72 ºC 1 minute per 500 bases 

1 µL of DNA template (5 ng) Repeat step 2 – 4  15 cycles 

1 µL of Phusion Tm overlap – 5 ºC  1 minute 

12 µL of autoclaved milliQ water 72 ºC 30 minutes 

 cool to 12 ºC, hold at room temperature 

 

QuikChange Reaction Setup: QuikChange Cycling Conditions: 

10 µL of 5X Phusion-HF Buffer 98 ºC 1 minute 

1 µL of 10 mM dNTPs 98 ºC 30 seconds 

2.5 µL of 10 µM forward primer Tm – 5 ºC 30 seconds 

2.5 µL of 10 µM reverse primer 72 ºC 30 seconds per kilobase 

1 µL of DNA template (1 – 100 ng) Repeat step 2 – 4  15 cycles 

0.5 µL of Phusion 72 ºC 10 minutes 

32.5 µL of autoclaved milliQ water cool to 12 ºC, hold at room temperature 

After completion of the PCR reaction, 2.78 µL of CutSmart Buffer and 0.5 µL of DpnI 

were added to the experimental and negative control samples and incubated at 37 ºC for four hours. 

Following DpnI treatment, 5 µL of the PCR reaction was transformed into Top10 or DH5α 

following the protocol in section 8.1.9. 

Typically, a ratio of 5:1 (or greater) number of colonies for experimental:negative control 

was obtained; however, if 2:1 or 1:1 was obtained, additional DpnI treatment was performed and 

transformations were repeated. If that did not resolve the background issue, then PCR conditions 
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were optimized. Three cultures per mutation were grown up, miniprepped, and analyzed by Sanger 

sequencing. 

8.1.3 Restriction Enzyme Digest 

All restriction enzymes were purchased from New England Biolabs. When possible, the 

enzymes were ordered as the HF variant to minimize star activity and for their improved 

compatibility in CutSmart Buffer. Antarctic Phosphatase (AP) was from NEB also. All digestions 

were carried out in 50 µL total volume. For backbone generation, the DNA template (usually 8 – 

10 µg, occasionally 3 µg for low copy plasmids with low miniprep yields), plus 5 µL of CutSmart 

Buffer, plus 1 µL of each restriction enzyme, and autoclaved milliQ water to 50 µL were combined. 

Digestion reactions were incubated at 37 ºC for 4 – 5 hours. For backbones that would be used in 

restriction enzyme cloning (as opposed to Gibson assembly), after 1 hour of digestion, samples 

were removed from the incubator, 5.55 µL of Antarctic Phosphatase Buffer was added, followed 

by the addition of 1 µL of Antarctic Phosphatase, and samples were returned to 37 ºC. In the rare 

instances where the two restriction enzymes were not compatible in the same buffer, rather than 

performing sequential digestions as recommended on NEB’s website, 5 µL of each of the optimal 

buffers was used in the double digestion reaction, and the reaction time was extended to eight 

hours.  

For digestion of inserts generated by PCR, 44 µL of the purified PCR product was 

combined with 5 µL of CutSmart Buffer and 0.5 µL of each restriction enzyme and incubated at 

37 ºC for two hours. 

After incubation, the samples were heat inactivated at 80 ºC for 20 minutes, then cooled to 

room temperature. Following the addition of 15 µL of 6X Gel Loading Dye, the entire sample 
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volume was loaded onto a 0.8% agarose gel and electrophoresed at 80 V for 45 minutes. The 

desired bands were gel extracted as discussed in 8.1.1. 

8.1.4 Plasmid Assembly – Ligation 

Backbone DNA fragments were generated as described in 8.1.3 in most cases; however, 

occasionally Phusion PCR was used to introduce restriction site overhangs (8.1.1). Inserts were 

most commonly obtained from PCR amplification as described in 8.1.1, where the appropriate 

restriction sites were included as overhangs in the primer design, and followed by digestion and 

purification. All ligations were performed using T4 DNA ligase from NEB (M0203S). Ligations 

were typically performed with a 1:3 molar ratio of backbone:insert (except in cases where the 

insert was as large as the backbone and a 1:1 ratio was used), and the amounts were calculated 

such that DNA accounted for 8.5 µL (this typically provided anywhere from ~1 to 100 ng of 

backbone). A negative control sample was prepared using the same volume of backbone as the 

experimental sample, but the insert volume was replaced with an equal amount of autoclaved 

milliQ water. Following addition of 1 µL of T4 DNA Ligase Buffer and 0.5 µL of T4 DNA Ligase, 

the samples were incubated in the fridge (~4 ºC) overnight. Two microliters of the ligation mixture 

were transformed in Top10 or DH5α.  

If a colony ratio of 3:1 experimental:negative control was obtained, three colonies from the 

experimental plate were grown up in liquid culture to process for miniprep and subsequent 

sequencing. If the ratio was lower, a PCR screen was performed as described in 8.1.6 (this is really 

only helpful if the ligated insert is a different size than the piece previously cut out of the 

backbone). Three successful hits from the PCR screen were then grown up in liquid culture.  
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8.1.5 Plasmid Assembly – Gibson Isothermal Assembly 

The backbone used for Gibson assemblies was either prepared by restriction enzyme digest 

(8.1.3) or PCR amplification (8.1.1). The insert(s) was/were prepared through PCR amplification 

in order to introduce sufficient complementarity on both the 5’ and 3’ ends. In a typical Gibson 

reaction, 25-100 ng of backbone was used with a 1:3 backbone:insert ratio (in some cases 

equimolar amounts were used). The volume of DNA needs to be maintained at or below 5 µL, so 

if 100 ng required too much volume of the individual pieces, the reaction was scaled down to 

ensure that the DNA was only in 5 µL. Then, 15 µL of pre-prepared Gibson Isothermal Master 

Mix (8.3.20) was added to the PCR tube (for 20 µL total), and the assembly was incubated in a 

heat block at 50 ºC for one hour. Afterwards, 2 µL of the reaction mixture was transformed in 

Top10 or DH5α. Typically, three colonies were grown up in liquid culture to process for miniprep 

and Sanger sequencing. Gibson assemblies tended to work in an all-or-nothing manner meaning 

that the colonies obtained were usually correct and if there were no colonies, something was wrong 

with the fragments combined. As such, a PCR screen was typically skipped. 

8.1.6 PCR Screen 

Many protocols exist for a PCR screen; however, the following is the protocol that I 

employed for the sake of completeness. On average, I found that screening 14 colonies provided 

at least one (and usually more) hit(s) to grow up for analysis.  

To start, 14 colonies were selected and numbered on the plate. Ten microliters of 

autoclaved milliQ water was transferred to 14 PCR tubes (numbered 1 – 14). Using a 10 µL pipette 

tip, a small portion of the colony was collected and resuspended in the 10 µL of water. These 
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samples were boiled at 95 ºC for 5 minutes while preparing the PCR master mix. The master mix 

was prepared for 15 samples (but was scaled up or down linearly for more or fewer samples). The 

forward primer was selected to anneal in the promoter region (T7 forward, pBAD forward, or 

CMV forward) and the reverse primer was the same as the reverse primer used in amplifying the 

insert. 

PCR Screen Master Mix: PCR Screen Cycling Conditions: 

30 µL of 10X DreamTaq Green Buffer 95 ºC 1 minute 

6 µL of 10 mM dNTPs 95 ºC 30 seconds 

3 µL of 100 µM forward primer 45 ºC 30 seconds 

3 µL of 100 µM reverse primer 72 ºC 2 minutes 

1.5 µL of DreamTaq Repeat steps 2 – 4 30 cycles 

257 µL autoclaved milliQ water 72 ºC 5 minutes 

 Cool to 12 ºC, hold at room temperature 

 

Prepare the Master Mix and maintain on ice. Label 14 more PCR tubes and place tube rack 

(with tubes) on ice. Transfer 19 µL of the Master Mix to each tube. After the five-minute boil, cool 

those samples on ice, then transfer 1 µL of the boiled culture to the appropriately numbered tube 

containing the PCR reaction components. Place samples in thermocycler and use the thermocycler 

settings above. The low annealing temp is necessary since the forward primers tend to have a lower 

melting temperature (the goal here is to check for appearance of a band at the expected size, thus 

some background from non-specific primer binding isn’t usually an issue).  

Afterward, directly load 10 µL of the PCR reaction on 0.8% agarose gel (prepared with a 

15-well comb) and load ladder in the remaining well. Electrophorese at 80 V for 30 minutes to 

check for appearance of the appropriate band size. Select clones with the correct band size and 

grow up in liquid culture. 
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8.1.7 Calcium Competent Cell Preparation (for Cloning) 

Empirically, it was found that the Krantz lab (U.C. Berkeley) protocol for making calcium 

competent cells worked significantly better than any other protocols that were tested. A few minor 

modifications were made and are detailed below. 

Day 1  

1. Streak out frozen glycerol stock of bacterial cells (Top10 or DH5α) onto an LB plate (no 

antibiotics). Work sterile. Grow plate overnight at 37 °C. This streak plate can be used to select 

a colony for up to 7 days. 

