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CONJUGATION 

Jihe Liu, PhD 
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Expanding the genetic code by unnatural amino acid (UAA) incorporation allows for 

control of protein structure and function in cells and animals. Genetic incorporations of 

several UAAs, including dithiolane lysine, azidoethyl and azidomethyl lysine, photocaged 

tyrosine/thiotyrosine/azatorysine, alkene lysine, and bipyridine lysine, were achieved 

through the pyrrolysyl-tRNA synthetase (PylRS). The UAA mutagenesis system was 

further studied, including optimization of the incorporation efficiency in mammalian cells, 

library selection of UAA in E. coli, and genetic incorporation of photocaged cysteine 

through E. coli Leu synthetase. UAA mutagenesis provides a versatile method for protein 

activity control and protein conjugation. As one application, optical control of protein 

activities (intein, TEV protease, Src kinase, HRP) was studied, with the genetic 

incorporation of photocaged or photoisomerizable UAAs. Optical deactivation of protein 

function was studied with degron or genetic incorporation of nitrophenylalanine. Besides, 

small molecule control of protein activity was studied with the genetic incorporation of a 

propargyl carbamate or an allyloxy carbonyl functional group. As another application, an 

aminooxy functional group was genetically incorporated for protein labeling. Next, the 
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zebrafish with the expanded genetic code was developed, and was applied to the optical 

control of cell signaling (MEK/ERK pathway). Optical control of other proteins (Alk5 kinase, 

Cas9, Cre recombination) and small molecule control of luciferase function in zebrafish 

were studied. Efforts were also made to generate stable fishlines for genetic code 

expansion. Lastly, optical control of other biomolecules (morpholino, peptide nucleic acid) 

was pursued in zebrafish.  
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1.0 Introduction 

 

1.1 Expanding the Genetic Code through Unnatural Amino Acid Incorporation 

 

Proteins, consisting of 20 canonical amino acids, are fundamental biomolecules for cellular 

activity and physiology. While the number of natural amino acids is small, various post-

translational modifications, like phosphorylation, methylation, and acetylation, clearly suggest that 

the biological activities of proteins exceed the limit of canonical amino acids.1 In fact, many 

proteins are functional only when post-translationally modified with other functional groups, and 

this lays the basis for a dynamic and robust biological system. Therefore, the development of a 

methodology to expand the genetic code to other, so called unnatural amino acids (UAAs) is very 

appealing.1-2 Such a methodology will allow us to directly generate proteins with desired UAAs, 

which will greatly enhance our ability to control protein structure and function. Additionally, it will 

be a powerful tool to study protein function in cells, thus facilitating our understanding of life. 

 Several approaches have been developed to incorporate UAAs into proteins, including 

chemical modifications, chemical synthesis, and in vitro and in vivo biosynthetic approaches.1 

Chemical modifications utilize a chemical reaction between an amino acid and a specific reagent. 

Commonly used amino acids include lysine and cysteine, due to their nucleophilic side chains. 

However, there are two major drawbacks of this method. First, it allows little selectivity over the 

modification sites if more than one reactive amino acids are present in a protein. Second, the 

general efficiency of the reaction is limited. 

 Chemical synthesis, on the other hand, seeks to generate a protein containing an UAA de 

novo. Stepwise solid-phase peptide synthesis (SPPS) is the most frequently used method to 

achieve this goal.3 However, the synthesis is generally limited to proteins with the size less than 
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100 amino acids. Two methods can be used to remedy this disadvantage. The native chemical 

ligation (NCL) ligates two peptide fragments into an intact protein.4 Yet, this method is expensive 

and time-consuming when a large protein is assembled. Another evolutionary method is the 

expressed protein ligation (EPL).5 In this method, the major, unmodified part of a protein, which 

contains a C-terminal α-thioester through intein-based cleavage, is expressed within living cells. 

It is then ligated to a second synthetic peptide with the UAA. Although this method greatly 

facilitates the generation of a large protein containing an UAA, it is only suitable when the UAA is 

incorporated near the N- or C-terminus. 

 An in vitro method for site-specific incorporation of an UAA into proteins was first reported 

in 1989.6 A chemically acylated suppressor tRNA was used in an in vitro transcription-translation 

system to incorporate an unnatural amino acid in place of the UAG amber stop codon in a protein 

of interest. Although this work initiated the concept to completely express unnaturally 

mutagenized proteins at the translational level, the low efficiency of in vitro systems, the difficulty 

in applying it to living cells, and the demanding chemical synthesis of the aminoacylated tRNA 

impeded its further application. 

 An in vivo method for UAA incorporation was therefore highly desired, due to the expected 

high yield of expression and the applications in live cells. In initial experiments, an auxotrophic E. 

coli strain was used for the incorporation of an analogue amino acid in place of its corresponding 

canonical amino acid in the whole proteome.7 However, this method is limited to analogues that 

are structurally similar to the canonical amino acids, and the incorporation is not site-specific. 

 In 2001, an UAA was site-specifically incorporated into a protein in E. coli using the cellular 

translational machinery (Fig 1.1).8 To achieve this goal, a tRNA that uniquely recognizes the 

amber stop codon, UAG, needed to be generated. The amber stop codon was chosen to encode 

the UAA, because it is the least frequently used among the three stop codons (9% in E. coli, 20% 

in human).9 The incorporation of an UAA across the proteome is therefore expected to bring 

minimal effect on cellular physiology. This tRNA should be orthogonal to any other aminoacyl-
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tRNA synthetases (aaRSs) in the host cell. To aminoacylate this tRNA with an UAA, a novel aaRS 

was introduced. This non-endogenous aaRS must also be orthogonal to any other endogenous 

tRNAs or canonical amino acids. Likewise, the UAA must be the substrate only for this aaRS, but 

not any other endogenous aaRSs. Besides, the unnatural amino acid should not be toxic to the 

cells, and needs to be transported to the cytoplasm when added to the growth medium at an 

appropriate concentration. 

 

Figure 1.1. Orthogonal aaRS/tRNA pair for UAA mutagenesis. The orthogonal aaRS (cyan) 

aminoacylates the orthogonal tRNA (with CUA labeled in red) with an unnatural amino acid and does 

not cross-react with the endogenous aaRS/tRNA pairs (purple). Aminoacyl-tRNA is transported to the 

ribosome (brown), where it incorporates the unnatural amino acid in response to the UAG codon. 

Adapted from J. Biol. Chem. 2010, 285, 11039-11044. 
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 Because the initial attempt to directly evolve an orthogonal aminoacyl-tRNA 

synthetase/tRNA pair (aaRS/tRNA) from the existing E. coli aaRS/tRNA pairs was not successful, 

a heterologous tyrosyl-tRNA synthetase (TyrRS)/tRNATyr pair from M. jannaschii, a thermophilic 

methanogenic archaean, was chosen.8 This pair perfectly meets the above requirements: both 

the MjtRNATyr (with several modifications)8 and MjTyrRS are orthogonal to their E. coli 

counterparts, but are still functional in E. coli. To evolve an MjTyrRS/tRNATyr pair for a desired 

UAA, a two-step evolution process was developed.1 First, an MjtRNATyr library was constructed, 

randomly mutating eleven nucleotides that do not interact with the MjTyrRS. The library was 

subjected to directed evolution, for the selection of mutant tRNATyr that will only be aminoacylated 

by the cognate MjTyrRS, but not by any endogenous aaRSs. As a result, a mutant MjtRNATyr with 

five nucleotide substitutions was selected.8 Second, a library of MjTyrRS mutants, with 

randomization of five residues (Y32, E107, D158, I159, L162) around the amino acid-binding site 

(within 6.5 Å of the para position of the aryl ring of bound tyrosine), were then constructed and 

subjected to directed evolution, for the selection of an aaRS that only recognizes an UAA but not 

any canonical amino acids. As a result, a mutant MjTyrRS with four mutations was selected.8 The 

resulting MjTyrRS/tRNATyr pair thus allows site-specific incorporation of the desired UAA.  

 Using the heterologous MjTyrRS/tRNATyr pair described above, more than 70 UAAs have 

been genetically incorporated in E. coli (Fig 1.2). These UAAs represent distinct structural and 

functional properties not found in canonical amino acids, including chemically reactive groups for 

bioconjugation (1, 2, 3), biophysical probes (IR, NMR, fluorescent) for the study of protein 

structure and function (4, 5), photocaged and photoreactive groups (6, 7), and the product of post-

translational modification (8). The site-specific incorporation of these UAAs in E. coli greatly 

expands our ability to investigate protein structure and function. 
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Figure 1.2. Chemical structures of genetically encoded unnatural amino acids. These UAAs represent 

distinct structural and functional properties, including chemically reactive groups for bioconjugation (1, 

2, 3), biophysical probes (IR, NMR, fluorescent) for the study of protein structure and function (4, 5), 

photocaged and photoreactive groups (6, 7), and the product of post-translational modification (8). 

Adapted from Annu. Rev. Biochem. 2010, 79, 413-444. 

 

 Although the MjTyrRS/tRNATyr pair is an effective platform for UAA incorporation in E. coli, 

it could not be readily applied to organisms like yeast and mammalian cells. This is because the 

MjTyrRS/tRNATyr pair is orthogonal in prokaryotes, but not in eukaryotes.10 In fact, the first 

incorporation of an UAA in eukaryotes (yeast) was achieved through the evolution of a prokaryotic 

E. coli aaRS/tRNA pair.11 The evolved aaRS/tRNA pair from prokaryote could further be 

transferred to mammalian cells.12 However, the requirement of separate selection procedures for 

incorporation of an UAA in prokaryotes and eukaryotes impedes its rapid application. Therefore, 

a time-efficient and facile approach is needed to facilitate the incorporation of UAAs in both 

kingdoms. Ideally, an aaRS/tRNA pair could be evolved for a desired UAA in the prokaryotes first, 
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and then be shuttled to the eukaryotes directly without the loss of orthogonality or functionality. 

 

1.2 Pyrrolysyl-tRNA synthetase as a tool to expand the genetic code 

 

In 2002, a 22nd amino acid, pyrrolysine, was found to be encoded by UAG in Methanosarcina 

barkeri (Fig 1.3A).13 The pyrrolysine is incorporated into the methylamine methyltransferase 

through an in-frame amber UAG codon, which was proposed to play key role in the activation of 

methylamine substrates.13b The pyrrolysyl-tRNA synthetase (PylRS) and the pyrrolysyl-tRNA 

(PylT), which were proposed to be responsible for pyrrolysine incorporation, were identified in the 

Methanosarcina barkeri genome.13a Although the complete biosynthetic pathway for pyrrolysine 

was identified a few years later,14 it was quickly realized that the components for the incorporation 

of pyrrolysine might be a powerful tool for genetic code expansion. Since the PylRS/PylT pair 

functions in a natural context where the canonical aaRS/tRNA pairs exist, it is speculated that this 

orthogonality will be retained when the PylRS/PylT pair is used in other organisms. Indeed, in E. 

coli or mammalian cells, the PylRS/PylT pair from either M. barkeri or M. mazei does not cross-

react with endogenous aaRSs or tRNAs.15 This system is advantageous over the previously 

systems in several aspects. First, no directed evolution is needed for the tRNA, because the PylT 

is already a perfect substrate for its cognate PylRS, but not any endogenous aaRSs. Second, the 

anticodon region of the PylT recognizes the UAG codon, with no need for mutation. Third, the 

mutant PylRS is unlikely to incorporate any endogenous amino acids, which show distinct 

structural difference with the pyrrolysine. In contrast, for MjTyrRS, a substantial evolutionary effort 

is needed to prevent its recognition of endogenous tyrosine. In summary, the PylRS/PylT pair has 

been established as a versatile and convenient tool for genetic code expansion in a wide range 

of organisms.16 

The pyrrolysyl-tRNA synthetase (PylRS) belongs to the class II aaRS family. A core, seven-
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stranded antiparallel β-sheet is surrounded by several long helices (Fig 1.3B).17 The PylRS differs 

from other members of its subfamily, with its deep hydrophobic pocket to harbor pyrrolysine, which 

is significantly larger than any 20 canonical amino acids. From the crystal structure of the M. 

mazei PylRS, the pyrrole ring is buried in this pocket, surrounded by the residues Tyr384, Trp417, 

Cys348 and Val401 (Fig 1.3B).17 The structural analysis reveals two important residues for 

pyrrolysine recognition: Asn346 and Tyr384. The Asn346 forms a hydrogen bond with the amide 

oxygen of pyrrolysine, while the Tyr384 hydrogen bonds with both the pyrrole nitrogen and the α-

amino group through its hydroxyl group.17 Besides, Tyr384 also forms a π-π stacking with the 

pyrrole ring, further stabilizing the substrate. The sequence alignment of the PylRS from M. barkeri 

and M. mazei also reveals that these residues are highly conserved within the PylRS (Fig 1.3C). 
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Figure 1.3. Structure of pyrrolysine and PylRS. (A) Structure of pyrrolysine. (B) Wild-type PylRS with 

pyrrolysyl-AMP, from M. mazei (PDB ID: 2Q7H). (C) Sequence alignment of the PylRS from M. barkeri 

(GenBank: AAL40867) and M. mazei (GenBank: NP_633469). Key residues for pyrrolysine recognition 

are marked with stars. The figure is generated by ClustalW and ESpript. 