Day 2  

1. Syringe sterile filter:  

a. 50 mL of 100 mM CaCl2  

b. 50 mL of 100 mM MgCl2  

c. 10 mL of 85 mM CaCl2, 15% glycerol v/v (made by mixing 8.5 mL of 100 mM CaCl2 with 

1.5 mL of glycerol) 

2. Chill solutions overnight at 4 °C: 100 mM CaCl2, 100 mM MgCl2, and 85 mM CaCl2, 15% 

glycerol v/v.  

3. Prepare starter culture of cells. Select a single colony of E. coli from the plate and inoculate a 

10 mL starter culture of LB (no antibiotics) using a 50 mL conical for proper aeration. Grow 

culture at 37 °C in shaker (250 rpm) overnight.  

Day 3  

1. Inoculate 50 mL of LB media in a 250 mL Erlenmeyer flask with 500 µL of starter culture and 

grow in 37 °C shaker (250 rpm). Measure the OD600 every hour, then every 15-20 minutes 

when the OD gets above 0.2.  

http://mcb.berkeley.edu/labs/krantz/protocols/calcium_comp_cells.pdf
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2. When the OD600 reaches 0.35-0.4, immediately put the cells on ice. Chill the culture for 20-30 

minutes, swirling occasionally to ensure even cooling. Place a 50 mL conical on ice at this 

time. NOTE: It is important not to let the OD get any higher than 0.4. The OD should be 

carefully monitored and checked often, especially when it gets above 0.2, as the cells grow 

exponentially. It usually takes about 3 hours to reach an OD of 0.35 when using a 10 mL starter 

culture. It is also very important to keep the cells on ice for the remainder of this procedure. 

The cells, and any bottles or solutions that they come in contact with, must be pre-chilled.  

3. Pour the cells into an ice-cold 50 mL conical tube. Harvest the cells by centrifugation at 3000 

g for 15 minutes at 4 °C.  

4. Decant the supernatant and gently resuspend the pellet in 20 mL of ice cold MgCl2 using a 

wide orifice pipette tip.  

5. Harvest the cells by centrifugation at 2000 g for 15 minutes at 4 °C.  

6. Decant the supernatant and resuspend the pellet in 10 mL of ice cold CaCl2 using a wide orifice 

pipette tip. Keep this suspension on ice for at least 20 minutes (up to 40 minutes works fine 

too). Start putting 1.7 mL microfuge tubes on ice.  

7. Harvest the cells by centrifugation at 2000 g for 15 minutes at 4 °C.  

8. Decant the supernatant and resuspend the pellet in 5 mL of ice cold 85 mM CaCl2 , 15% 

glycerol using a wide orifice pipette tip.  

9. Harvest the cells by centrifugation at 1000 g for 15 minutes at 4 °C.  

10. Decant the supernatant and resuspend the pellet in 2.5 mL of ice cold 85 mM CaCl2, 15% 

glycerol using a wide orifice pipette tip. 

11. Aliquot 50 μL into sterile 1.7 mL microfuge tubes and snap freeze with liquid nitrogen. Store 

frozen cells in the –80 °C freezer. 
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8.1.8 KCM Competent Cell Preparation (for Protein Expression) 

For recombinant protein expression using BL21 (DE3) cells, a faster method of making 

competent cells was utilized. Typically, the competency of cells prepared in this manner were 

lower than those prepared following the protocol in 8.1.7. This protocol was obtained from the 

Childers lab (University of Pittsburgh).  

Protocol: 

1. Streak cells from a glycerol stock on an LB agar plate (– antibiotic). Grow overnight at 37 ºC.  

2. Pick an isolated colony and grow up in 5 mL of LB broth overnight at 37 ºC with shaking (250 

rpm). Prepare TSB solution (see 8.3.17) for tomorrow and pre-chill at 4 ºC overnight. 

3. Transfer 1 mL of starter culture into 100 mL of LB broth in a 500 mL Erlenmeyer flask and 

grow at 37 ˚C with shaking (250 rpm) to OD600 of 0.4–0.5. 

4. Place culture on ice for 5 minutes. Pellet cells at 4000 g for 10 minutes at 4 ºC in pre-chilled 

50 mL conical tubes. Gently resuspend cells in 1/10 volume of TSB (pre-chilled) using a wide 

orifice pipette tip and incubate on ice for 5 minutes. 

5. Aliquot into pre-chilled 1.7 mL tubes (100 μL each) and snap freeze in liquid nitrogen. Store 

at –80 ˚C. 

8.1.9 Transformation of Calcium Competent Cells 

Competent cell stocks (50 µL aliquots) were thawed on ice. Plasmid DNA (10 − 100 ng) 

or cloning reaction mix (typically 2 – 5 µL, see sections 8.1.2, 8.1.4, and 8.1.5 for more details) 

was added to the tube of cells. Gently flick tube to mix contents, then flick down to bring contents 

of tube to the bottom. Incubate on ice for 30 minutes. Place tube(s) in a foam rack, then heat shock 
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at 42 ºC in a water bath for 45 seconds. Place tube(s) back on ice for two minutes. Add 250 µL of 

SOC (TekNova), then parafilm lids to ensure they’re sealed. Place tube(s) in a beaker, then insert 

the beaker into a flask rack in the 37 ºC shaker at 250 rpm and grow for 45 minutes to allow cells 

to recover. For plasmid DNA propagation, 50 µL of cell suspension was plated on LB agar 

supplemented with the correct antibiotic at the concentration specified in Table 8-1; for cloning 

reactions, the entire 300 µL of cell suspension was plated on LB agar supplemented with 

antibiotics. To plate, the appropriate volume of cells was pipetted onto an LB-agar plate, then 12-

15 plating beads (Zymo S1001) were added and using a horizontal shaking motion, cells were 

evenly spread across the plate, then the beads were poured off. Plates were left with the lids open 

to dry for ~5 – 10 minutes, then the lids were placed on, and plates were placed in the 37 ºC 

incubator upside down for overnight growth. The plating beads were collected in a 250 mL flask 

containing 10% ethanol in water. To clean the beads (when the bottle was down to ~10% clean 

beads remaining), the ethanol solution was poured off, the beads were washed with water to 

remove residual ethanol, then they were soaked in a 20% bleach solution for one hour, then the 

beads were poured into a Buchner funnel and washed several times with water. The beads were 

dried by pulling air through the funnel by connecting to a PIAB system and once dried were 

transferred to a clean 50 mL bottle and autoclaved for reuse in plating. 

To prepare LB-agar plates, melt a 500 mL autoclaved bottle of LB-agar in the microwave 

(only melt what is needed, the entire bottle doesn’t need to be melted). Flame the lid and place 

face down on the benchtop, then flame the lip of the bottle and pour the needed amount into a 50 

mL conical, then flame both the lid and lip and close the bottle (if working carefully under the 

flame, the stock bottle should not become contaminated). Cool the LB-agar in the conical tube 

until ~50 ºC, then add the appropriate volume of antibiotics, then pour 10 mL into plates. Allow 
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to cool/solidify without the lids proximal to the Bunsen burner flame, then replace lids and store 

upside down until ready to plate cells. 

Table 8-1 Antibiotic stocks and dilutions 

Antibiotic Stock 

Concentration 

Final 

Concentration 

Solvent used in 

stock prep 

Kanamycin 50 mg/mL 50 µg/mL milliQ water 

Ampicillin 100 mg/mL 100 µg/mL milliQ water 

Tetracycline 5 mg/mL 25 µg/mL 70% ethanol 

Chloramphenicol 34 mg/mL 25 µg/mL milliQ water 

Spectinomycin 50 mg/mL 50 µg/mL milliQ water 

8.1.10 Transformation of KCM Competent Cells 

Competent cell aliquots (100 µL) were thawed on ice. In a separate 1.7 mL tube, 20 μL of 

5X KCM (see 8.3.18) + 10 – 100 ng of plasmid DNA (volume depends on concentration) + milliQ 

water to fill to 100 μL were combined. To the tube of diluted DNA, 100 µL of competent cells 

was added and gently mixed. Tubes were incubated on ice for 20 minutes, then heat shocked at 42 

˚C for 90 seconds and placed on ice for 1 minute. After, 400 µL of SOC was added to the cells and 

the lids were parafilmed to prevent leakage. The tubes of cells were shaken (250 rpm) at 37 ºC for 

1 hour, then 250 µL of cell suspension was plated on LB agar supplemented with antibiotic (see 

section 8.1.9 for preparing LB-agar plates). 

8.1.11 Plasmid Purification 

Plasmids were purified from bacterial cultures generated in the above sections. When a 

glycerol stock was needed (typically the first time a plasmid culture was grown), 564 µL of the 

saturated culture was removed and transferred to a sterile 1.7 mL tube (and 189 µL of autoclaved 

glycerol was added for 750 µL of a 25% glycerol sample), then 564 µL of water was placed back 
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into the culture so it could be pelleted with the remaining 5 mL samples. Pellet cells at 4 ºC in a 

swinging bucket rotor at 4000 g for 10 minutes, then discard the supernatant. Stand tubes upside 

down on a KimWipe for 5 minutes such that residual media drains off the pellet. Cap the tubes and 

freeze at –80 ºC for at least 15 minutes (a freeze-thaw cycle seems to improve plasmid yield). The 

tubes can be maintained frozen for up to 6 months with no observable decrease in plasmid yield 

or quality. Following the manufacturer’s protocol (E.Z.N.A. Plasmid Mini Kit I Q-spin from 

Omega Bio-Tek [before March 2020] or GeneJET Plasmid Miniprep Kit from Thermo Scientific 

[post March 2020]), the samples were purified. Elutions were performed with 50 µL of nuclease-

free water (pre-warmed to 65 ºC in a heat block). Plasmid concentration (ng/μl) was determined 

using a NanoDrop ND-1000 spectrophotometer. Typically, 50 – 800 ng/µL solutions were 

obtained, depending on low versus high copy plasmids. 

8.1.12 Sanger Sequencing 

Prior to April 2016, sequencing samples were submitted to Beckman Coulter Genomics; 

however, after they were acquired by Genewiz (April 2016), we continued using the services 

provided by Genewiz. The amount (in ng) depends on the plasmid size (e.g., 600 ng was used for 

a 6000 bp plasmid). The volume was filled to 10 µL with autoclaved milliQ water. In most cases, 

free universal primers from Genewiz were utilized (with them adding it), but sometimes they didn’t 

have a suitable primer, so 5 µL of a 5 µM sequencing primer (ordered from Sigma or IDT) was 

pre-mixed before submission. Sequencing analysis was performed using the open-source software, 

A Plasmid Editor (ApE), and sequencing alignments were performed using NCBI nucleotide 

BLAST (for two samples) or Clustal Omega > Multiple Sequence Alignments (for more than two 

samples). 

https://www.genewiz.com/en/Public/Resources/Free-Universal-Primers
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8.1.13 Agarose Gel Electrophoresis 

When preparing an agarose gel, first determine the number of samples needed to analyze. 

The 7 x 7 cm cassette can be used for up to 15 samples, while a 7 x 10 cm cassette can 

accommodate up to 30 samples. If using the 7 x 7 cm one, 40 mL is needed, while 60 mL is 

sufficient for the 7 x 10 cm one. For a standard 0.8% (w/v) agarose gel, 0.32 g (or 0.48 g) of 

agarose was weighed into a 125 mL Erlenmeyer flask, followed by the addition of 40 mL (or 60 

mL) of 1X TBE (8.3.4). The mixture was heated at max power in a microwave for 33 seconds, 

followed by swirling, then 22 and 11 second microwave segments (with swirling after each). After 

ensuring that the agarose was fully dissolved, the sample was cooled by running under cold tap 

water to lower the temperature to ~50 ºC. Once cooled, 2 µL (or 3 µL) of 10 mg/mL ethidium 

bromide in water was added and the solution was swirled to ensure even distribution. The agarose 

solution was poured into the gel caster cassette and an appropriate well comb was added. The gel 

was then allowed to solidify at room temperature (for ~30 minutes) and the comb was carefully 

removed. The gel was placed in a Sub-Cell GT Cell from BioRad and filled with 1X TBE. Samples 

were carefully loaded into the wells. The 2-well preparative comb can safely hold ~100 µL, while 

the 8-well comb can hold ~40 µL, and the 15-well comb can hold ~20 µL. A 1 kb TriDye DNA 

ladder (NEB N3272S) was loaded (5 µL for the 15-well and 2-well prep sizes, and 10 µL for the 

8-well comb). Typically, the gel was electrophoresed at 80 V for 45 minutes, but for samples with 

bands of similar size, 60 V for 90 minutes was used to improve resolution. Gels were imaged on a 

ChemiDoc XRS+ from BioRad, then bands were visualized on a UV transilluminator (365 nm) 

for band excision. 
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8.2 General Techniques – Cell Biology 

8.2.1 Protein Expression (and UAA incorporation) in E. coli 

Typically, the wild-type protein was expressed first to ensure that conditions were optimal, 

prior to performing the UAA incorporation experiment. The conditions detailed here were used 

for the majority of all expressions performed, and any modifications are noted in the detailed 

methods section above. The pBAD-POI-TAG-pylT plasmid (protein of interest = POI), often 

sfGFP, was co-transformed with pBK-MbPylRS containing the appropriate mutations (using the 

EV series numbering) into chemically-competent Top10 cells using ~50 ng of each plasmid, and 

plated on LB-agar (+ 25 µg/mL tetracycline, + 50 µg/mL kanamycin). A single colony was grown 

in LB broth supplemented with both antibiotics overnight at 37 ºC with 250 rpm shaking to 

generate a saturated starter culture. In some cases (most often for sfGFP), a glycerol stock of this 

double transformed cell culture was prepared and stored at –80 ºC. In a 125 mL Erlenmeyer flask, 

25 mL of LB broth was supplemented with antibiotics and the expression culture was inoculated 

with 250 µL of saturated overnight culture and grown at 37 ºC with 250 rpm until OD600 reached 

0.4 to 0.6 (the OD600 was checked regularly using the NanoDrop). Protein expression was induced 

using 125 µL of a 20% arabinose solution prepared in water, for a final 0.1% arabinose induction. 

Unnatural amino acid was added from a 100 mM stock in either DMSO or water, depending on 

the amino acid, at a final 1 mM concentration (a few poorly soluble UAAs were used at 0.5 mM). 

Overnight expression was performed at 37 ºC with 250 rpm shaking. The next day, cells were 

harvested by centrifugation at 4000 g for 10 minutes at 4 ºC in a 50 mL conical and the supernatant 

was discarded. [At this point, cell pellets could be frozen at –80 ºC for up to 6 months if samples 

weren’t immediately needed.]  
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In some cases, when the overall goal of bacterial protein expression was simply high-

resolution mass spectrometry confirmation of UAA incorporation, a 5 mL expression culture scale 

was utilized to avoid unnecessarily wasting the UAA. For this, all volumes were divided by five, 

and the expression was performed in a 15 mL conical tube. The 25 mL expression was typically 

only used when significant amounts of protein were needed for a functional assay.  

8.2.2 Lysis of Bacterial Cells – for sfGFP Mutants 

When expressing sfGFP bearing an unnatural amino acid, a unique three-phase partitioning 

(TPP) lysis protocol was used. For this, 5 mL expression cell pellets were thawed on ice. All 

samples, WT, +UAA, and –UAA were treated in the same manner. The cell pellets were 

resuspended in 300 µL of Tris buffer (25 mM Tris-HCl pH 8.0) and transferred to 1.7 mL tubes, 

followed by the addition of 200 µL of saturated ammonium sulfate and 500 µL of tert-butanol. 

Samples were capped and the tubes were shaken vigorously by hand for one minute. The tubes 

were centrifuged at 4000 g for 10 minutes at room temperature (do not use 4 ºC as the butanol will 

solidify). At this point, three layers (hence the name) should be apparent: (1) ~500 µL top layer 

consisting of the butanol, (2) a middle, precipitated disk that separates the two layers, about 1 mm 

thick, and (3) ~500 µL aqueous solution containing ammonium sulfate and Tris, with the sfGFP 

protein. Carefully pipette away the butanol layer into a waste receptacle, then using a fresh pipette 

tip, pierce through the precipitated layer to reach the bottom solution, and aspirate/transfer this to 

a fresh 1.7 mL tube. Add 1 mL of bacterial lysis buffer (8.3.21) so that there is a low imidazole 

concentration present to minimize background binding during Ni-NTA resin purification (8.2.4).  
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8.2.3 Lysis of Bacterial Cells – for Non-sfGFP Proteins 

For small scale (5 mL) expressions, cell pellets were resuspended in 1.2 mL of bacterial 

lysis buffer (8.3.21), followed by the addition of 12 µL of lysozyme (10 mg/100 µL in water), 12 

µL of 10% (v/v) Triton X-100, and 1.2 µL of bacterial protease inhibitor (Sigma P8849). Samples 

were gently mixed and incubated on ice for 1 hour. Cell resuspensions were sonicated (Fisher 

Scientific 550 Sonic Dismembrator) at 50% output using the microtip for 3 minutes with cycles of 

20 seconds on, and 30 seconds off. Cell lysates were centrifuged at 4 °C at 15000 g for 15 minutes 

to pellet cellular debris. Successful and complete lysis was monitored based on the appearance of 

the obtained pellet. If the pellet looked similar to the original cell pellet, this was indicative of 

incomplete lysis, therefore the samples were resuspended and the sonication process repeated. A 

typical fully lysed pellet should be significant lighter (tan/off-white) and smaller than the original 

cell pellet. At this point, the soluble protein fraction (supernatant) was transferred to a 1.7 mL tube 

for Ni-NTA resin purification (8.2.4).  