 

 It was speculated that UAA with similar structure as pyrrolysine could also be recognized 

by PylRS. Indeed, the wild-type PylRS exhibits extraordinarily broad substrate spectrum for many 

lysine analogues.18 These UAAs could be used for click chemistry,18b photocrosslinking,18c and 

fluorescence labeling.18d For other UAAs that are not recognized by the wild-type PylRS, a library 

of PylRS mutants could be constructed and selected for the incorporation of a desired UAA 
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(discussed in Chapter 2.3). This strategy has allowed successful incorporation of many other 

lysine analogues,19 and further expands the application to the photocontrol of protein 

localization19d and the site-specific post-translational modifications of proteins.19e The substrate 

specificity could also be engineered for phenylalanine analogues,20 histidine analogues,21 as well 

photocaged tyrosine22 and photocaged cysteine.23 For example, the N311A/C313A mutant allows 

incorporation of more than twenty phenylalanine analogues, with functional groups located at 

either ortho, meta, or para positions.20 Altogether, these UAAs offer new probes for the study of 

protein function and structure, and expand the toolbox for the optogenetic control of protein 

function. Moreover, the PylRS/PylT system has been successfully applied for the genetic code 

expansion of animals, including worms,24 fruit flies,25 mice,26 and zebrafish (discussed in Chapter 

5). In summary, the pyrrolysyl-tRNA synthetase is a great tool for genetic code expansion in E. 

coli, mammalian cells and animals. 
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2.0 Incorporation of New Unnatural Amino Acids 

 

2.1 Pyrrolysyl-tRNA Synthetase Screening Using an sfGFP Reporter 

 

To rapidly identify PylRS mutants that recognize newly synthesized UAAs, we applied a 

synthetase screening approach with an sfGFP reporter.27 We undertook the screening based on 

the fact that some PylRS show broad substrate specificity for several UAAs, in particular if they 

are structurally similar.20a, 20c The sfGFP shows enhanced folding capability over other GFP 

variants, and is suitable for E. coli expression.28 A TAG amber stop codon was placed at the 

permissive Tyr151 position of the sfGFP. Tyr151 is located at the surface of the protein, and its 

side-chain is facing outward. Therefore, the incorporation of an UAA is not expected to disturb 

sfGFP maturation and fluorescence. Since sfGFP would only be fully translated and fluorescent 

when the amber stop codon is base-paired with PylT charged with an amino acid, the fluorescence 

of sfGFP is a robust readout for the UAA incorporation efficiency and thus PylRS function (Fig 

2.1). To this end, a reporter plasmid, sfGFP-Y151TAG-pylT, was constructed. The expression of 

sfGFP-Y151TAG was under an arabinose promoter, and the expression of PylT was under a 

constitutive promoter. 
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Figure 2.1. Pyrrolysyl-tRNA synthetase screening in E. coli using an sfGFP reporter. The newly 

constructed reporter plasmid (pReporter) contains an sfGFP gene sequence with TAG amber codon 

placed at Tyr 151 position, as well as PylT (from M. Barkeri) expression sequence. The synthetase 

plasmid (pBK-PylRS) contains a PylRS (from M. Barkeri) gene sequence. The sfGFP protein is 

expressed in E. coli in the presence of UAA. No protein is expressed in the absence of UAA. Protein 

expression is analyzed by SDS-PAGE. 

 

Based on the mutants that we, and others, reported,16 we generated a panel of PylRS 

mutants for screening (Table 2.1). Structures of UAAs that are incorporated by these mutants are 

also presented (Table 2.2). Most of the synthetases were designed for either lysine derivatives 

(EV1 to EV13) or tyrosine derivatives (EV16 to EV20-1). In the following six sections, structurally 

different UAAs that were incorporated through synthetase screening will be discussed.  

Code 
Mutation sites 

UAA 
M241 L266 A267 L270 Y271 L274 N311 C313 M315 Y349 W382 

EV1            
AzMK, AzEK, 

NorK 

EV1-2  M   L        

EV2 F  S  C M      
NPMK, PCC, 

PCHC 

EV2-1 F  S  C M    W   

EV2-2 F  S G C M       

EV2-3 F  S  C M  G     

EV2-4 F  S G C M  G     

EV2-5 F  S  C M    F   

EV3      V  V Q    

EV8-1        V Q    
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EV9      V       

EV10     A       
NPPK, 
NDBFK 

EV12     A M      HCK 

EV13-1          F  DK 

EV13     A     F  
OABK, NorK, 

BPK 

EV15       A K     

EV16       A A     

EV16-1     A  A A     

EV16-2      V A A     

EV16-3       A A  F  ONBAY 

EV16-4     A  A A  F   

EV16-5     M A A A  F  
ONBY, 

ONBSY, AzoF 

EV16-6     M M A A  F   

EV16-7   T    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  
ONBY, NPY, 

MNPY, NPEY 

EV20-1    F  A G G  F   

EV21      A  A  F   

EV21-1      A    F   

EV22      A  V  F   

EV23      A  S  F   

EV24        V     

EV25     M G  A  F   

EV26     A M  A  F   

EV27     M A  A  F   

EV28     M A       

EV29          W   

EV30     A M    F   

EV31   T    T T     

EV33    I F G G G  F   

EV34    I F M G G  F   

EV35    F F G G G  F   

EV36        A  F   

EV37     M V  A  F   

EV38   T   S V G  F  PSC 

EV38-1       V G  F   
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EV39-1   T    A A  F   

Table 2.1. Panel of PylRS mutants (from M. Barkeri) used in screening. Wild-type amino acid positions 

and corresponding sequences are listed on the top. Mutations for individual PylRS mutant are listed. 

Blank indicates wild-type amino acid sequence at that position. EV1 represents wild-type PylRS. For 

PylRS from M. Mazei, the amino acid numbering is added by 35 (for example, Y349 in M. Barkeri 

corresponds to Y384 in M. Mazei). 

 

Among this synthetase panel, EV1-2 was reported to increase the incorporation efficiency 

of propargyl lysine.29 EV2 was identified through library selection to incorporate photocaged 

lysine,19d and EV2-1 to EV2-5 were generated (mutations proposed by Yuta Naro from molecular 

docking studies) as an attempt to increase the incorporation efficiency of PCC; however, no 

increased incorporation efficiency was observed. The synthetases EV3 to EV13 were generated 

by Hank Chou (previous postdoc in the lab). EV15 was reported to incorporate phenylalanine.30 

EV16 was reported to incorporate several phenylalanine derivatives.20 EV16-5 and EV17 were 

identified in the Cropp lab to incorporate ONBSY, and EV16-1 to EV16-4 were intermediate 

mutants toward the generation of EV16-5. EV20 was reported to incorporate ONBY,22 and EV18-

1 to EV19-2 were the intermediate mutants during the generation of EV20. Both EV16-5 and EV20 

could incorporate ONBY, however, EV16-5 showed some background incorporation of 

endogenous amino acids. We sought to explore if L274 played a role in background incorporation, 

as this position was mutated to structurally a distinct amino acid, such as A274. EV16-6 was 

therefore generated by mutating L274 to M (matching a mutation in EV20), and EV201 was 

generated by mutating L274 to A (matching a mutation in EV16-5). However, both synthetases 

could not incorporate ONBY. EV16-7 was generated, as A267T was proposed by Yuta Naro (from 

molecular docking studies; Deiters lab) to facilitate the incorporation of phenylalanine analogues. 

EV16, EV16-3, EV16-4, EV16-5 were the only four synthetases in the whole panel that showed 

background incorporation in the absence of unnatural amino acid. 
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More recently, the EV21 to EV39-1 synthetases were generated with assistance of Xinyu 

Chen (Deiters lab), to further expand the synthetase panel. Among them, the EV21 to EV31 

mutants have been previously reported (for an overview see16). EV21 could incorporate Boc-

lysine and an α-hydroxyacid analog of Boc-lysine.31 EV21-1 was an intermediate mutant toward 

the generation of EV21, EV22 and EV23. EV22 to EV25, EV27, and EV29 to EV31 were 

previously identified through genetic selections from a PylRS library. EV22 could facilitate the 

incorporation of Nε-carbobenzyloxy-lysine.32 EV23 did incorporate an alkyl diazirine-containing 

lysine (DiZPK).33 EV24 did incorporate thiaprolyl-lysine.34 EV25 could incorporate p-

nitrocarbobenzyloxy-lysine.19c EV26 could incorporate a trans-cyclooctene-containing lysine, 

identified through a focused synthetase panel screening.35 EV27 could incorporate o-

nitrobenzyloxycarbonyl-lysine.19b EV28 was intermediate mutant toward the generation of EV27. 

EV29 (with single Y349W mutation) could incorporate propionyl-lysine.36 EV30 could incorporate 

a spin-labeled lysine.37 EV31 could incorporate p-benzoyl-L-phenylalanine.38 EV33 to EV35 were 

generated based on the combinatorial mutations for ONBY incorporation (L270F, L274M, N311G, 

C313G, Y349F)22 and histidine analogue incorporation (L270I, Y271F, L274G, C313F, Y349F),21 

as an attempt to incorporate photocaged histidine. Specifically, three mutations (N311G, C313G, 

Y349F) were retained in all three synthetases, while other mutations were shuffled and combined 

(L270I, Y271F, L274G for EV33; L270I, Y271F, L274M for EV34; L270F, Y271F, L274G for EV35). 

EV36 was an intermediate mutant toward the generation of EV25 and EV26. EV37 contains 

mutations for the incorporation of TEMPO-lysine (evolved by the Chin lab), with an extra Y349F 

mutation. EV38 contained mutations for the incorporation of a photoswitchable click amino acid 

(PSC),39 with an extra Y349F mutation. EV38-1 was intermediate mutant toward the generation 

of EV38. 
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Table 2.2. Structures of new UAAs that have been incorporated by the PylRS mutant shown above. 

 

 We applied a three phase partitioning (TPP) method for rapid extraction of sfGFP protein 

from cells.40 Briefly, cells are first resuspended in solution with high ammonium sulfate 

concentration. t-Butanol is added to form a three-phase system. The ammonium sulfate 

concentration is well adjusted so that sfGFP stays at the bottom layer, while most cellular proteins, 

cell wall polysaccharides, and chromosomal DNA precipitate as a solid, middle phase. No 

sonication and column chromatography is needed in this process. Since the sfGFP expression 

and extraction could be done rapidly in a small scale (5 ml), medium-throughput screening of 
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multiple mutant PylRS and UAAs in parallel becomes possible. We therefore used TPP method 

for the screening of the PylRS panel.   

 

2.1.1 Incorporation of dithiolane lysine for gold nanoparticle conjugation 

Nanoparticles (NP) are microscopic particles with at least one dimension being less than 

100 nm. The conjugation of NPs with a protein has been used in various applications, including 

biosensors, drug delivery, imaging and protein arrays.41 However, the inherent differences 

between inorganic materials and biological macromolecules, both in scale and character, make 

conjugation a challenging task. Importantly, a protein needs to maintain its structure and function 

after conjugation. This usually requires delicate conjugation methods, since the function of a 

macromolecule is easily impaired by surface effects at the nanoscale.41  

Several approaches have been developed to conjugate proteins to NPs.41 The most widely 

used is the conjugation through direct electrostatic adsorption. This method is straightforward, 

with no chemical reactions required. However, there is little control over how many proteins are 

conjugated and how the proteins are orientated on the NP surface, since the conjugation is not 

residue-specific. It has been shown that the protein orientation on the NP is crucial for protein 

function.41 A second way is to covalently link a protein to a NP ligand. The conjugation reaction 

differs based on the choice of ligands and reactive residues on a protein. A clear advantage of 

this method is that the conjugate could be delicately controlled by adjusting the ratio of protein to 

NP. However, control of protein orientation on the NP surface is still not achieved with this method, 

since it relies on the position of reactive residues on a target protein. A third way is to directly 

conjugate a protein to the NP surface without a linker. This method usually utilizes cysteine 

residues on a target protein, which can covalently bond to the NP. Since this method results in 

no/short linker region between the protein and NP, it is favorable for the development of 

biosensors, where the output (fluorescence or luminescence) is sensitive to the distance between 
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biosensor and NP even on the Ångstrom scale. In addition, the conjugation orientation can be 

more easily controlled due to the rare frequency of cysteine in proteins. However, if the NP ligand 

is too densely packed on the surface, it will sterically block the protein from reaching the NP. 

Therefore, the conjugation efficiency would be a concern.41  

Gold nanoparticles (Au NP) were chosen for conjugation due to their biocompatibility and 

outstanding biophysical properties.42 Currently, most proteins are conjugated to Au NPs in a non-

specific way, usually through the electrostatic adsorption (first method described above). The 

conjugation through a defined chemical covalent bond was also reported (second method 

described above).43 Both the Au NP and the protein target need to be modified with designated 

functional groups so that they can conjugate through chemical reactions. Usually the modification 

is time-consuming and results in low yield. The direct conjugation through a thiol group is thus an 

ideal route (third method described above). Previously, one or more cysteine residues on the 

surface of a target protein, either identified in a wild-type protein or genetically introduced, were 

used for conjugation.44 

 Using UAA mutagenesis, we speculate that the conjugation of proteins to an Au NP could 

be achieved through the site-specific incorporation of an UAA that binds to the Au NP. This method 

displays several advantages over previous ones. First, no chemical modifications are required for 

either the Au NP or proteins. Second, the UAA can be designed to bind to the Au NP with higher 

affinity than the cysteine thiol group, for example a cyclic disulfide, thus generating a more stable 

conjugate compared to the cysteine-based strategy.45  

To this end, dithiolane lysine (DK), a lysine derivative with a dithiolane functional group, 

was synthesized by Rajendra Uprety in our lab (Table 2.2). The disulfide bond will break up to 

interact with Au, because the Au-S bond strength approximates the S-S bond strength; no 

independent, prior reduction of the disulfide to the dithiol is required.46 Therefore, the site-specific 

incorporation of dithiolane lysine into a protein enables direct conjugation of that protein to the Au 

NP through an one-step incubation (Fig 2.2). 
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Figure 2.2. Conjugation of sfGFP-Y151TAG-DK to the Au NP. Dithiolane lysine is site-specifically 

incorporated into sfGFP at Tyr 151 position. The protein can be readily conjugated to the Au NP through 

the dithiolane group. 

 

 We first screened the small PylRS panel for the incorporation of DK. Among eight 

synthetases that we tested, EV13-1 (with Y389F mutation) and EV13 (with Y271A and Y349F 

mutations) showed highest incorporation efficiency (Fig 2.3A). We then repeated the incorporation 

test in a large-scale (25 ml) expression using EV13-1 and EV13. EV13-1 showed a slightly higher 

incorporation efficiency (yield of 3 mg/L) based on the fluorescence of Ni-purified proteins (Fig 

2.3B), which was further confirmed by SDS-PAGE analysis (Fig 2.3C). We therefore used EV13-

1 for our future experiment.  
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Figure 2.3. Screening of the PylRS panel for the incorporation of DK. (A) EV13-1 and EV13 showed 

highest incorporation in initial screening (5 ml) of the PylRS mutants. (B) EV13-1 performed better than 

EV13 in a large-scale expression experiment (25 ml). Fluorescence of the Ni-purified proteins was 

presented. (C) SDS-PAGE analysis for the incorporation of DK by EV13-1 and EV13.  

 

EV13-1 contains a single Y349F mutation compared to wild-type PylRS, which is expected 

to increase the aminoacylation activity of PylRS,18a For example, EV13-1 showed increased 

incorporation efficiency of Boc lysine and Alloc lysine.18a We confirmed the expression of sfGFP-

Y151TAG-DK, with the yield of 3 mg/L (Fig 2.4). The ESI-MS analysis of sfGFP-Y151TAG-DK 

suggests that the major peak agrees with the theoretical molecular weight (found: 28,375.51 Da, 

calculated: 28,375.95 Da). However, a minor mass peak at +16 Da was also detected (28,391.19 
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Da). We speculate that one of the sulfurs might be oxidized to S=O. 

 

Figure 2.4. Incorporation of DK into sfGFP at the Tyr151 position. EV13-1 (with Y349F mutation) could 

incorporate DK, with the yield of 3 mg/L in E. coli.  

 

sfGFP-Y151TAG-DK was then used for conjugation experiments. GFP was chosen 

because it has been previously conjugated to NPs,47 and the incorporation of DK on GFP was 

confirmed by MS. The Au NPs with 40 nm diameter were used, since they are commonly applied 

for protein conjugation.48 To this end, 40 nm standard Au NPs (150 nM, Cytodiagnostics) were 

mixed with sfGFP-Y151TAG-DK (1,000 nM). Following a standard protocol for adsorption of 

proteins onto Au NPs,49 we incubated the mixture at 4 °C for 1 h. Unconjugated sfGFP was 

removed by centrifugation (13,200 rpm, 5 min), and the Au NP was resuspended in Tris buffer 

(300 µl, 20 mM, pH 7.0). This process was repeated twice. The NP before and after each 

centrifugation was subjected to a dynamic light scattering (DLS) measurement, a quantitative 

method for identifying the hydrodynamic size of NP.50 Wild-type sfGFP (1,000 nM) was used as a 

negative control, as it was not expected to be conjugated to the Au NP in the absence of DK. 

Bovine serum albumin (BSA, 1,000 nM), a well-studied model protein for the NP conjugation,51 

was used as a positive control. The result shows that the size of Au/sfGFP-DK conjugate is larger 

than that of Au/sfGFP-WT incubation, suggesting the successful conjugation of sfGFP-Y151TAG-

DK to the Au NP (Fig 2.5).  



21 

 

 

Figure 2.5. Dynamic light scattering (DLS) measurement of conjugates when using 40 nm standard Au 

NP. The experiment was performed in singlet. The Au NP (150 nM) and the sfGFP-Y151TAG-DK (1,000 

nM) were incubated at 4 °C for 1 h. Wild-type sfGFP (1,000 nM) and BSA (1,000 nM) were used as 

negative control and positive control, respectively. The conjugation reaction mixture was centrifuged 

and resuspended in Tris buffer (300 µl, 20 mM, pH 7.0) to remove unconjugated sfGFP. This process 

was repeated twice. Measurements were taken before centrifugation, after first centrifugation, and after 

second centrifugation. The data was presented as Z-Average, which is the harmonic intensity-averaged 

particle diameter. Size increase compared to the Au: Au-BSA > Au-DK > Au-WT. No error bars are 

reported since the experiment was conducted in singlet. 

 

The final conjugates were further analyzed on a 1.2% agarose gel (80 V for 45 min). The 

NP did not move on the gel (Fig 2.6). This is probably because the Au NP aggregates in the gel 

running buffer without the coating of protein (the 40 nm standard Au NP is not charged). It is also 

unexpected that the Au/sfGFP-DK presented similar mobility to that of the Au/sfGFP-WT, which 

probably suggests the non-specific binding of sfGFP-WT to the Au NP. The non-specific binding 

is due to the interaction between the negatively charged Au NP (in citrate buffer) and the positively 

charged residues on the wild-type protein (R29, K41, R73, K107, R122, PDB: 2B3P), which is a 

common phenomenon during NP conjugation.52 More effort is needed to understand the 
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contradictory results from DLS analysis and gel electrophoresis analysis. 

 

Figure 2.6. Gel electrophoresis analysis of conjugates when using 40 nm standard Au NP. Reaction 

samples were run on 1.2% agarose gel (run at 80 V, 45 min).  

 

To reduce the non-specific binding of the wild-type sfGFP, we switched to 40 nm stabilized 

Au NP (Cytodiagnostics), which contains proprietary surfactant as stabilizer. Normal stabilizers 

used for Au NP include gelatin, polyvinylpyrrolidone, or polyvinyl alcohol.53 This product is not 

ideal for the adsorption of protein, but the binding of thiolated ligands (for example, thiolated 

oligonucleotides; although literature reports are limited).54 Stabilized Au NP and sfGFP-Y151TAG-

DK were incubated for a longer conjugation time (44 hours), and the product was analyzed as 

previously performed. No size increase was observed for all samples in the DLS measurements 

(Fig 2.7). This suggested that no protein was conjugated to the Au NP. We speculated that the 

stabilizer on the Au NP might prevent the protein from binding. 
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Figure 2.7. Dynamic light scattering (DLS) measurement of conjugates when using 40 nm stabilized Au 

NP. The Au NP (150 nM) and the sfGFP-Y151TAG-DK (1,000 nM) were incubated at 4 °C for 

designated time. Wild-type sfGFP (1000 nM) and BSA (1,000 nM) were used as negative control and 

positive control, respectively. Measurements were taken after 5 h, 24 h or 44 h of reaction. No size 

increase of conjugates was observed compared to the Au. Time point indicated the incubation time. 

 

We further analyzed the samples on 1.2% agarose gel (run at 80 V, 45 min). Unexpectedly, 

Au/sfGFP-DK and Au/sfGFP-WT presented different mobility compared to that of Au/sfGFP-BSA 

and Au, although their DLS measurements were the same (Fig 2.8). 

 

Figure 2.8. Gel electrophoresis analysis of conjugates when using 40 nm stabilized Au NP. Reaction 

samples were run on 1.2% agarose gel (run at 80 V, 45 min).  
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 We then sent the protein to Dr. Vincent Rotello’s lab for conjugation tests. They previously 

developed a nanoparticle-GFP conjugate-based method to measure protein concentration in 

human serum.55 The GFP fluorescence was quenched in the nanoparticle-GFP conjugate, until 

the GFP was replaced by the serum protein and released from the particle. Different serum 

proteins showed different fluorescence response patterns, which were used to further calculate 

protein concentrations. We reasoned that the conjugation of GFP containing the dithiolane group 

could be monitored by the fluorescent quenching assay. To this end, Rubul Mout tested the 

fluorescent intensity in response to increasing concentration of nanoparticles (Fig 2.9). However, 

the sfGFP fluorescence remained the same, suggesting that no fluorescent quenching was 

observed. The result indicates that sfGFP-DK does not interact with their nanoparticles. 

 

Figure 2.9. Nanoparticle quenching experiment suggested no interaction with sfGFP-DK. (A). 

Structures of the Au nanoparticles. (B) Fluorescent intensity with the increasing concentration of 

nanoparticles. Experiment performed by Rubul Mout (Rotello lab). 
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In conclusion, dithiolane lysine can be incorporated with a mutant PylRS, EV13-1. sfGFP-

Y151TAG-DK was expressed for Au NP conjugation. However, the 40 nm standard Au NP 

(Cytodiagnostics) displays non-specific binding with wild-type sfGFP, while the 40 nm stabilized 

Au NP is not able to conjugate to sfGFP. We also realized that the methodology to characterize 

sfGFP conjugation on Au NP is limited due to the quenching effect of Au NP on sfGFP 

fluorescence.56 We therefore decided to work on the conjugation of an enzyme to Au NP through 

dithiolane lysine. We reasoned that the conjugation can be easily characterized by an enzymatic 

reaction. We also changed Au NP solutions to Au round wires, as they are easier to process during 

the wash step. Alaina McDonnell in our lab is now working on conjugation of bacterial alkaline 

phosphatase (BAP),57 which activity can be reliably measured through p-nitrophenyl phosphate 

(pNPP)-based colorimetric method. Besides, similar to lipoic acid, the dithiolane could be used 

as a metal chelator.58 The reduced dithiol group could also undergo As-based conjugation, 

allowing for in situ imaging of proteins in live cells.59 

 

2.1.2 Incorporation of azidoethyl lysine 

Caged lysine was previously synthesized in our lab to control protein localization and 

function with light.19d, 60 Besides the photocontrol method, we are also interested in small molecule 

control of protein function. For example, with the genetic incorporation of an ortho-

azidobenzyloxycarbonyl amino acid by a mutant PylRS, the protein function can be activated by 

a phosphine-mediated Staudinger reduction.61 We think similar strategy might be applied on a 

aliphatic azido lysine amino acid, which should be recognized by the PylRS due to its small size. 

Such an amino acid may provide higher incorporation efficiency and faster deprotection rates; 

however, the small size my limit perturbation of protein function and structure. To this end, 

azidomethyl lysine (AzMK) and azidoethyl lysine (AzEK, more stable than AzMK62) were 

synthesized by Qingyang Liu (Table 2.2). The azido group could be first reduced to an amine by 

triphenyl phosphine (PPh3), and a lysine is generated following decarboxylation. The 
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incorporation of AzEK or AzMK at the active lysine residue of a protein will allow small molecule-

triggered control of protein function.  