For the 25 mL scale expressions, the sonication protocol detailed above could be employed 

(with 5X volumes as written); however, longer sonication times are needed to ensure complete 

lysis. As such, an Avestin EmulsiFlex-C3 homogenizer (in the Childers lab) was more commonly 

used out of personal preference. For this, the cell pellets were thawed on ice and resuspended in 

10 mL of bacterial lysis buffer (8.3.21) with vortexing. Note: 10 mL is the smallest working volume 

compatible with the EmuliFlex, if using a larger scale expression size, the cell pellet should be 

resuspended in 1/5 of expression volume. Following the addition of 10 µL of bacterial protease 

inhibitor, the samples were transported to the cold room on ice. Following the detailed instructions 

guide at the instrument for prepping it for sample use. Pour the sample into the sample collector 

and make sure to create a continuous loop by connecting drain tubing back to the sample collector 
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(otherwise your sample will drain to waste). Flow the sample through with no pressure for 5 

minutes to ensure that it is homogeneous and clump-free, then flow through with pressure added 

(17000 – 20000 psi) for 12 minutes to lyse cells. After this time, reduce pressure setting back to 

zero and collect sample in a fresh 50 mL conical tube. Make sure to clean the instrument 

appropriately. Pellet cellular debris at 15000 g in the 4 ºC centrifuge with the fixed angle rotor for 

15 minutes. Transfer supernatant to fresh 15 mL conical tube for Ni-NTA resin purification (8.2.4). 

8.2.4 Ni-NTA Protein Purification 

Four different Ni-NTA resin/agarose vendors were used in the lab over the last several 

years (Qiagen 30210, 05/2015 to 02/2017; Invitrogen R90115, 02/2017 to 03/2018; EMD 

Millipore 70666, 03/2018 to 02/2019; G-Biosciences 786939, 02/2019 to present). Unfortunately, 

the quality and binding capacity of the resins do vary quite a bit between vendors. The protocol 

detailed here is based on the most recent work performed using G-Biosciences; however, the only 

difference is the volume of resin slurry used. All resins were obtained as a 50% slurry in 20% 

ethanol. The volumes used are for total volume pipetted (not the actual volume of resin). For 

expression at 5 mL (25 µL of resin), for 25 mL (125 µL of resin), and for 100 mL (400 µL of resin) 

was used per sample. Before adding to the sample, the resin was washed thrice with the lysis buffer 

to remove the 20% ethanol solution (centrifuge at 4 ºC for 5 minutes at 1000 g, remove supernatant, 

resuspend resin in equi-volume of lysis buffer, repeat 3 times). After washing, the resin was 

resuspended in lysis buffer and added to the samples. The tubes were placed on a multi-direction 

rocker in the cold room for 2 – 3 hours (unless specified otherwise). The resin was collected by 

centrifugation at 4 ºC for 5 minutes at 1000 g, and the supernatant was collected into a new tube. 

Volumes provided for wash and elution steps are for 25 mL scale and can be scaled up/down 
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linearly for the other expression sizes. Each wash and elution was collected in a separate, fresh 1.7 

mL tube. The resin was washed once with 250 µL of lysis buffer (8.3.21), then thrice with 250 µL 

of wash buffer (8.3.22), then eluted four times with 200 µL of elution buffer (8.3.23). For analysis 

of purity, 20 µL of the wash and elution fractions were transferred to PCR tubes, and mixed with 

8 µL of 4X Laemmli Sample Buffer. Samples were mixed thoroughly, then boiled at 95 ºC for 10 

minutes. The samples were maintained at –20 ºC until analyzed by gel. SDS-PAGE gels were cast 

as described in 8.2.5 (the percent of acrylamide was chosen based on the molecular weight of the 

protein). Typically, 10 µL of sample was loaded onto the gel (unless a low yield was expected, or 

very low visual fluorescence was observed in the sample, then the entire volume was used). The 

gels were electrophoresed at 60 V for 20 minutes, then 150 V for 80 minutes, followed by 

Coomassie staining. Gels were imaged on a ChemiDoc system with a preset Coomassie setting. 

To quantify purity, images were exported from the ChemiDoc software (ImageLab) and saved as 

a tiff file for analysis in FIJI. The entire lane was analyzed using the “gels” tool in FIJI, then the 

gel lane was plotted using the “plot lanes” feature, all peaks (anything detectable above 

background) were selected with the “wand” tool to measure the area under the curve. Purity was 

calculated by the following: peak area of desired molecular weight band/(sum of all peak areas 

extracted)*100. 

For high-resolution mass spectrometry analysis of samples, an aliquot was taken directly 

from the most concentrated elution and submitted to the Department of Chemistry Mass 

Spectrometry Facility. For proteins/enzymes to be used in any other manner, elution fractions that 

were deemed “pure” were pooled and buffer exchanged (to remove the high imidazole 

concentration) into the suitable assay buffer. 
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8.2.5 SDS-PAGE Preparation and Electrophoresis 

SDS-PAGE gels were prepared in-house using the volumes detailed in Table 8-2. The 40% 

acrylamide (19:1) solution was purchased from Fisher, TEMED (tetramethylethylenediamine) was 

purchased from Acros, and the remaining solutions were prepared as common-use lab solutions. 

The volumes listed make 5 mL of the resolving gel, which is enough for pouring a 0.75 mm thick 

gel using the Mini-PROTEAN Tetra Cell system from BioRad. Most gels were prepared using the 

1.5 mm thick cassettes and required doubling of the volumes in the table. When considering 

molecular weight of proteins and the necessary percentage of acrylamide gel, the following ranges 

were employed such that the protein of interest fell in the middle of the range: 8% gel (20 – 100 

kDa), 10% gel (15 –70 kDa), 12% gel (8 – 60 kDa), and 15% gel (<30 kDa). For most proteins, 

the 10% gel provided sufficient resolution.  

Table 8-2 Preparation of various percentage of SDS-PAGE gels 

Resolving       Stacking  
 

 
8% gel 10% gel 12% gel 15% gel   5% gel 

water 2.645 mL 2.4 mL 2.15 mL 1.775 mL 
 

water 3.0 mL 

40% acrylamide 

(19:1) 
1.0 mL 1.25 mL 1.5 mL 1.875 mL 

 

40% 

acrylamide 
0.5 mL 

1.5 M Tris  

pH 8.8 
1.25 mL 1.25 mL 1.25 mL 1.25 mL 

 

1.0 M Tris  

pH 6.8 
0.5 mL 

10% SDS 50 µL 50 µL 50 µL 50 µL 
 

10% SDS 40 µL 

10% APS 50 µL 50 µL 50 µL 50 µL 
 

10% APS 40 µL 

TEMED 3 µL 3 µL 3 µL 3 µL 
 

TEMED 4 µL 

 

The appropriate volumes of gel components (based on Table 8-2) were combined in a 15 

or 50 mL conical, followed by gentle inversion to fully mix. The solution was poured into the gel 

caster between the glass faceplate and backplate. To make sure the top of the gel was flat, 2 mL of 

milliQ was gently pipetted onto the top of the gel solution. After allowing the resolving gel to 

polymerize (~25 minutes), the top water layer was poured off and residual water was removed 
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with Kimwipe. A 5% stacking gel was prepared and poured to obtain a ~5 mm tall gel (4 mL for 

one 1.5 mm thick gel), and the appropriate comb (either 10- or 15-well) was added and allowed to 

polymerize for ~20 minutes. [Typically, gels were prepared as needed; however, gels were 

successfully stored (with the comb still in) overnight wrapped in a wet paper towel and sealed in 

a zipper bag with no negative effects observed.] The gel comb was carefully removed, and the 

wells were gently rinsed with deionized H2O to remove any unpolymerized gel solution. Using the 

Mini-PROTEAN Tetra Electrode assembly, the gel and a buffer dam (if using one gel) or two gels 

were loaded into the gel chamber. Fresh 1X SDS-PAGE running buffer (8.3.6) was used to fill the 

chamber between the gels/buffer dam (~200 mL needed), and used 1X SDS-PAGE running buffer 

was used to fill the rest of the tank. For low molecular weight proteins (<20 kDa – e.g., myoglobin), 

1X MES-SDS-PAGE running buffer (8.3.7) was used instead. An ice pack was placed in the buffer 

reservoir to keep the gel cool during electrophoresis. Protein samples were carefully loaded with 

10 µL pipette tips to ensure that the sample entered the appropriate well. Prestained protein ladder 

(Thermo 26617) was loaded at 8 µL for a 10-well gel or 5 µL for a 15-well gel. Any wells that did 

not have samples were filled with an equi-volume of 1X Laemmli Sample Buffer (300 µL of milliQ 

water + 100 µL of 4X Laemmli Sample Buffer) to ensure even migration of samples through the 

gel. Electrophoresis was performed at 60V for 20 minutes to move samples through the stacking 

gel, then the samples were pushed through the resolving gel at 150V for 80 minutes or 175V for 

60 minutes (no observable difference in final band shape was detected between the two 

voltages/times, but gels could be sped up when needed). 

Following electrophoresis, gels were either: (1) stained overnight in Coomassie stain 

solution (8.3.10), then destained the following day with regular changes of destain buffer (8.3.11), 
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(2) further processed in a western blot (8.2.11), or (3) imaged on the ChemiDoc for in-gel 

fluorescence, when applicable. 

8.2.6 Mammalian Cell Maintenance 

All mammalian cell lines were grown and maintained at 37 ºC/5% CO2 in tissue culture-

treated 10 cm plates (Corning 353003) with 10 mL of media. HEK293T (CRL-11268) and HeLa 

(CCL-2) cell lines were obtained from ATCC, and grown in Dulbecco’s Modified Eagle Medium 

(DMEM, see recipe 8.3.16) supplemented with 10% fetal bovine serum (FBS; Sigma-Aldrich, 

through 03/2019; HyClone, 03/2019 – present). For general cell passaging and plating into well-

plates for experiments, DMEM plus antibiotics (1% penicillin/streptomycin, Corning) was used; 

and for all transfections and compound treatments, minus-antibiotic DMEM was used. Every three 

months, media from a confluent plate of cells, as well as samples of sterile medias, were tested 

using Genlantis MycoScope PCR Detection Kit (MY01100) to check for mycoplasma 

contamination.  

Cell passaging and plating was performed in a biosafety cabinet once 10 cm plates reached 

90 – 100% confluence (typically 2 – 4 days). Cells were passaged by carefully removing the 10 

mL of media, washing gently with 1 mL of TrypLe (Gibco 12604021), then incubating with 1 mL 

of TrypLe for ~ 2 minutes at room temperature for HEK293T and at 37 ºC/5% CO2 incubator for 

HeLa cells. Following the incubation, using a 1 mL pipette tip, cells were gently pipetted to aid in 

complete lifting of cells from the plate, and 9 mL of media was added to inactivate TrypLe. To a 

fresh 10 cm plate, 9 mL of media was added, followed by the addition of 1 mL of the cell 

suspension (for a 1:10 dilution). Cells were labeled with date, cell line, and passage number. Cells 

were discarded after reaching passage 25, and new cell stocks were thawed. Note: To avoid having 
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a gap in useable cells, new cell stocks were thawed upon reaching passage 23, so the new ones 

would be ready when needed. 

Cells were thawed by removing the desired vial from an LN2 dewar (preferably Dewar 1), 

thawing in the 37 ºC water bath until completely thawed (but not longer than absolutely necessary), 

then cells were poured into a 10 cm plate containing 10 mL of media. Typically, pouring is 

forbidden due to risk of contamination; however, thawed cells tend to be quite fragile and do not 

tend to recover as well when a 1 mL pipette is used for transferring. The following day, the media 

was removed (transferred to a new 10 cm plate and labeled as “supernatant”) and fresh 10 mL of 

media was added to remove the DMSO used in storage. In rare cases, so few cells will have adhered 

prior to media change that it might be necessary to use the “supernatant” plate 48 – 72 hours post 

thaw in order to revive cell stocks.  

When taking the second-to-last vial of any cell line, or upon obtaining a new cell line from 

ATCC or another lab, cells stocks should be frozen down. For this, upon the next passage, plate 3 

mL of cell suspension into a 15 cm plate containing 20 mL of media. On the day of freezing cells, 

prior to starting, ensure that the Mr. Frosty Freezing Container (Thermo Scientific 5100-0001) is 

at room temperature and filled with the appropriate volume of isopropanol. Cells were grown to 

~100% confluence, then rinsed with 2 mL of TrypLe, lifted with 2 mL of TrypLe and transferred 

to a 15 mL conical tube, and diluted with 12 mL of media (14 mL total). A sample (10 µL) was 

taken for counting, then the remainder was pelleted at 1000 g for 10 minutes at room temperature. 

The media was discarded, and the cell pellet was resuspended in a volume of media such that cells 

were stored at 1 million cells per mL (1 mL per cryogenic tube). [Typically, 6 tubes of HeLa cells 

and 8 tubes of HEK293T cells were obtained from a single 15 cm plate.] For example, given a 

count of 8 million total cells, a total volume of 8 mL is needed, consisting of 7.6 mL of media and 
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0.4 mL of DMSO (5% final). At this step, 3 mL of media was added first, and used to gently 

resuspend the cells with a 1 mL pipette, then the remaining needed volume was added (if all 

volume is added at once, gentle resuspension is challenging). Add the necessary volume of DMSO, 

then mix by gently inverting the conical ~5 times. Quickly transfer 1 mL of the cell suspension to 

cryogenic tubes, then place tubes in Mr. Frosty and close the lid, then place in the –80 ºC freezer. 

After ~24 hours, vials should be transferred to an LN2 dewar. 

8.2.7 Poly-D-Lysine Treatment 

For any imaging experiments or experiments requiring several wash steps, the plate was 

treated with poly-D-lysine (MP Biomedicals 0215017550, 70 – 150 kDa) prior to plating cells in 

order to maintain adherence. A stock solution of 10 mg/mL was prepared by dissolving 12 mg in 

1.2 mL of sterile-filtered autoclaved milliQ water. This stock was stored in the cell culture 4 ºC 

fridge until depleted (up to 12 months sometimes). A working solution of 0.1 mg/mL in sterile-

filtered autoclaved milliQ water was prepared immediately prior to use. The volumes needed per 

well for various plate types are as follows: 96-well plate, 40 µL; 8-well chamber slide, 150 µL; 

12-well plate, 400 µL. The 0.1 mg/mL solution was added to the plate and incubated for ~15 

minutes at room temperature. The solutions were removed, and wells were washed twice with 

sterile-filtered autoclaved milliQ water, 2X the volume of poly-D-lysine solution. The plate(s) 

were dried in the biosafety hood for ~1 hour with the plate lids opened slightly.  
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8.2.8 Mammalian Cell Transfection – Linear Polyethyleneimine 

Linear polyethyleneimine (LPEI, from Polysciences, 23966-1) was prepared following the 

Polysciences protocol at a 0.5 mg/mL concentration scaled down to a 20 mL preparation. 

Following preparation, the entire volume was sterile-filtered using a 0.2 µm cellulose acetate 

syringe filter. The solution was aliquoted into 1.7 mL tubes at 200 µL each (~100 tubes) and the 

stocks were stored at –20 ºC. When performing an LPEI transfection, a single aliquot was thawed 

and used for that day only, then any remaining volume was discarded. A 0.5 mg/mL concentration 

was selected because it simplified the transfection calculations since DNA (µg): LPEI (µg) was 

maintained at a 1:5 ratio. Thus, for 1000 ng of DNA, 10 µL of LPEI was needed. The amount of 

DNA used for each transfection was optimized when starting a new assay, and the values reported 

in each section are the optimal values for that specific assay. Here, I have provided the starting 

points used for different plate formats in Table 8-3, as a guide for optimizing transfections for new 

targets.  

Table 8-3 LPEI transfection reagent volumes for various plate formats 

Plate format 
Volume 

of media 

Volume of 

OptiMEM 

Amount 

of DNA 

Volume 

of LPEI 

96-well plate 100 µL 20 µL 200 ng 2 µL 

8-well chamber slide 250 µL 20 µL 200 ng 2 µL 

12-well plate 1 mL 100 µL 1000 ng 10 µL 

6-well plate 2 mL 200 µL 2000 ng 20 µL 

 

When multiple identical wells were needed, the transfection mix was prepared in bulk such 

that there would be less well-to-well variability. Typically, calculations were performed to prepare 

2 – 3 extra wells so that there was enough material for the needed wells. When cells were ~80% 

confluent, the media was removed and replaced with antibiotic-free DMEM. The transfection mix 

was prepared by transferring OptiMEM (Gibco 22600050) to a 1.7 mL tube, followed by the 

https://www.polysciences.com/default/catalog-products/life-sciences/transfection-reagents/polyethylenimine-linear-mw25000/
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addition of DNA, then LPEI. The tube was flicked to mix, then the contents were quickly spun 

down in a tabletop minifuge, and the solution was incubated at room temperature for 20 minutes. 

Then, the “Volume of OptiMEM” was added to each well since the contributions from DNA/LPEI 

were usually negligible. Cells were incubated with the transfection mix overnight (or occasionally 

up to 48 hours) depending on the experiment.  

8.2.9 Mammalian Cell Transfection – Lipofectamine 2000 

Lipofectamine 2000 (L2K) transfections were typically only used after LPEI transfections 

failed to provide significant protein expression. The values provided in Table 8-4 show the starting 

point for Lipofectamine 2000 transfections. If a different plate size is needed, the protocols website 

for L2K has recommended volumes for scaling up or down. The volume of media used for 

culturing cells during transfection is the same for both transfection methods.  

Table 8-4 Lipofectamine 2000 transfection reagent volumes for various plate formats 

Plate format 
Volume of OptiMEM  

(x 2 tubes) 

Amount 

of DNA 

Volume 

of L2K 

96-well plate 25 µL 200 ng 0.5 µL 

12-well plate 100 µL 1000 ng 2.5 µL 

6-well plate 250 µL 2000 ng 5 µL 

 

As was true for LPEI transfections, if multiple wells were needed, the transfection mix was 

prepared in bulk. Per the manufacturer’s recommendation, a 2.5:1 ratio of L2K (µL): DNA (µg) 

was utilized. When cells reached ~80% confluence, the media was removed and replaced with 

antibiotic-free DMEM. In a 1.7 mL tube, OptiMEM and L2K were combined and incubated at 

room temperature for 5 minutes. In a separate 1.7 mL tube, OptiMEM and DNA were combined. 