We first performed the screening of five PylRS synthetase for AzEK. Among five 

synthetases, EV1 (wild-type PylRS) was found to incorporate AzEK (Fig 2.10A). Due to the 

structural similarity between AzEK and AzMK, we later tested incorporation of AzMK with EV1 

without further screening. 

We further confirmed the incorporation of AzEK (with the yield of 8 mg/L) and AzMK (with 

the yield of 4 mg/L) by SDS-PAGE (Fig 2.10B). However, the molecular weight of sfGFP-

Y151TAG-AzEK determined by ESI-MS suggests that lysine, but not AzEK, is present at the 

incorporation site (found: 28,227.1 Da; calculated: 28,340.8 Da). The molecular weight of sfGFP-

Y151TAG-AzMK suggests incorporation of lysine as well (found: 28227.9 Da; calculated: 28326.8 

Da). Since it has been known that the wild-type PylRS does not recognize lysine as a substrate,63 

the azido group is probably reduced or cleaved otherwise either during the protein purification or 

during the ESI-MS analysis. We further tested incorporation of AzEK and AzMK in mammalian 

cells. However, both compounds were toxic to human embryonic kidney (HEK) 293T cells even 

at 0.5 mM concentration. Joshua Wesalo in our lab is now re-purifying the compounds and testing 

them in mammalian cells again. 
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Figure 2.10. Screening of select PylRS mutants for the incorporation of AzEK and AzMK. (A) EV1 (wild-

type PylRS) was the hit synthetase for the screening of AzEK. The same synthetase was tested with 

AzMK without further screening. (B) Incorporation of AzEK and AzMK into sfGFP at the Tyr151 position. 

Wild-type PylRS (EV1) can incorporate AzEK and AzMK, with the yield of 8 mg/L and 4 mg/L, 

respectively. 

 

2.1.3 Incorporation of 2nd generation caged tyrosines 

Although o-nitrobenzyl-O-tyrosine (ONBY) has been successfully applied to control 

tyrosine phosphorylation in mammalian cells by light,22 it has several drawbacks. The photolysis 

byproduct of ONBY is a reactive nitrosoaldehyde, which might be harmful to a biological sample.64 

Besides, ONBY has low solubility in media (up to 0.4 mM), which hampers its wider application in 

living cells. To overcome these issues, several other caged tyrosine analogs, MNPY, NPY and 

NPEY, were synthesized by Jessica Torres-Kolbus in our lab (Table 2.2). NPEY generates an o-

nitrostyrene byproduct, which is expected to be less harmful in a biological context. NPY and 

MNPY can be decaged more efficiently than ONBY,65 with an aldehyde and a ketone byproduct, 
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respectively.19d NPY and NPEY also have better solubility in media (100 mM in 100% DMSO) 

compared to ONBY (40 mM in 100% DMSO).  

We first performed the screening of the PylRS synthetase panel for these caged tyrosines. 

EV1 (wild-type PylRS) was found to incorporate both MNPY (Fig 2.11A) and NPY (Fig 2.11B). 

NPEY could be incorporated by multiple synthetases (EV16-1, EV16-4, EV16-5, EV17) (Fig 

2.11C). 
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Figure 2.11. Screening of the PylRS panel for the incorporation of MNPY, NPY and NPEY. EV20 is a 

hit synthetase for both MNPY and NPY. EV16-1, EV16-4, EV16-5 and EV20 are hit synthetases for 

NPEY. 

 

We further confirmed the incorporation of MNPY by SDS-PAGE, with the yield of 15 mg/L 

(Fig 2.12A). EV20 can also incorporate NPY, with the yield of 18 mg/L (Fig 2.12B). The molecular 
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weight of sfGFP-Y151TAG-MNPY and sfGFP-Y151TAG-NPY, determined by ESI-MS, agrees well 

with their expected molecular weight (for MNPY, found: 28,455.89 Da; calculated: 28,455.90 Da; 

for NPY, found: 28,440.80 Da; calculated: 28,441.88 Da). EV20 is an excellent PylRS synthetase 

for the incorporation of caged tyrosine analogs, with minimal background expression. It contains 

an extra Y349F mutation compared to the previously reported synthetase that incorporates 

ONBY.22 The Y349F mutation is expected to increase the aminoacylation activity of PylRS.18a 

Surprisingly, NPEY could be incorporated by multiple mutant PylRS (Fig 2.12C). Among them, 

EV16-1 and EV20 have medium incorporation with almost no background. EV16-4 and EV16-5 

show better incorporation efficiency but also display a higher background. Compared to EV16-1, 

EV16-4 and EV16-5 harbor one or three extra mutations (Y349F for EV16-4, Y271M, L274A and 

Y349F for EV16-5). The Y349F mutation could facilitate the aminoacylation process, which might 

be responsible for the increased incorporation efficiency.18a However, no reports so far 

demonstrated the background incorporation brought by this single mutation. Therefore, other 

mutations (N311A/C313A) might collectively change the binding pocket to the recognition of 

phenylalanine.20a The molecular weight of sfGFP-Y151TAG-NPEY, when incorporated by EV20 

synthetase, also agrees well with the expected molecular weight (found: 28,426.9 Da; calculated: 

28425.9 Da). Ji Luo in our lab further encoded these new caged tyrosines in mammalian cells, 

and successfully controlled the activity of firefly luciferase and tobacco etch virus (TEV) protease 

with light.66 
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Figure 2.12. Incorporation of caged tyrosine into sfGFP at the Tyr151 position. ONBY was used as 

positive control for MNPY and ONBY. (A) Incorporation of MNPY by PylRS mutant EV20, with the yield 

of 15 mg/L. (B) Incorporation of NPY by PylRS mutant EV20, with the yield of 18 mg/L. (C) Incorporation 

of NPEY by multiple PylRS mutants (EV16-1, EV16-4, EV16-5, EV20).  

 

2.1.4 Incorporation of photocaged thiotyrosine and photocaged azatyrosine 

Thiotyrosine is a tyrosine analogue with a thiol group replacing the hydroxyl group. The 

thiol group on a protein has been widely applied to conjugate with thiol-reactive reagents.67 Since 

an aryl thiol has a lower pKa compared to that of an aliphatic thiol, thiotyrosine is expected to be 

more reactive than cysteine in a bioconjugation reaction.68 However, the evolution of an aaRS to 

incorporate thiotyrosine would be difficult due to its structural similarity to the endogenous tyrosine. 

A “photochemical disguise” strategy was previously used in our lab to overcome this hurdle.69 o-

Nitrobenzyl fluorotyrosine was first incorporated into a protein by an evolved aaRS. Upon UV 

irradiation, the caging group was removed and fluorotyrosine was present on the target protein. 

We therefore decided to site-specifically incorporate thiotyrosine into a protein by the same 

strategy. To this end, a photocaged thiotyrosine, o-nitrobenzyl thiotyrosine (ONBSY), was 
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synthesized by Rajendra Uprety in our lab (Table 2.2). Through a select PylRS mutant screening, 

we identified three PylRS mutants (EV16-2, EV16-5, EV17) that incorporate ONBYRS (Fig 2.13A). 

Among them, EV16-2 and EV16-5 bear higher background expression, due to N311A/C313A 

double mutations that likely lead to the recognition of phenylalanine.20a EV17 showed less 

background expression, but also less incorporation efficiency. We therefore further analyzed 

EV16-5 and EV17 in a large-scale expression (25 ml). 

Through SDS-PAGE analysis, we confirmed the expression of sfGFP-Y151-ONBSY, by 

both EV16-5 (with the yield of 7.7 mg/L) and EV17 (with the yield of 5.7 mg/L) (Fig 2.13B). An 

electrospray ionization spectrometry (ESI-MS) analysis of sfGFP-Y151TAG-ONBSY (using EV16-

5) shows that the major peak of the spectrum agrees with its expected molecular weight (found: 

28,413.18 Da; calculated: 28.413.93 Da). However, a minor peak that is 30 Da lower than 

expected was also detected (28,383.82 Da). This might be due to the reduction of the o-nitro 

group to an amino group in E. coli.70 The sfGFP-Y151TAG-ONBSY was then irradiated under UV 

(365 nm) for 10 min and sent for ESI-MS analysis again. However, the expected molecular weight 

was not observed, and the two peaks before irradiation did not shift (found: 28,413.26 Da; 

calculated: 28,277.80 Da). This suggests that the caging group was not removed from sfGFP after 

10 min of UV irradiation. The ESI-MS analysis of sfGFP-Y151TAG-ONBSY (using EV17) 

generated similar result. Previous studies suggested the UV irradiation (365 nm) of 1 h or 2 h for 

complete photolysis of ONB-protected thiols.71 Longer irradiation time might thus be needed for 

efficient decaging. 
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Figure 2.13. Screening of the PylRS panel for the incorporation of o-nitrobenzyl thiotyrosine (ONBSY). 

(A) EV16-2, EV16-5, and EV17 could incorporate ONBSY. (B) Incorporation of ONBSY into sfGFP at 

the Tyr151 position. EV16-5 and EV17 were further analyzed by SDS-PAGE. 

 

We then incorporated ONBSY into sfGFP at the Tyr66 position (Fig 2.14A), as the 

fluorescence of sfGFP can serve as a reporter for tyrosine analogues at Tyr66 position.72 The 

fluorescence was measured before and after UV irradiation (from 1 min to 10 min). The same 

excitation (488 nm) and emission (510 nm) wavelengths were applied, as we did not expect much 

spectrum shift from tyrosine to thiotyrosine. The sfGFP-Y66TAG-ONBY, as a positive control, 

shows increased fluorescence after UV irradiation. However, the fluorescence of sfGFP-Y66TAG-

ONBSY (5 µM) stays constant before and after UV irradiation (Fig 2.14B). Although the decaging 

product slightly differs (thiotyrosine for ONBSY, tyrosine for ONBY), this experiment further 

supports that ONBSY is not able to decage under UV irradiation in a protein context. The decaging 

experiment of ONBSY compound in PBS buffer was later performed by Rajendra Uprety, but no 

decaged thiotyrosine was detected through HPLC analysis (data not shown). 
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Figure 2.14. (A) Incorporation of ONBSY into sfGFP at the Tyr66 position. ONBY was used as a control 

for incorporation. (B) Fluorescence of sfGFP-Y66TAG-ONBSY (5 µM) before and after UV irradiation. 

Different irradiation length was tested (1 min, 2 min, 5 min, 10 min). ONBY was used as a control. 

Excitation wavelength: 488 nm. Emission wavelength: 510 nm. Manual gain: 10. 

 

 We therefore decided to explore thiotyrosines with different caging groups. Nitropiperonyl 

methyl thiotyrosine (NPOMSY) and o-nitrophenylpropyl thiotyrosine (ONPPSY) were synthesized 

by Subhas Samanta in our lab (Fig 2.15A). Both of two compounds can be efficiently decaged in 

PBS buffer (tested by Subhas Samanta; data not shown). We then tried incorporation with EV16-

5 and EV17 synthetases, using sfGFP-Y151TAG as a reporter. Protein expression was performed 

on a small-scale (200 µl) in order to conserve the UAA, and overnight cell culture was directly 

used to measure fluorescence (Excitation: 488 nm. Emission: 510 nm). While the positive controls 



35 

 

worked, no incorporation was observed with NPOMSY or ONPPSY (Fig 2.15B). Screening of the 

rest of the PylRS panel also did not reveal a hit synthetase (Fig 2.15C). 

 

Figure 2.15. Incorporation test of NPOMSY and ONPPSY with synthetases panel. (A) Structures of 

NPOMSY and ONPPSY. (B) Fluorescence measurement of sfGFP with TAG at Tyr151 position. Protein 

expression was performed in a small-scale medium (200 µl), and overnight cell culture was directly 

used to measure fluorescence (Excitation: 488 nm. Emission: 510 nm). Synthetases EV16-5 and EV17 

(that were known to incorporate ONBSY) were first tested. ONBSY and ONBY were used as positive 

controls for synthetase EV16-5, and ONBSY was used as positive control for synthetase EV17. Manual 
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gain: 10. (C) Fluorescence measurement for other synthetases, performed under the same 

experimental conditions. 

 

We further tried incorporation of another tyrosine analogue, azatyrosine, using the same 

strategy. Azatyrosine is a candidate drug for cancer treatment, since it converts a transformed 

cancerous phenotype back to the normal phenotype.73 However, its mode of action remains 

elusive. It was proposed that azotyrosine could be misincorporated into the cellular proteome to 

replace tyrosine, which inhibits protein phosphorylation. Yet, the protein targets were not 

specifically identified.73 Besides, the azatyrosine moiety undergoes tautomerization between 

pyridine and pyridone forms (Fig 2.16A).74 The solvent polarity has been shown to play critical 

role in equilibrium state between lactam and lactim forms.75 It can thus be used as a molecular 

probe for protein microenvironment (for example, polarity of the medium or local pH). A previous 

study discovered a mutant E. coli tyrosyl-tRNA synthetase that could incorporate azatyrosine 

more efficiently than tyrosine,76 but no site-specific incorporation of azatyrosine has been reported 

up to date. To this end, a photocaged azatyrosine, O-caged 3-azatyrosine (ONBAY), was 

synthesized by Rajendra Uprety (Table 2.2). Through the screening of six PylRS synthetases 

(EV16-1, EV16-2, EV16-3, EV16-4, EV16-5, EV17) that were designed for the incorporation of 

phenylalanine derivatives), EV16-3 was found to incorporate ONBAY, with a yield of 1.5 mg/L (Fig 

2.16B and C). EV16-3 contains three mutations compared to the wild-type PylRS: the 

N311A/C313A double mutations are beneficial for the incorporation of phenylalanine 

derivatives,20a while the Y349F mutation is expected to increase the aminoacylation activity of 

PylRS. The ESI-MS analysis confirmed the incorporation of ONBAY (found: 28,398.56 Da; 

calculated: 28,398.86 Da). Upon UV irradiation (365 nm, 10 min), the caging group on sfGFP was 

fully removed (found: 28,262.90 Da; calculated: 28263.73 Da). Altogether, the data suggests 

successful incorporation and subsequent decaging of ONBAY on a protein. 



37 

 

 

Figure 2.16. Incorporation of ONBAY into sfGFP at the Tyr151 position. (A) Azatyrosine undergoes 

tautomerization between pyridine and pyridone forms. (B) Screening of the PylRS synthetase panel for 

ONBAY reveals EV16-3 as a hit. (C) Incorporation of ONBAY by EV16-3, with a yield of 1.5 mg/L. 

 

We then incorporated ONBAY into sfGFP at the Tyr 66 position, in order to potentially 

observe effects on fluorescence (Fig 2.17A). Unexpectedly, some background incorporation was 

observed even without supplying ONBAY. The protein was then irradiated with UV light (365 nm, 

10 min), and the fluorescence was measured. No fluorescence of sfGFP-Y66TAG-ONBAY was 

observed after UV irradiation (Fig 2.17B). In contrast, UV irradiation increased the fluorescence 

of sfGFP-Y66TAG-ONBY. Through the ESI-MS analysis, we confirmed that the caging group is 

completely removed on azatyrosine moiety (found: 28,265.2 Da; calculated: 28,264.7 Da). We 

therefore speculated that the mature GFP chromophore with azatyrosine moiety might not be 

fluorescent. We reasoned that this is because the azatyrosine existed predominately in a lactam 

form in aqueous solution.74  

For both ONBSY and ONBAY decaging experiments, it should be noted that after UV 

irradiation, the samples were kept at 4 °C for chromophore maturation (see details in the 
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experimental section), while no literature support was found for chromophore maturation at this 

temperature. In the future, the samples should be kept at room temperature instead. Besides, we 

only performed the fluorescent measure at a defined wavelength (excitation at 488 nm, emission 

at 510 nm, see experimental), and did not take into consideration the possible spectra shift 

brought by UAA. Therefore, a full spectra scan may provide more information on the sfGFP 

maturation process. 

 

Figure 2.17. Incorporation and decaging test at Tyr 66 position on sfGFP. (A) ONBSY was incorporated 

into sfGFP at the Tyr 66 position. Background incorporation was observed. ONBY was used as a control. 

(B) Fluorescence of sfGFP-Y66TAG-ONBAY (5 µM) before and after UV irradiation (365 nm, 10 min). 

sfGFP-Y66TAG-ONBY was used as a positive control. Excitation wavelength: 488 nm. Emission 

wavelength: 510 nm. Manual gain: 10. 

  

In the future, we are planning to utilize azatyrosine as a biophysical probe in proteins. A 

previous study showed that azatyrosine undergoes pH dependent tautomerization.74 We therefore 
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hypothesized that azatyrosine can be used to probe the local pH within a protein. Alaina 

McDonnell in our lab is working on incorporation of caged azatyrosine into different tyrosine 

positions in the ketosteroid isomerase (KSI) enzyme. KSI contains a triad of tyrosines (Y16, Y32, 

Y57) in its active site.77 By generating KSI mutants with azatyrosine at different tyrosine positions, 

we will be able to probe the local pH effect on the activity of KSI enzyme. This provides a novel 

method to study hydrogen bonding network within KSI active site.77-78 

 

2.1.5 Incorporation of alkene lysine 

The thiol-ene reaction is a biorthogonal reaction that involves a radical-mediated addition 

of a thiol to an alkene upon UV irradiation.79 Due to its specificity for alkenes and compatibility 

with aqueous solutions, the thiol-ene reaction has been widely applied in small molecule and 

polymer synthesis,80 and glycoconjugation.81 Moreover, the reaction offers the possibility of using 

light to control both in space and time the formation of a stable thioether bond. Therefore, we are 

interested to expand the genetic code for the thiol-ene reaction. Jessica Torres-Kolbus in our lab 

synthesized a set of alkene lysines, and Chungjung Chou incorporated them in E. coli cells by the 

wild-type PylRS (Fig 2.18).82  

 Chungjung Chou further validated the incorporation of 1-4 and 6 through ESI-MS analysis. 

However, the ESI-MS analysis for 7 and 9 were lacking. We therefore incorporated 7 and 9 into 

Myoglobin, and confirmed the incorporation of 7 (found: 18,479.80 Da, calculated: 18,480.09 Da) 

and 9 (found: 18,479.20 Da, calculated: 18,479.10 Da). 
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Figure 2.18. Genetic incorporation of alkene-lysine analogs into myoglobin by the wild-type PylRS. (A) 

Structures of alkenyl lysine derivatives bearing an ε-carbamate linkage (1–6), an inverted carbamate 7, 

an amide 8, and an urea 9. (B) Myoglobin comparative incorporation efficiencies (%) and ESI-MS 

results (theoretical and experimental mass). Adapted with permission from Torres-Kolbus, Jessica, et 

al. PLOS ONE, 2014, e105467. 

 

Chungjung Chou further showed that, using this approach, alkene-modified sfGFP can 

either labeled with fluorescent dansyl-thiol, or conjugated to lysozyme through its cysteine residue 

(Fig 2.19).82 Dansyl-thiol or lysozyme were reacted with alkenyl-sfGFP under UV irradiation (5 or 

10 min). The protein labeling (with dansyl-thiol) and the protein conjugation (with lysozyme) were 

only observed in the presence of UV treatment, suggesting the necessity to trigger the thiol-ene 

reaction with light. Moreover, the successful conjugation between sfGFP and lysozyme 

demonstrated a novel method to generate protein heterodimer. 
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Figure 2.19. Alkenyl-sfGFP is fluorescently labeled with dansyl-thiol, and bioconjugated to lysozyme to 

assemble a non-linear protein dimer via the thiol-ene reaction. (A) sfGFP bearing an alkene functionality 

reacts photochemically with dansyl-thiol (10) or lysozyme (LYZ). (B) SDS-PAGE analysis demonstrates 

the labeling of alkenyl-sfGFP with 10 after 5 min of UV irradiation via thiol-ene ligation (lanes 5 and 6). 

Fluorescence (top) and Coomassie stain (bottom). (C) SDS-PAGE analysis shows mobility band shifts 

from 28 kD to 44 kD after samples were UV irradiated for 10 min (lanes 8 and 9), corresponding to the 

molecular weight of sfGFP-lysozyme conjugate. WT: wild-type sfGFP; 1 and 2: sfGFP carrying the 

corresponding UAA; LYZ: lysozyme. –UV: samples were not exposed to UV irradiation. +UV: samples 

were irradiated at 365 nm for 5 or 10 min. Adapted with permission from Torres-Kolbus, Jessica, et al. 

PLOS ONE, 2014, e105467. 

 

In both bioconjugation strategies, the addition of sodium dodecyl sulfate (SDS) was found 

to be necessary for an efficient and specific conjugation reaction to alkene-labeled proteins within 

5–10 min, in contrast to previously reported 1–2 h reaction times,83 thus significantly reducing UV 

exposure. We performed circular dichroism (CD) spectroscopy of lysozyme (20 µM) with and 

without SDS treatment (2%), and we observed increased intensity in the far-UV spectrum with 
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the addition of SDS (Fig 2.20). The result suggested that lysozyme is (at least partially) denatured 

under our experimental conditions.84 This may result in more accessible cysteine residues and 

facilitate the thiol-ene bioconjugation reaction. Moreover, as a well-known surfactant, SDS has 

been proposed to form micelles in thiol-ene reactions for water-based polymerization reactions.85 

It is possible that the association of the proteins with micelles may increase their local 

concentration, thus further facilitating the reaction. This finding might suggest the use of SDS for 

more efficient thiol-ene reaction in future applications.  

 

Figure 2.20. Circular dichroism (CD) spectrum of lysozyme (20 µM) with and without SDS treatment 

(final concentration of 2%). CD spectra were collected from 195 to 260 nm with an integration time of 

5 s and a bandwidth of 2 nm. Adapted with permission from Torres-Kolbus, Jessica, et al. PLOS ONE, 

2014, e105467. 

 

2.1.6 Incorporation of bipyridine lysine 

Metals play an important role for the activity of many proteins.86 Proteins that contains a 

metal ion cofactor (metalloproteins) are involved in biological processes such as photosynthesis, 

molecular oxygen reduction, water oxidation, respiration, and nitrogen fixation.86 Due to their 

critical roles, there is a considerable interest to design proteins with novel metal-binding 
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functionalities.87 UAA mutagenesis provides a versatile approach to install a metal-chelating 

amino acid, thus site-specifically introducing a metal binding site into proteins. For example, 

bipyridylalanine (BPA) was genetically incorporated into E. coli cells (Fig 2.21A).88 The evolution 

with canonical amino acids and bipyridylalanine resulted in a new metal ion-binding motif.89 

However, the expression of the protein is only limited to E. coli cells. We therefore seek to 

genetically incorporate a metal-chelating amino acid using the PylRS/PylT pair, which is 

compatible in both bacterial cells and eukaryotic cells. To this end, Jessica Torres-Kolbus in our 

lab synthesized bipyridine lysine (BPK) (Table 2.2). The N,N’-bidentate group (2,2’-bipyridyine) is 

known to strongly chelate transition-metal ions such as Fe2+, Cu2+, and Zn2+.88, 90  

Through the screening of four PylRS synthetases (EV3, EV10, EV13, EV13-1) that have 

been constructed at the time for the incorporation of lysine derivatives, EV13 (with Y271A and 

Y349F mutations) was found to incorporate BPK, with a yield of 2.4 mg/L (Fig 2.21B and C). EV13 

shows wide substrate specificity, including ortho-azidobenzyloxycarbonyl lysine18a and diazirinyl 

benzyloxycarbonyl lysine.91 However, the ESI-MS analysis showed that the molecular weight of 

sfGFP-Y151TAG-BPK is 48 Da less than expected (found: 28,361.2 Da, calculated: 28,409.9 Da). 

The ESI-MS analysis of Myo-4TAG-BPK suggests the same molecular weight difference (found: 

18,531.3 Da, calculated: 18,578.4 Da). We confirmed that the molecular weight of BPK (through 

LC-MS) was correct (performed by Subhas Samanta). Strangely, previous publications did not 

report unexpected difference of molecular weight when incorporating a bipyridine group.88 We 

later tested incorporation of BPK in mammalian cells, using mCherry-TAG-EGFP reporter. 

However, BPK (0.5 mM) is toxic to human embryonic kidney (HEK) 293T cells. In the future, LC-

MS/MS analysis of the trypsin-digested protein might be pursued to understand the chemical 

composition at the desired position. 
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Figure 2.21. Incorporation of BPK into sfGFP at the Tyr151 position. (A) Structure of bipyridylalanine 

(BPA) reported previously. (B) The screening of the PylRS panel for BPK revealed EV13 as a hit. (C) 

Incorporation of BPK by EV13 (with Y271A and Y349F mutations), with the yield of 2.4 mg/L. 

 

 In summary, we genetically incorporated several new unnatural amino acids through the 

screening of a synthetase panel. In the future, our focus will be to further characterize and apply 

these UAAs. For some UAAs (AzEK, AzMK, BPK), we will re-purify the compounds (to potentially 

reduce toxicity in cultured cells), and test their incorporations in mammalian cells. For UAA DK, 

we will conjugate an enzyme (bacterial alkaline phosphatase) to Au NP through dithiolane lysine. 