After the incubation, the OptiMEM/L2K solution was mixed into the OptiMEM/DNA solution, 

the solution was flicked to mix, then briefly spun down to bring contents to the bottom. The 

https://www.thermofisher.com/us/en/home/references/protocols/cell-culture/transfection-protocol/lipofectamine-2000.html
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transfection solutions were incubated at room temperature for 20 minutes, then the solution (twice 

the original OptiMEM volume, e.g., 50 µL for 96-well format) was added to the wells. Cells were 

incubated with the transfection mix overnight (or occasionally up to 48 hours) depending on the 

experiment. 

8.2.10 Mammalian Cell Lysis 

Cells in either 6- or 12-well format that were transfected as described above were lysed for 

western blot analysis ~24 – 48 hours post transfection. A working solution of RIPA buffer (8.3.8) 

with 1X Halt Protease Inhibitor Cocktail (from 100X, Thermo Scientific 78429) was prepared. For 

6-well plate, 200 µL per well was used; for 12-well format, 100 µL was used per well; prepare 

enough working solution for # of wells + 1 to ensure each well gets the correct amount. Place the 

plate of cells on ice, carefully remove the media, rinse gently with 1 mL of ice-cold 1X PBS, then 

add 200 µL of RIPA buffer. Place plate on ice on an orbital shaker for 15 minutes with 250 rpm 

shaking. Collect total lysate into 1.7 mL tubes, then centrifuge at 15000 g for 10 minutes to pellet 

cellular debris. The supernatant (84 µL) was carefully collected, avoiding the pellet, and 

transferred to 0.2 mL PCR tubes, followed by the addition of 35 µL of 4X Laemmli Sample buffer 

(8.3.9). For western blot analysis, the regular buffer was used, the samples were mixed, then boiled 

and denatured for 10 minutes in a 95 ºC heat block. These samples were frozen at –20 ºC (for up 

to 6 months) until used for further analysis. For in-gel fluorescence experiments, the minus β-

mercaptoethanol buffer was used, the samples were mixed thoroughly, but were NOT boiled. 

These samples were electrophoresed on SDS-PAGE gels immediately to avoid any loss of 

fluorescence signal due to freeze-thaw effects. For a single well, 15 µL of sample was typically 



 298 

used and the remaining sample was again frozen (the prep volume above allows for 7 gels/blots 

from a single PCR tube).  

8.2.11 Western Blot Analysis 

As soon as the SDS-PAGE gels were resolving (8.2.5), 1 L of 1X western blot transfer 

buffer (8.3.13) was prepared and placed in the –80 ºC for the entirety of time the gels were 

electrophoresed. Using a spare faceplate as a template, four pieces of Whatman filter paper (GE 

Healthcare 100115) were cut to the exact size of the gel minus the stacking gel/wells. Next, the 

0.45 µm PVDF membrane (MilliporeSigma IPVH00010) was cut to size using the filter paper as 

a guide. With ~5 minutes remaining on the SDS-PAGE gel, the PVDF membrane was soaked in 

100% methanol to activate the membrane. Using a larger Nalgene pan, an ice moat was created 

around a gel tank equipped with a Mini Trans-Blot Cell (BioRad). The pre-chilled 1 L of transfer 

buffer was poured into the gel tank, and an ice pack was placed in the gap between the Cell and 

wall of the tank. When finished electrophoresing, the gel was removed from the glass plates and 

the stacking gel/wells were cut off with a clean razor blade. A glass baking dish was used for 

assembly of the transfer cassette. One liter of used transfer buffer was poured into the baking dish, 

and the cassette assembly (plastic portion and two sponges) was submerged with the black side 

down. The transfer assembly was built like a sandwich from the bottom up on the black plastic 

piece in the following manner: pre-wetted sponge, two pieces of filter paper, gel, activated PVDF 

membrane, two pieces of filter paper, and pre-wetted sponge. After each layer was added, the 

pieces were carefully smoothed out to avoid any bubbles between the layers, mostly importantly 

with no bubbles between the gel and membrane. The cassette was closed and the locking clip was 

used to hold the assembly together. The cassette was placed in the Trans-Blot Cell by matching 
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black-to-black and clear-to-red to ensure proper directionality of transfer. The transfer was 

performed at 80 V for 90 minutes (or occasionally 105 minutes for larger proteins). Following 

transfer, the cassette was disassembled and the membrane was placed in a clear plastic box (choose 

a box that is closest in size to the membrane to avoid wasting antibody [see Table 8-5]; typically 

blocking was performed in a large box, then the membrane was cut as needed and transferred to 

either a medium or small box). From here on, make sure that the membrane does not dry out due 

to excessive periods of time without solution in the box.  

Table 8-5 Volumes of antibody solution and wash steps for various membrane box sizes 

Size 
Dimensions (in cm) 

W x L x H 

Volume of 

Antibody Solution 

Volume for 

Washes 

small 9.0 x 3.0 x 1.6 3 mL 6 mL 

medium 7.0 x 5.0 x 3.0 4 mL 8 mL 

large 9.0 x 6.4 x 2.1 6 mL 10 mL 

 

Block the membrane with 5% milk in TBST (or 5% BSA in TBST, depending on the 

recommendation of the antibody vendor) for a minimum of 2 hours at room temperature with 

rocking. Primary antibody solutions were prepared in the recommended diluent (see specific 

chapters for exact preparation), and were incubated overnight with rocking in a cold room. The 

following day, the primary antibody solution was discarded and the membrane was washed thrice 

with TBST with a 5-minute incubated rocking period per wash. The secondary antibody was 

prepared in TBST (dilution factor again depends on the antibody) and was incubated with rocking 

at room temperature for one hour. After, the antibody solution was discarded and the membrane 

was again washed thrice with TBST. SuperSignal West Pico PLUS Chemiluminescent Substrate 

(Thermo Scientific 34580) was prepared by mixing the “Luminol” and “Enhancer” solutions at 

1:1 v/v ratio. The volume used per membrane was ½ of the volume of antibody solution (this was 

to avoid wasting the costly substrate), and this solution was incubated on the membrane with rapid 

rocking for 5 minutes to ensure complete coverage of the membrane with the minimal volume. 
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The membrane was immediately placed between two sheets of plastic (cut fresh from a zipper 

bag), then imaged on a ChemiDoc with “Chemi Resolution” or “Chemi Sensitivity” (no significant 

difference was observed between these preset programs) using the auto-exposure feature, or 

occasionally a manual exposure time if signal intensity was low. The blot was also imaged with 

the Cy3 and Cy5 settings in order to image the stained protein ladder. Using the ImageLab software 

(BioRad version 5.2.1), blot images were exported using the “Export for Publication” feature. 

8.2.12 AmidoBlack 10B Staining 

After membranes were imaged, the chemiluminescent substrate was removed by washing 

the membrane for one hour with PBST (refreshed every 30 minutes) on a rocking platform. The 

AmidoBlack 10B stain (8.3.14) was incubated with rocking for 5 minutes at room temperature. 

The stain was discarded and the membrane was destained (8.3.15) with refreshment of solution 

every 5 minutes until the background became off-white. A cell phone camera was used to image 

stained membranes in lieu of the camera on the ChemiDoc. 

8.3 Common Buffers and Solutions Recipes 

When searching for and preparing common buffers, there are numerous sources that 

provide a range of different preparations, all of which may yield differing final concentrations of 

reagents. The exact recipes of common laboratory buffers are detailed below to ensure clarity for 

reproduction of any experiments described within. 
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As there is often a high degree of variability between batches of unnatural amino acids, 

Table 8-6 comprises the UAAs used in this work, the chemist who synthesized the batch used, and 

the solvent used for preparation of stock solutions. 

Table 8-6 Preparation of UAA stock solutions 

UAA Synthesized by 
Stock 

concentration 
Solvent used 

AAPF Trevor Horst 100 mM DMSO 

AllocK commercial 100 mM milliQ water 

AzoF Trevor Horst 100 mM DMSO 

HCK Subhas Samanta 100 mM DMSO 

oPyrAzoF Trevor Horst 100 mM DMSO 

ONBY Jessica Torres 100 mM 0.25 M NaOH 

NorK Anirban Bardhan 100 mM milliQ water 

NVC Taylor Courtney 100 mM DMSO 

 

8.3.1 10X Phosphate Buffered Saline (PBS) 

• 80 g NaCl 

• 2.0 g KCl 

• 14.4 g Na2HPO4 

• 2.4 g KH2PO4 

Dissolve in 800 mL of milliQ water. Adjust pH to 7.4 with 7.8 M HCl (referred to 

colloquially as “65% HCl” in the lab). Fill to 1 liter with milliQ water, store at room temperature 

indefinitely. Dilute to 1X with milliQ water and store at room temperature. For 1X PBS used with 

mammalian cells, a small volume was sterile filtered on an as-needed basis. Unless specified 

otherwise, 1X PBS was used without sterile filtering. Protocol taken from Cold Spring Harbor. 