For UAA ONBAY, we will utilize azatyrosine as a biophysical probe in proteins, and study the local 

pH effect on the activity of KSI (ketosteroid isomerase) enzyme.  

 

Experimental 

Plasmid construction 

The backbone of the pBAD plasmid was generated by digesting the pBAD-Myo4TAG-pylT 

plasmid (8,000 ng, gift from Dr. Ashton Cropp) with NcoI and NdeI restriction enzymes, followed 
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by gel purification of the band corresponding to the correct length of the backbone (~5,500 bp). 

sfGFP-Y151TAG (or sfGFP-WT) was amplified from the pTRC-sfGFP plasmid (gift from Dr. 

Ashton Cropp, Fwd: 5’-gacccatggggggttctcatcatcatc-3’, Rev: 5’-catatgttatttatacagttcatccatg-3’) 

and digested with NcoI and NdeI restriction enzymes (37 °C, 2 h). The pBAD-sfGFP-Y151TAG-

pylT plasmid was constructed by ligating the sfGFP-Y151TAG fragment into the pBAD backbone 

using NcoI and NdeI restriction sites (T4 ligase, 16 °C, overnight). The pBAD-sfGFP-WT-pylT 

plasmid was constructed in a similar way. pBAD-sfGFPY66TAG-pylT was made through 

introduction of the Y66TAG mutation by site-directed mutagenesis (Fwd: 5’- 

cttgtcaccaccctgacgtagggcgtgcaatgctttagc-3’, Rev: 5’-

gctaaagcattgcacgccctacgtcagggtggtgacaag-3’, TAG mutation underlined). Wild-type pBK-PylRS 

(M. barkeri) was a gift from Dr. Jason Chin.19e PylRS mutants were generated by site-directly 

mutagenesis. The parent plasmid (5 ng) was amplified with primers containing the desired 

mutations (Table 2.3). DpnI (0.4 µl) was used to the remove parent plasmid (37 °C, 30 min). The 

PCR product (3 µl) was then transformed into chemical competent cells (procedures for 

generating chemical competent cells are described in Appendix B). The plasmid was extracted 

from resulting colony and was confirmed by sequencing (GeneWiz). 
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Mutations Primers 

Y271M_L274A 
Fwd: 5’- gatgctggccccgaccctgATGaactatGCgcgtaaactggatcgtattc-3’ 

Rev: 5’- gaatacgatccagtttacgcGCatagttCATcagggtcggggccagcatc-3’ 

A311G_A313G 
Fwd: 5’- gaagaattcaccatggttgGctttgGccaaatgggcagcggctgc-3’ 

Rev: 5’- gcagccgctgcccatttggCcaaagCcaaccatggtgaattcttc-3’ 

L270F 
Fwd: 5’-cgatgctggccccgaccTTTatgaactatgcgcgtaaac-3’ 

Rev: 5’-gtttacgcgcatagttcatTTTggtcggggccagcatcg-3’ 

L274M 
Fwd: 5’-cgaccttttataactatATGcgtaaactggatcgtattc-3’ 

Rev: 5’-gaatacgatccagtttacgCATatagttataaaaggtcg-3’ 

M274A 
Fwd: 5’-cgaccttttataactatGCGcgtaaactggatcgtattc-3’ 

Rev: 5’-gaatacgatccagtttacgCGCatagttataaaaggtcg-3’ 

Y349W 
Fwd: 5’-gcgatagctgcatggtgTGGggcgataccctggatattatg-3’ 

Rev: 5’-cataatatccagggtatcgccCCAcaccatgcagctatcgc-3’ 

C313K 
Fwd: 5’-ggttggctttAAAcaaatgggcagcggctgcacc-3’ 

Rev: 5’-tgcccatttgTTTaaaggcaaccatggtgaattc-3’ 

L270G 
Fwd: 5’-ccgatgctgagtccgaccGGCtgtaactatatgcgtaaac-3’ 

Rev: 5’-gtttacgcatatagttacaGCCggtcggactcagcatcgg-3’ 

C313G 
Fwd: 5’-caccatggttaactttGGCcaaatgggcagcggctgc-3’ 

Rev: 5’-gcagccgctgcccatttgGCCaaagttaaccatggtg-3’ 

A267T 
Fwd: 5’-gtgcctgcgtccgatgctgACCccgaccctgtataactatc-3’ 

Rev: 5’-gatagttatacagggtcggGGTcagcatcggacgcaggcac-3’ 

A267S 
Fwd: 5’-gtgcctgcgtccgatgctgAGCccgaccctgtataactatc-3’ 

Rev: 5’-gatagttatacagggtcggGCTcagcatcggacgcaggcac-3’ 

L274C 
Fwd: 5’-ccgaccctgtgtaactatTGCcgtaaactggatcgtatac-3’ 

Rev: 5’-gtatacgatccagtttacgGCAatagttacacagggtcgg-3’ 

Y349F 
Fwd: 5’-ctgcatggtgTTTggcgataccctggatattatgc-3’ 

Rev: 5’-ggtatcgccAAAcaccatgcagctatcgcccac-3’ 

Table 2.3. List of primers used for generating PylRS mutants. Mutations are capitalized. 

 

Synthetase screening 

To rapidly screen synthetase panel over a target UAA, we employed a protocol with small-scale 

expression (5 ml) followed by fast protein purification (three phase partitioning).40 The reporter 

plasmid (pBAD-sfGFP-Y151TAG-pylT) and the mutant PylRS were co-transformed (50 ng each) 

into E. coli Top 10 competent cells. A single colony was grown overnight (37 °C, 250 rpm) in LB 

supplemented with Kan (50 μg/ml) and Tet (25 μg/ml), and the overnight culture (50 μl) was added 

to LB (5 ml) supplemented with the designated unnatural amino acid (1 mM unless specifically 
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noted), Tet (25 μg/ml), and Kan (50 µg/ml). The stock solution of UAAs (100 mM, dissolved in 

100% DMSO) were used unless specifically noted. Cells were grown at 37 °C, 250 rpm, and 

protein expression was induced with arabinose (0.1 %) when OD600 reached 0.4 (measured by 

Nanodrop). After overnight expression at 37 °C, cells (5 ml) were pelleted (5,000 rpm, 10 min) 

and resuspended in 300 µl of Tris buffer (50 mM, pH 7.6), 200 µl of ammonium sulfate (4 M), and 

500 µl of tert-butanol. The mixture was vigorously shaken for 1 min, followed by centrifugation at 

4,000 rpm for 10 min. The bottom layer (~400 µl) was collected for fluorescence measurement 

and SDS-PAGE analysis. 

As the PylRS panel was expanding, screening all synthetases in 5 ml expression scale 

required large amount of unnatural amino acids. Therefore, we later employed a cell-based 

fluorescent test to identify hit synthetases. Like the previous expression protocol, a single colony 

was first grown overnight (37 °C, 250 rpm) in 3 ml of LB supplemented with Kan (50 μg/ml) and 

Tet (25 μg/ml). The overnight culture (2 μl) was added to LB (200 μl) supplemented with the 

designated unnatural amino acid (1 mM unless specifically noted), Tet (25 μg/ml), and Kan (50 

µg/ml) in 1.0 ml deep-well plate (Nunc, #260251). Cells were grown at 37 °C, 250 rpm, and protein 

expression was induced with arabinose (0.1 %) when OD600 reached 0.4 (measured by Nanodrop). 

After overnight expression at 37 °C, cells (200 µl) were collected in a 96-well plate, and sfGFP 

fluorescence was measured on a Tecan M1000 plate reader (excitation wavelength: 488 nm, 

emission wavelength: 510 nm, manual gain: 10). The hit synthetase was discovered if the cells 

harboring corresponding synthetase showed sfGFP fluorescence in the presence of UAA, but no 

fluorescence without UAA. No normalization to OD600 was conducted. For the cell-based 

fluorescent test, we have not tested day-to-day variations and determined Z’ factors. The dynamic 

range and the cut-off to define synthetase hits have not been studied. 
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Protein expression 

To further confirm the hit synthetase discovered from the screening, large-scale protein 

expression (25 ml) was performed. pBAD-sfGFP-Y151TAG-pylT and mutant PylRS were co-

transformed (50 ng for each) into E. coli Top10 cells. A single colony was grown overnight (37 °C, 

250 rpm) in LB (3 ml) supplemented with Kan (50 μg/ml) and Tet (25 μg/ml), and the overnight 

culture (250 μl) was added to LB (25 ml) supplemented with the designated unnatural amino acid 

(1 mM unless specifically noted), Tet (25 μg/ml), and Kan (50 μg/ml). Cells were grown at 37 °C, 

250 rpm, and protein expression was induced with arabinose (0.1 %) when OD600 reached 0.4 

(measured by Nanodrop). After overnight expression at 37 °C, cells were pelleted (5,000 g, 10 

min) and resuspended in phosphate lysis buffer (pH 8.0, 50 mM of phosphate, 6 ml). Triton X-100 

(60 μl, 10%) was added to the mixture. The lysate was incubated on ice for 1 h, sonicated (power 

level 5, pulse ‘on’ for 30 sec, pulse ‘off’ for 30 sec, with a total of 4 min, 550 sonic dismembrator), 

and then centrifuged (13,000 g) at 4 °C for 10 min. The supernatant was transferred to a 15 ml 

conical tube, and Ni-NTA resin (Qiagen, 100 μl) was added. The mixture was incubated at 4 °C 

for 2 h with mild shaking. The resin was then collected by centrifugation (1,000 g, 10 min) and 

washed with lysis buffer (300 μl), this was repeated twice, followed by two washes with wash 

buffer (300 μl) containing imidazole (20 mM). The protein was eluted with elution buffer (300 μl) 

containing imidazole (250 mM). The purified proteins were analyzed by SDS-PAGE (10%), and 

stained with Coomassie Brilliant Blue. For protein mass spectrometry, the purified protein (using 

dialysis tubing with a 6,000-8,000 molecular weight cut-off, Fisher) was dialyzed in 50 mM 

ammonia acetate solution (1 L) overnight at 4 oC. The concentration of the dialyzed sample was 

determined by the intensity of protein band on SDS-PAGE, using BSA as the standard (ImageJ). 

An aliquot of the dialyzed protein (10 μl, concentration adjusted to 5 μM with water) was analyzed 

by electrospray ionization mass spectrometry (Thermo Scientific Q-Exactive Oribtrap, connected 

to a Dionex Ultimate 3000 UHPLC system), via a ProSwift RP-10R, 1 mm by 5 cm column, flow 

rate of 200 µl/min and ACN gradient (0.1% formic acid) 26-80% for 30 min. The mass 
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spectrometer was operated in ESI positive-ion mode with a capillary voltage of 3.5 kV and 

resolution at 17,500. The Protein Deconvolution 3.0 software was used for the data analysis. 

 For alkene lysine, analogues 7 and 9 were incorporated into myoglobin. Plasmids pBAD-

Myo4TAG-pylT and EV1 were co-transformed into E. coli Top10 cells and selected with 25 µg/ml 

of Tet and 50 µg/ml of Kan. A single colony was used to inoculate 2 ml of LB medium containing 

the same antibiotics and grown overnight. Next, 250 µl of culture was used to seed 25 ml of LB 

culture containing 1 mM of the corresponding UAAs and antibiotics. Cells were then cultivated to 

OD600 = 0.4 and 50 µl of 20% arabinose solution was supplemented to induce arabinose promoter 

driven expression. The cells were cultivated at 37 °C shaker overnight and harvested by 

centrifugation at 3,000 g for 10 min. Lysis of the cell was conducted by re-suspending the cell 

pellets with phosphate lysis buffer (pH 8.0, 50 mM of phosphate, 6 ml) and Triton X-100 (60 μl, 

10%). After 1 hour of incubation at 4°C, cells were sonicated on ice to release the soluble portion 

and debris was removed by centrifugation. The cleared lysates were incubated with 100 µl of 

Qiagen Ni-NTA agarose slurry at 4°C to bind His-tagged myoglobin. The resin was then collected 

by centrifugation (1,000 g, 10 min) and washed with lysis buffer (300 μl), this was repeated twice, 

followed by two washes with wash buffer (300 μl) containing imidazole (20 mM). The protein was 

eluted with elution buffer (300 μl) containing imidazole (250 mM). For protein mass spectrometry, 

the purified protein (in dialysis tubing, 6,000-8,000 MWCO, Fisher) was dialyzed in 50 mM 

ammonia acetate solution (1 L) overnight at 4 oC. The concentration of the dialyzed sample was 

determined by the intensity of protein band on SDS-PAGE, using BSA as the standard (ImageJ). 

The dialyzed sample (10 μl, concentration adjusted to 5 μM with water) was analyzed by 

electrospray ionization mass spectrometry (Thermo Scientific Q-Exactive Oribtrap, connected to 

a Dionex Ultimate 3000 UHPLC system) as described above.  
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Conjugation of sfGFP-DK onto Au NP  

The expression of sfGFP-Y151TAG-DK protein was performed as described above. For 

conjugation experiment with 40 nm standard Au NP, sfGFP-Y151TAG-DK (1,000 nM) was mixed 

with 40 nm standard Au NP (150 nM, Cytodiagnostics) in Tris buffer (300 μl, 20 mM, pH 7.0) and 

incubated at 4 °C for 1 h. The mixture was pelleted (13,200 rpm, 5 min) and resuspended in Tris 

buffer (300 µl, 20 mM, pH 7.0). This was repeated once. The solution before and after each 

centrifugation was subjected to a dynamic light scattering (DLS) measurement (Zetasizer Nano 

S, Malvern Instruments). The measurements were performed at 25 °C, and the z-average 

diameter was obtained from Malvern software. For electrophoresis analysis, Au NP solution (16 

μl) was mixed with 50% glycerol (4 μl, in TBE buffer), and was analyzed on a 1.2% agarose gel 

(80 V, 45 min). For conjugation with 40 nm stabilized Au NP, sfGFP-Y151TAG-DK (1000 nM) was 

mixed with 40 nm stabilized Au NP (150 nM, Cytodiagnostics), and incubated at 4 °C for 44 h. 

The DLS and electrophoresis analyses were performed as described above. 

 

DLS measurements 

The hydrodynamic diameters of the sample solution (300 μl) were measured using a Zetasizer 

Nano S DLS system (Malvern Instruments). The data was analyzed using the Zetasizer Nano S 

software (version 6.01). All sizes were based on intensity average, which was obtained using the 

non-negative least squares (NNLS) method. A detection angle of 90° was used for the size 

measurement. 

 

Fluorescence activation assay with ONBSY and ONBAY 

The sfGFP-Y66TAG-pylT plasmid was co-transformed with corresponding PylRS mutant (EV16-

5 for ONBSY, EV16-3 for ONBAY) into E. coli Top10 cells. Protein expression of sfGFP-Y66TAG-

ONBSY and sfGFP-Y66TAG-ONBAY was performed as described above. The cells and proteins 

were protected from light by wrapping flasks and tubes in aluminum foil during the expression and 
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purification process, in order to avoid unintended decaging. Purified sfGFP-Y66TAG-ONBSY or 

sfGFP-Y66TAG-ONBAY protein sample (5 μM) was placed in a PCR tube and was irradiated with 

a UV transilluminator for designated time (365 nm, VWR). The protein was placed in 4 °C for 2 h, 

which may have negatively impacted proper chromophore maturation. The fluorescence of protein 

with or without UV irradiation was then measured on a Tecan M1000 plate reader (excitation 

wavelength: 488 nm, emission wavelength: 510 nm, manual gain: 10), however, wavelengths may 

have shifted due to ONBS incorporation. sfGFP-Y66TAG-ONBY protein sample was used as 

positive control. 

 

Circular Dichroism (CD) analysis of lysozyme  

CD experiments were performed on an Olis Circular Dichroism Spectrophotometer using 0.1 cm 

quartz cuvettes. A solution containing 19 mg of lysozyme in 10 mM phosphate buffer pH 7.4 (1.32 

ml) was prepared. SDS was added to the final concentration of 2%. The lysozyme concentration 

was diluted to 20 uM for the CD experiment, and CD spectra were collected from 195 to 260 nm 

in 1 nm increments with an integration time of 5 s and a bandwidth of 2 nm. 
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2.2 Optimizing Incorporation Efficiency in Mammalian Cells 

 

Although UAA mutagenesis has been widely applied in both bacterial and mammalian cells,2 the 

expression level of the mutant protein containing UAA is often lower than that of the wild-type 

protein (conservative estimates range from 1% to 10%, depending on different protein targets; 

however, wild-type expression levels have been observed as well). Therefore, improving the 

incorporation efficiency is a crucial step for broad application of this technology. An enhanced 

system for the UAA mutagenesis in E. coli was developed by Schultz lab,92 allowing for the 

expression of mutant protein with the yield of 100 mg/L. An evolved sequence context (upstream 

and downstream of an amber codon) for highly efficient amber suppression efficiency was also 

discovered to further boost the expression level in E. coli.93 Yet, it is more critical to improve the 

efficiency of UAA incorporation in mammalian cells, as many cell-based experiments require the 

target protein to be highly expressed in a specific cellular compartment. Moreover, in mammalian 

cells, the poor protein yield cannot be easily solved by bulk expression as in bacterial cells. To 

improve the delivery of the necessary components of UAA mutagenesis to mammalian cells, 

which was normally achieved through liposome-mediated transfection, a baculovirus-based 

delivery system was recently developed.94 This system allows for incorporation of multiple UAAs 

into a protein in mammalian cells.95 In this system, two different suppressor tRNAs (D. hafniense 

and M. mazei) were expressed from two different polymerase III promoters (U6 promoter for D. 

hafniense and H1 promoter for M. mazei). The PylTs from D. hafniense  and M. mazei were 

orthogonal to E. coli and mammalian cells, thus suitable for genetic code expansion.2 Both U6 

and H1 promoters have been applied for the expression of short RNAs in mammalian cells.96 The 

use of different tRNAs and promoters avoided possible loss of tRNA cassette through 

homologous recombination.94 
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Previously, our lab used a two-plasmid system for the genetic code expansion in 

mammalian cells.19d On the first plasmid, the expressions of the PylRS and the protein of interest 

were driven by two separate CMV promoters. On the second plasmid, four copies of the PylT 

(from M. barkeri) were encoded under control of four separate U6 promoters. In a typical 

experimental setting, the two plasmids (200 ng each) were transfected into mammalian cells in a 

96-well plate with a proper transfection reagent (branched PEI, 1.5 μl). The culture medium was 

supplemented with the designated UAA (1 mM), and the cells were analyzed after 24 or 48 h. 

To improve the efficiency of our current two-plasmid system, we asked 1) whether an H1 

promoter can substitute the U6 promoter for the efficient expression of PylT, and 2) what the 

minimal number of copies of the PylT cassette is for efficient incorporation (to avoid possible 

homologous recombination). We first designed a PylT (M. barkeri) expression cassette (driven by 

an H1 promoter), and cloned the H1-PylT cassette into a pcDNA3 backbone (Invitrogen). The 

resulting construct, termed pH1-PylT, is functional in mammalian cells (Fig 2.22, row 3). However, 

it is not as efficient as our previous PylT-expression plasmid (Fig 2.22, row 4). We then generated 

a previously reported PylT expression cassette, where one copy of D. hafniense PylT is driven by 

an U6 promoter, and one copy of M. barkeri PylT is driven by an H1 promoter.94. This U6-PylT-

H1-PylT cassette was inserted into a pcDNA3 backbone (Invitrogen). The resulting construct, 

termed pU6-PylT-H1-PylT, shows similar efficiency as our previous PylT-expression plasmid in 

mammalian cells (Fig 2.22, row 2). Inspired by this result, we inserted another copy of the U6-

PylT-H1-PylT cassette into the pU6-PylT-H1-PylT construct, thus placing four copies of PylT in 

one plasmid. Yet, the resulting construct, termed pU6-PylT-H1-PylT-V2, did not significantly 

increase the incorporation efficiency (Fig 2.22, row 1). 
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Figure 2.22. Incorporation efficiency of different PylT expression constructs. HEK 293T cells were 

transfected with PylT expression vector and pmCherry-TAG-EGFP-PCKRS (200 ng each). The PCK 

(1 mM) was supplemented in the culture medium. Cells were imaged after 48 h. Scale bar indicates 

200 µm. The PCK was incorporated into mCherry-TAG-EGFP. The EGFP expression indicated 

incorporation efficiency. The mCherry expression was a control for transfection efficiency.  

 

As we worked on this project, Jason Chin’s lab reported an optimized PylRS/PylT 

expression system.97 To increase the expression level of the pylT, they placed four copies of the 

PylT (driven by four separate U6 promoters) on two separate plasmids, one expressing the protein 

of interest and one expressing the PylRS. They observed a significant increase in the PylT 

expression (based on Northern blot), as well as the incorporation efficiency. We tested their 

plasmid system using the wild-type PylRS, and confirmed that the incorporation efficiency was 

indeed significantly improved compared to the previous system where the PylT was placed only 



55 

 

on one plasmid (Fig 2.23, row 1 and row 3). In this test, Alloc-Lys (1 mM) was incorporated into 

the mCherry-TAG-EGFP (reporter used in our lab, row 1 and row 3) or sfGFP-150TAG (reporter 

used in Chin lab, row 2). Strong EGFP expressions were observed when the PylT was placed on 

both plasmids (row 2 and row 3). This result demonstrated that the amount of PylT was a limiting 

factor for efficient UAA incorporation in mammalian cells. 

 

Figure 2.23. Incorporation efficiency was improved when the PylT was placed on both plasmids. HEK 

293T cells were transfected with annotated plasmids (200 ng each), and Alloc Lys (1 mM) was 

supplemented in the culture medium. Cells were imaged after 48 h. Scale bar indicates 200 µm. The 

Alloc Lys was incorporated into mCherry-TAG-EGFP or sfGFP-150TAG. For the mCherry-TAG-EGFP 

construct, the EGFP expression indicated incorporation efficiency. The mCherry expression was a 

control for transfection efficiency. For the sfGFP-150TAG construct, the sfGFP expression indicated 

incorporation efficiency. No control for transfection efficiency was used. 

 

 We then explored if the same strategy could be applied to our expression system design. 

To this end, a mutant PylRS (HCKRS, with Y271A and L274M mutations) and a reporter 

(mCherry-TAG-EGFP) were inserted into the pU6-PylT-H1-PylT construct separately. The 
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resulting constructs, pU6-PylT-H1-PylT-HCKRS and pU6-PylT-H1-PylT-mCherry-TAG-EGFP, 

were co-transfected to HEK 293T cells (200 ng each). HCK (1 mM) was supplemented in the 

culture medium. The incorporation efficiency of our new expression system (based on the EGFP 

expression) was significantly higher than that of the previous system where the PylT cassette was 

placed only on one plasmid (Fig 2.24, row 1 and row 3). Gratifyingly, the efficiency of our system 

was similar to that of the system from Jason Chin’s lab (Fig 2.24, row 2 and row 3). 

 

Figure 2.24. Incorporation efficiency of different systems comprising PylT cassette on both plasmids. 

HEK 293T cells were transfected with the annotated plasmids (200 ng each). HCK (1 mM) was 

supplemented in the culture medium. Cells were imaged after 48 h. Scale bar indicates 200 µm. HCK 

was incorporated into mCherry-TAG-EGFP. The EGFP expression indicated incorporation efficiency. 

The mCherry expression was a control for transfection. 

 

To compare the protein expression from different systems, we further performed western 

blot analysis. HEK 293T cells were transfected with the designated plasmids (1,000 ng each). 

The culture medium was supplemented with or without HCK (1 mM). After 48 h, cell lysate was 

collected for western blot (with HA and GAPDH antibodies). Our new expression system (pU6-
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PylT-H1-PylT-mCherry-TAG-EGFP-HA and pU6-PylT-H1-PylT-HCKRS, lane 2) presented 

highest expression of the full length mCherry-TAG-EGFP-HA (Fig 2.25), which is slightly better 

than the expression system from Jason Chin’s lab (pU6-PylT-V4-mCherry-TAG-EGFP-HA and 

pU6-PylT-V4-HCKRS, lane 1). Not surprisingly, our previous expression system (pmCherry-TAG-

EGFP-HA and pU6-PylT-V4-HCKRS, lane 3) showed a lower expression level. We also tested 

the mixed use of plasmids from our lab and Chin lab (lane 4 and lane 5), and the use of pU6-

PylT-V4-mCherry-TAG-EGFP-HA (Chin lab) and pU6-PylT-H1-PylT-HCKRS (our lab) showed 

similar incorporation efficiency as our new expression system (lane 4). In summary, we generated 

a new expression system, where two copies of PylT (driven by an U6 and an H1 promoter, 

respectively) were placed on two separate plasmids. The new system showed higher 

incorporation efficiency than the previous system, where the PylT cassette was placed only on 

one plasmid. 