8.3.2 10X Tris Buffered Saline (TBS) 

• 88 g NaCl 

http://cshprotocols.cshlp.org/content/2007/4/pdb.rec10768.full?text_only=true
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• 12.1 g Tris-base 

Dissolve in 800 mL milliQ water. Adjust to pH 7.4 with 10 M HCl, requires a bit of time 

and patience. Fill to 1 liter with milliQ water. It can be stored at room temperature indefinitely. 

Dilute to 1X prior to use with milliQ water (100 mL of 10X into 900 mL of milliQ water), store at 

room temperature. Note: Various TBS recipes can be found online, but this one yields 10 mM Tris, 

150 mM NaCl when diluted to 1X. 

8.3.3 1X Tris Buffered Saline + Tween-20 (TBST) 

• 50 mL of 10X TBS 

• 450 mL of milliQ water 

• 0.5 mL of Tween-20 

Mix thoroughly. Prepare fresh for each western blot. Use TBST to prepare 5% milk (2.5 g 

of powdered milk into 50 mL of TBST) as blocking solution and primary antibody solution for 

western blots. 

8.3.4 10X Tris-Boric Acid-EDTA (TBE) 

• 108 g Tris base 

• 55 g boric acid 

• 40 mL of 0.5 M EDTA pH 8.0 

Add salts and EDTA solution, fill to 1 liter with milliQ water. Autoclave to fully dissolve 

(and to help minimize precipitation over time). Store at room temperature. Dilute to 1X before 

using with milliQ water (100 mL of 10X into 900 mL of water). Note: The quality of the boric 

acid that was purchased varied significantly over time. Empirically, I found that certain vendors 
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caused the 10X stock to precipitate much faster than others. Once a significant degree of 

precipitation was noticed (typically occurred when ~300 mL remained), the 10X stock was 

discarded and fresh was made. This was to ensure that a true 1X was achieved upon dilution. 

Protocol taken from OpenWetWare. 

8.3.5 0.5 M EDTA pH 8.0 Solution 

• 9.31 g EDTA disodium salt 

Add 40 mL milliQ water. Add NaOH pellets individually, one at a time until each dissolves. 

EDTA does not go into solution until the pH reaches ~8.0. Continue adding NaOH pellets until all 

of the EDTA has gone into solution (can take roughly 1 hour). Check the pH and adjust back to 

~8.0 with 7.8 M HCl if greater than pH 8.2. Store at room temperature indefinitely. Protocol taken 

from Cold Spring Harbor. 

8.3.6 10X SDS-PAGE Running Buffer 

• 30.3 g NaCl 

• 144 g Tris base 

• 10 g sodium dodecyl sulfate (or sodium lauryl sulfate, depending on the vendor) 

Fill to 1 liter with milliQ water. Mix thoroughly. Should prepare at least one day prior to 

needing this, as it can take a significant amount of time to completely dissolve. Dilute to 1X prior 

to use with milliQ water. Both 10X and 1X can be stored at room temperature indefinitely. To 

minimize the frequency in which the 1X needs to be prepared, the used 1X running buffer was 

collected in a separate 1 L bottle and used in the outside portion of the running tank, and fresh 1X 

https://openwetware.org/wiki/TBE
http://cshprotocols.cshlp.org/content/2006/1/pdb.rec8030
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(~ 200 mL) was used inside the chamber during electrophoresis. Every couple of weeks, the used 

running buffer was discarded. Protocol taken from Cold Spring Harbor. 

8.3.7 20X MES-SDS-PAGE Running Buffer 

• 97.6 g of MES 

• 60.6 g of Tris base 

• 10 g of sodium dodecyl sulfate 

• 20 mL of 0.5 M EDTA 

Combine all solids and the EDTA solution, then fill to 1 liter with milliQ water. Mix 

thoroughly. Dilute to 1X prior to use (50 mL of 20X into 950 mL of milliQ water). This running 

buffer was used for electrophoresis of proteins <20 kDa for improved resolution, instead of the 

recipe in 8.3.6. No modifications were made to electrophoresis voltages or run times. This recipe 

is based on a product sold by Thermo Scientific (NP00020). 

8.3.8 Radioimmunoprecipitation Assay (RIPA) Lysis Buffer – for Mammalian Cells 

Initially, RIPA buffer was ordered from Thermo Scientific (100 mL, 89900) for use 

through December 2018. The exact composition is detailed on their website, so rather than 

ordering again, 100 mL was made in-house. Final concentration for all components are: 25 mM 

Tris-HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, and 0.1% SDS.  

• 2.5 mL of 1 M Tris-HCl pH 7.6 

• 5 mL of 3 M NaCl 

• 10 mL of 10% NP-40 (borrow solid from Islam lab) 

• 10 mL of 10% sodium deoxycholate 

• 1 mL of 10% sodium dodecyl sulfate 

http://cshprotocols.cshlp.org/content/2006/1/pdb.rec10475.full
https://www.thermofisher.com/order/catalog/product/89900#/89900
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Combine reagents in 100 mL bottle (re-used original Thermo Nalgene polypropylene 

bottle). Fill to 100 mL with autoclaved milliQ water, and store indefinitely at 4 ºC.  

8.3.9 4X Laemmli Sample Buffer 

• 2 mL of 1 M Tris-HCl pH 6.8 

• 0.8 g sodium dodecyl sulfate 

• 4 mL of glycerol 

• 400 µL of β-mercaptoethanol 

• 8 mg bromophenol blue 

Combine all components in a 15 mL conical tube, then fill to 10 mL with water. Prepare a 

couple of days in advance since it takes a significant amount of time for everything to go into 

solution. Two variations of this recipe were prepared: (1) a non-reducing buffer which contains 

everything except β-mercaptoethanol, and (2) a Native-PAGE buffer which only has Tris, glycerol 

and dye. All three of the 4X buffers were stored at room temperature indefinitely. Protocol adapted 

from OpenWetWare. 

8.3.10 Coomassie Stain Solution 

• 1 g Brilliant Blue G-250 

• 700 mL of milliQ water 

• 100 mL of glacial acetic acid 

• 200 mL of methanol 

Mix together in this order in a 1 L bottle. It may take overnight for the dye to completely 

dissolve. This staining solution can be reused ~10 times. To stain an SDS-PAGE gel, remove the 

gel from the glass plates, rinse briefly with water to remove residual running buffer, then place in 

gel box with ~ 50 mL of staining solution. Rock at room temperature overnight. 

https://openwetware.org/wiki/SDS_sample_buffer
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8.3.11 Coomassie Destain Solution 

• 700 mL of milliQ water 

• 100 mL of glacial acetic acid 

• 200 mL of methanol 

Mix together. Destain solution can be reused once filtered over decolorizing carbon to 

remove the dye. Decolorized destain solution can be reused up to 5 times. To destain a gel, remove 

(and recollect) the staining solution, then replace with ~50 mL of destaining solution. Rock at 

room temperature with regular refreshing of destain solution. Continue this process until the bands 

are visibly detectable above background (typically takes 8 to 12 hours). 

8.3.12 10X Western Blot Transfer Buffer 

• 30.3 g NaCl 

• 144 g Tris base 

Fill to 1 liter with milliQ water. Mix thoroughly. Store at 4 ºC indefinitely.  

8.3.13 1X Western Blot Transfer Buffer 

• 100 mL of 10X transfer buffer 

• 200 mL of methanol 

• 700 mL of milliQ water 

Mix thoroughly. Prepare fresh each time for every western blot. One liter is enough for a 

single tank that can hold two transfer cassettes. Note: Some protocols recommend adding SDS to 

the transfer buffer; however, in my experience this causes undesired artifacts on the membrane 

following the transfer. Unless otherwise noted in the specific protocol, western blots were always 
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performed in the absence of SDS. The 1X transfer buffer was pre-chilled for ~1 hour in a –80 ºC 

freezer until used for transfer. 

8.3.14 Amido Black 10B Stain (for PVDF Membrane) 

• 100 mg Amido Black 10B 

• 45 mL of methanol 

• 15 mL of glacial acetic acid 

• 40 mL of milliQ water 

Add dye to 250 mL glass bottle. Add water, followed by methanol and acetic acid. Mix 

thoroughly. Store at room temperature in the dark.  

8.3.15 Amido Black 10B Destain (for PVDF Membrane) 

• 90 mL of methanol 

• 2 mL of glacial acetic acid 

• 8 mL of milliQ water 

Mix together in a 250 mL glass bottle. 

8.3.16 DMEM (for Culturing Mammalian Cells) 

• 6.7 g DMEM (GE catalog #: SH3000303) 

• 1.85 g sodium bicarbonate 

• 55 mg sodium pyruvate 

Combine these three solids in an autoclaved 500 mL glass bottle. Add 445 mL of milliQ 

water and mix thoroughly until completely dissolved. In a tissue culture hood, carefully pour the 

media into a 500 mL sterile filter flask (0.2 µm PES filter), then add 5 mL of 100X 
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penicillin/streptomycin and 50 mL of FBS. If making antibiotic-free media, use 450 mL of milliQ 

water when dissolving the solids. After sterile filtering, store media in the 4 ºC fridge in the cell 

culture room. Warm to 37 ºC in the tissue culture room water bath prior to using for any cell work. 

8.3.17 Transformation Storage Buffer (TSB) 

• 20.5 mL of 2X LB Broth pH 6.5 

• 10 mL of 50% PEG (3,350 molecular weight) 

• 2.5 mL of neat DMSO 

• 0.5 mL of 1 M MgCl2 

• 0.5 mL of 1 M MgSO4 

• 16 mL of autoclaved milliQ water 

Autoclave the LB broth solution, then transfer 20.5 mL to a 50 mL conical tube. Add the 

remaining solutions and water for 50 mL final volume. Use a 0.2 µm sterile syringe filter to 

sterilize the solution, then store at 4 ºC indefinitely. 

8.3.18 5X KCM Solution (for KCM Transformations) 

• 6 mL of 2.5 M KCl 

• 4.5 mL of 1 M CaCl2 

• 7.5 mL of 1 M MgCl2 

• 12 mL of milliQ water 

Thoroughly mix all four together. Sterilize by syringe filtering (0.2 µm), then store aliquots 

at –20 ºC. Once thawed, aliquots can be stored at 4 ºC indefinitely. 
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8.3.19 5X Isothermal Gibson Assembly Buffer 

• 3 ml of 1 M Tris-HCl pH 7.5 

• 150 µl of 2 M MgCl2 

• 600 µl of 10 mM dNTPs 

• 300 µL of 1 M DTT 

• 1.5 g of PEG-8000 

• 20 mg of NAD+ hydrate 

Combine all reagents in a 15 mL conical tube and fill to 6 mL with autoclaved milliQ water. 

Store at –20 ºC in 320 µL aliquots. 

8.3.20 Gibson Assembly Master Mix 

• 320 µL of 5X Isothermal Gibson Assembly Buffer 

• 0.64 µL of T5 Exonuclease (10U/µL) [NEB M0363S] 

• 20 µL of Phusion polymerase (2U/µL) [Thermo Scientific F530L] 

• 160 µL of Taq DNA ligase (40U/µL) [Applied Biomedical Materials E090] 

• 699 µL of autoclaved milliQ water 

Combine all components in a 1.7 mL tube. Mix well by inverting, do not vortex. Keep all 

working solutions on ice during preparation. Aliquot 15 µL into pre-chilled PCR tubes on ice 

(makes 80 tubes). Store at –20 ºC until needed. 

8.3.21 Lysis Buffer (for Bacterial Protein Expression) 

• 24 mL of 3 M NaCl 

• 11.185 mL of 1 M Na2HPO4 

• 0.815 mL of 1 M NaH2PO4 

• 10 mL of Elution buffer 

• 65 µL of 10 M NaOH 
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Combine all of the above into a 250 mL glass bottle. Fill to 250 mL with autoclaved milliQ 

water. Check that the pH is ~8.0. Store at room temperature indefinitely. This contains 10 mM 

imidazole to help minimize background binding during purification with Ni-NTA resin. 

8.3.22 Wash Buffer (for Bacterial Protein Expression) 

• 10 mL of Lysis buffer 

• 435 µL of Elution buffer 

Mix the two buffers together to generate a 20 mM imidazole wash buffer. If more stringent 

washes are needed, a 78.5 mM imidazole wash buffer can be prepared by mixing 5 mL of Lysis 

buffer with 2 mL of Elution buffer. 

8.3.23 Elution Buffer (for Bacterial Protein Expression) 

• 0.3 g NaH2PO4 

• 0.877 g NaCl 

• 0.85 g imidazole 

• 107 µL of 10 M NaOH 

Combine all solids in a 50 mL conical tube. Add 40 mL of autoclaved milliQ water. Vortex 

to dissolve all reagents. Add the sodium hydroxide solution. Then fill to 50 mL with autoclaved 

milliQ water. This yields a 250 mM imidazole solution. 

8.3.24 FKBP/FRB Storage and Assay Buffer 

• 600 µL of 1 M Tris-HCl pH 7.4 

• 1 mL of 3 M NaCl 

• 3 mL of glycerol 
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Combine all three components into a 50 mL conical tube. Then fill to 30 mL with milliQ 

water. Final buffer concentration is 20 mM Tris pH 7.4, 100 mM NaCl, and 10% glycerol. 

8.3.25 TEV Protease Lysis and Storage Buffer 

• 5 mL of 1 M Tris-HCl pH 8.0 

• 8.3 mL of 3 M NaCl 

• 0.25 mL of 1 M DTT 

• 50 µL of 0.5 M EDTA 

Combine all reagents in a 50 mL conical. Fill to 50 mL with autoclaved milliQ water. As 

DTT is unstable in solution, this should be prepared fresh as needed. 

8.3.26 1 M Dithiothreitol (DTT) – for Gel Band Sample Preparation 

• 1.54 g of dithiothreitol 

Dissolve in B&J water (to 10 mL final volume). Transfer 12 µL into 0.65 mL eppendorf 

tubes and store at –20 ºC. Working solutions were prepared fresh by diluting 10 µL of the 1 M 

solution into 990 µL of 25 mM ammonium bicarbonate. 

8.3.27 450 mM Iodoacetamide (IAA) – for Gel Band Sample Preparation 

• 416 mg of iodoacetamide 

Dissolve in 5 mL of B&J water. Transfer 65 µL into 0.65 mL eppendorf tubes and store at 

–20 ºC. Working solutions were prepared fresh and stored in the dark. Dilute 61 µL of the 450 mM 

solution into 439 µL of 25 mM ammonium bicarbonate. 
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Appendix A – Plasmid Maps 

Maps of all plasmids used within this document are included in this Appendix section. 

Plasmids assembled by myself are denoted with a blue color-coded plasmid name, while plasmids 

assembled by fellow lab members or those that were purchased are denoted in black. 
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Figure A-1 Plasmids used in Chapter 2 

Plasmids pMAH2-CageCys and pGST-ERK2 were purchased from Addgene #71404 and #47573, respectively. 

Plasmids pU6-PylT-H1-PylT-HCKRS and p(U6-PylT)x4-HCKRS were provided by Jihe Liu. Plasmid pERK-mCherry 

was a gift from Jason Haugh at North Carolina State University. 
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Figure A-2 Plasmids used in Chapter 3 

Plasmid pCS2-GFP-TEVsensor was provided by Kristie Darrah. 
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Figure A-3 Plasmids used in Chapter 4 

Plasmids pBAD-sfGFPY151TAG and pBK-EV20 were obtained from Jihe Liu. pRep was a gift from Ashton Cropp 

at Virginia Commonwealth University. UAA incorporation plasmids pmCherry-TAG-EGFP-HA and p(U6-PylT)x4-

NPYRS were provided by Jihe Liu and Ji Luo, respectively. The NPYRS sequence is a mammalian codon optimized 

version of the EV20 synthetase containing mutations L270F, L274M, N311G, C313G, and Y349F. 
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Figure A-4 Plasmids used in Chapters 5 and 6 

Plasmids pCLuc-FKBP, pFRB-NLuc, pYFP-FRB, and pLyn11-FKBPx2-CFP were purchased from Addgene #31184, 

#31181 #20148, and #20149, respectively. Plasmids pGFP-FKBP and pmCherry-NLSx3-FRB were gifts from 

Takanari Inoue at Johns Hopkins. 
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Figure A-5 Plasmids used in Chapter 7 
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Appendix B – Synthetase Panel Mutants 

 301 302 305 306 309 346 348 350 384 M. mazei numbering  

Name 266 267 270 271 274 311 313 315 349 M. barkeri numbering 

wild-type L A L Y L N C M Y  

EV16_1       A   A A      

EV16_2         V A A      

EV16_3           A A   F  

EV16_4       A   A A   F  

EV16_5       M A A A   F  

EV16-7   T       A A      

EV16-8   S       A A      

EV17       M A       F  

EV18_1       M A G G   F  

EV18_2     F M A G G   F  

EV19_1           G G   F  

EV19_2     F     G G   F  

EV20     F   M G G   F  
 

Figure A-6 Synthetase panel mutations 

This is not a comprehensive list of synthetase mutants available in the lab, but only contains mutants that were included 

in the synthetase panel screens performed in Chapter 4. 
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Appendix C – ITC Binding Curves 

 

Figure A-7 Raw data corresponding to the heat maps shown in Figure 4-27 
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Figure A-8 Raw data corresponding to the heat maps shown in Figure 4-28 



 321 

 

Figure A-9 Raw data corresponding to the heat maps shown in Figure 4-29 
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Appendix D – Description of LEDs 

The University of Pittsburgh Electronics Shop constructed the LED systems used in 

experiments described in this document. The LEDs were obtained from Mouser Electronics: 405 

nm (LZ1-10UA00-00U8), 450 nm (LXML-PR02-A900), 530 nm (LXML-PM01-0100) or 

LuxeonStar: 415 nm (SZ-01-U8) or 470 nm (SP-01-B4). Heat sinks (to which the LEDs were 

mounted) were purchased from Digi-Key Electronics (501503B00000G). 
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