 

Figure 2.25. Western blot analysis for comparing the incorporation efficiency of different systems. HEK 

293T cells were transfected with the designated plasmids (1,000 ng each). Cells were supplemented 

with or without HCK (1 mM). After 48 h, cell lysate was collected for western blot (with HA and GAPDH 

antibodies). The plasmids used for each group were as follows: 1. pU6-PylT-V4-mCherry-TAG-EGFP-

HA and pU6-PylT-V4-HCKRS; 2. pU6-PylT-H1-PylT-mCherry-TAG-EGFP-HA and pU6-PylT-H1-PylT-

HCKRS; 3. pmCherry-TAG-EGFP-HA and pU6-PylT-V4-HCKRS; 4. pU6-PylT-V4-mCherry-TAG-

EGFP-HA and pU6-PylT-H1-PylT-HCKRS; 5. pU6-PylT-H1-PylT-mCherry-TAG-EGFP-HA and pU6-

PylT-V4-HCKRS. 
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 As we sought to further improve the efficiency of two-plasmid system, the Arbely lab 

reported a single-plasmid system for efficient genetic code expansion in mammalian cells.98 They 

combined all required genetic components for UAA mutagenesis into a single vector, and 

achieved high incorporation efficiency with just conventional transfection reagents. On their 

plasmid, two copies of PylT expression cassette (each cassette comprising a U6-driven M. mazei 

PylT and an H1-driven D. hafniense pylT) were placed on the same plasmid, but in opposite 

directions. The PylRS was driven by a CMV promoter, and the reporter was driven by an EF1α 

promoter. Wenyuan Zhou in our lab tested their construct, and found that their single-plasmid 

system showed even higher incorporation efficiency than our two-plasmid system (Fig 2.26). This 

is most likely because the transfection efficiency for one plasmid is higher than that for two 

plasmids.  
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Figure 2.26. Comparison of the one-plasmid system and the two-plasmid system (data generated by 

Wenyuan Zhou). (A) HCK was incorporated into mCherry-TAG-EGFP. The EGFP expression indicated 

incorporation efficiency. The mCherry expression was a control for transfection. (B) western blot 

analysis for comparing the incorporation efficiency of different systems. The plasmids used for each 

group were as follows: 1, p(U6-PylT-H1-PylT)x2-HCKRS-mCherry-TAG-EGFP-HA (single plasmid). 2, 

pU6-PylT-V4-mCherry-TAG-EGFP-HA and pU6-PylT-V4-HCKRS. 3, pU6-PylT-H1-PylT-mCherry-

TAG-EGFP-HA and pU6-PylT-H1-PylT-HCKRS. 

 

In summary, we generated several new expression vectors for the incorporation of UAAs 

in mammalian cells. We utilized a U6 promoter for D. hafniense PylT expression, and an H1 

promoter for M. mazei PylT expression. PylT from different species were used to minimize the 
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possible loss of PylT cassette via homologous recombination.94 The genes for the PylRS and the 

protein of interest were placed on two separate PylT expression cassettes, and the incorporation 

efficiency was higher than our previous system where only one PylT expression cassette was 

present, and was similar to the new expression system from the Chin lab (where four copies of 

PylT were placed on both plasmids). The Arbely lab further found, and we confirmed, that the 

combination of all required genetic components into one single vector further boosted the 

incorporation efficiency.98 In the future, we are going to apply this single-plasmid system to other 

protein targets. 

 

Experimental 

Plasmid construction 

To construct the pH1-PylT plasmid, the H1-PylT cassette was ordered as a gBlock (200 ng, IDT, 

sequence in Talbe xx). The gBlock was dissolved in water (20 µl), and digested with BglII (0.2 µl) 

and BamHI (0.2 µl) at 37 °C for 2 h. The pcDNA3 plasmid (8,000 ng, Invitrogen) was digested 

with BglII (2 µl) and BamHI (2 µl) at 37 °C for 2 h, and the backbone was extracted from a 0.8% 

agarose gel (run at 80 V for 45 min, expected band at ~ 5,400 bp). The H1-PylT fragment was 

ligated into the pcDNA3 backbone by T4 ligase (16 °C, overnight), and the construct was 

confirmed by sequencing (GeneWiz). 

To construct the pU6-PylT-H1-PylT plasmid, the U6-PylT-H1-PylT cassette was ordered 

as a gBlock (200 ng, IDT, sequence in Table 2.4). The gBlock was dissolved in water (20 µl), and 

digested with BglII (0.2 µl) and MfeI (0.2 µl) at 37 °C for 2 h. The pcDNA3 plasmid (8,000 ng, 

Invitrogen) was digested with BglII (2 µl) and MfeI (2 µl) at 37 °C for 2 h, and the backbone was 

extracted from a 0.8% agarose gel (run at 80 V for 45 min, expected band at ~5,400 bp). The U6-

PylT-H1-PylT fragment was ligated into the pcDNA3 backbone by T4 ligase (16 °C, overnight), 

and the construct was confirmed by sequencing (GeneWiz), using the primer 5’-

gggttattgtctcatgagcgg-3’. 
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To construct the pU6-PylT-H1-PylT-V2 plasmid, the second U6-PylT-H1-PylT cassette 

was amplified from the dissolved U6-PylT-H1-PylT DNA (10 ng/µl), with primers containing MfeI 

and MluI restriction sites (Fwd: 5’-aagcatcaattgcgttccactgaaaggtcgggcaggaagagg-3’, Rev: 5’-

gtcactacgcgtagatccaaaaaacggaaaccc-3’). The PCR product was then digested with MfeI (0.2 µl) 

and MluI (0.2 µl) restriction enzymes at 37 °C for 2 h. The pU6-PylT-H1-PylT plasmid (8,000 ng) 

was digested with MfeI (2 µl) and MluI (2 µl) at 37 °C for 2 h, and the backbone was extracted 

from a 0.8% agarose gel (run at 80 V for 45 min, expected band at ~5,900 bp). The U6-PylT-H1-

PylT fragment was ligated into the pU6-PylT-H1-PylT backbone by T4 ligase (16 °C, overnight), 

and the construct was confirmed by sequencing (GeneWiz), using the primer 5’-

gtcagccaggcgggccatttac-3’. 

To test the efficiency of the two-plasmid system from the Chin lab, we replaced their 

reporter (sfGFP-150TAG) with our reporter (mCherry-TAG-EGFP). The mCherry-TAG-EGFP 

fragment was first amplified from the pWTRS-mCherry-TAG-EGFP construct (Fwd: 5’- 

atagctagcgccaccatggtgagcaagggcgaggaggataacatggccatcatc-3’, Rev: 5’- 

acggtaccttatcattaagcgtaatctggaacatcg). The PCR product (20 µl) was digested with NheI (0.2 µl) 

and KpnI (0.2 µl) restriction enzymes at 37 °C for 2 h. The pU6-PylT-V4-sfGFP-150TAG (8,000 

ng, gift from Dr. Jason Chin)97 was digested with NheI (2 µl) and KpnI (2 µl) at 37 °C for 2 h, and 

the pU6-PylT-V4 backbone was purified by a 0.8% agarose gel (run at 80 V for 45 min, expected 

band at ~7,500 bp). The mCherry-TAG-EGFP fragment was then ligated into the pU6-PylT-V4 

backbone by T4 ligase (16 °C, overnight), and the construct was confirmed by sequencing 

(GeneWiz). 

To generate our own expression system with the PylT cassette on both plasmids, we 

cloned HCKRS (M. barkeri, with Y271A and L274M mutations) and mCherry-TAG-EGFP into the 

pU6-PylT-H1-PylT construct. HCKRS was amplified from the pHCKRS-mCherry-TAG-EGFP 

plasmid (Fwd: 5’-aattggatccatggactacaaggacgacgacg-3’, Rev: 5’- 

gcatgaattctcatcacaggttggtgctgatgc-3’).60 mCherry-TAG-EGFP was amplified from the pmCherry-
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TAG-EGFP plasmid (Fwd: 5’-agctagaattcatggtgagcaagggcgaggagg-3’, Rev: 5’-

atctggatccttatcattaagcgtaatctgg-3’).19d The PCR products (20 µl) were digested with EcoRI (0.2 

µl) and BamHI (0.2 µl) at 37 °C for 2h. The pU6-PylT-H1-PylT (8,000 ng) was digested with EcoRI 

(2 µl) and BamHI (2 µl) at 37 °C for 2 h, and the backbone was extracted from a 0.8% agarose 

gel (run at 80 V for 45 min, expected band at ~ 5,900 bp). The HCKRS (or mCherry-TAG-EGFP) 

fragment was then ligated into the pU6-PylT-H1-PylT backbone by T4 ligase (16 °C, overnight), 

and both constructs were confirmed by sequencing (GeneWiz), using the GeneWiz universal 

CMV-Forward primers. 

To test the expression system from Chin lab by western blot, the wild-type PylRS on pU6-

PylT-V4-WTRS (gift from Dr. Jason Chin) was mutated to HCKRS (with Y271A and L274M 

mutations) by site-directed mutagenesis (Fwd: 5’- 

cctatgctggcccccaccctggccaactacatgcggaaactggacagaatcc-3’, Rev: 5’-

ggattctgtccagtttccgcatgtagttggccagggtgggggccagcatagg-3’). 
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 Sequence (from 5’ to 3’) 

H1-PylT 

ggtaggAGATCTaattcgaacgctgacgtcatcaacccgctccaaggaatcgcgggcccagtgtcactaggcgggaaca

cccagcgcgcgtgcgccctggcaggaagatggctgtgagggacaggggagtggcgccctgcaatatttgcatgtcgctatgtg

ttctgggaaatcaccataaacgtgaaatgtctttggatttgggaatcttataagttccctatcagtgatagagacaccggaaacctg

atcatgtagatcgaacggactctaaatccgttcagccgggttagattcccggggtttccgttttttGGATCCttatcg 

U6-

PylT-

H1-PylT 

ggtaggCAATTGaaggtcgggcaggaagagggcctatttcccatgattccttcatatttgcatatacgatacaaggctgttag

agagataattagaattaatttgactgtaaacacaaagatattagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtt

tgcagttttaaaattatgttttaaaatggactatcatatgcttaccgtaacttgaaagtatttcgatttcttggctttatatatcttgtggaaa

ggacgggggggtggatcgaatagatcacacggactctaaattcgtgcaggcgggtgaaactcccgtactccccgttttttggatc

tgacaagtgcggtttttgctagtcaattcgaacgctgacgtcatcaacccgctccaaggaatcgcgggcccagtgtcactaggcg

ggaacacccagcgcgcgtgcgccctggcaggaagatggctgtgagggacaggggagtggcgccctgcaatatttgcatgtc

gctatgtgttctgggaaatcaccataaacgtgaaatgtctttggatttgggaatcttataagttctgtatgagaccacagctctggga

acctgatcatgtagatcgaacggactctaaatccgttcagccgggttagattcccggggtttccgttttttggatctAGATCTttat

cg 

Table 2.4. Sequence of the PylT expression cassette ordered from IDT. Restriction sites were 

capitalized. The D. hafniense PylT was labeled in blue. The M. barkeri PylT was labeled in red.  

 

Incorporation efficiency test using a fluorescent reporter 

Human embryonic kidney (HEK) 293T cells (ATCC, #CRL-11268) were grown in DMEM 

(Dulbecco’s Modified Eagle Medium) supplemented with 10% FBS, 1% Pen-Strep, and glutamine 

(2 mM) in 96-well plates in a humidified atmosphere with 5% CO2 at 37 °C. HEK 293T cells were 

transiently transfected with the designated plasmids (200 ng each) at ∼75% confluency in the 

presence of UAA (1 mM). Branched polyethylene imine (bPEI, 1.5 μl, 1 mg/ml) was used as the 

transfection reagent for each well. After an overnight incubation at 37 °C, cells were imaged on a 

Zeiss Observer Z1 microscope, with EGFP channel (filter set 38 HE; ex. BP470/40; em. 
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BP525/50; exposure time: 300 ms) and mCherry channel (filter set 43 HE; ex. BP575/25; em. 

BP605/70; exposure time: 50 ms).   

 

Western blot 

HEK 293T cells were co-transfected with the designated plasmids (2,000 ng each) in the presence 

or absence of HCK (1 mM) in a 6-well plate. Branched polyethylene imine (bPEI, 15 μl, 1 mg/ml) 

was used as the transfection reagent for each well. After 48 h of incubation at 37 °C, the cells 

were washed with chilled phosphate-buffer saline (PBS, 1 ml), and lysed in mammalian protein 

extraction buffer (250 μl, GE Healthcare). The cell lysates were separated by 10% SDS-PAGE 

(run at 60 V for 15 min, and 150 V for 45 min) and were transferred to a PVDF membrane (GE 

Healthcare). The membrane was blocked in tris-buffer saline (TBS) with 0.1% Tween 20 and 5% 

milk for 1 h. The blots were probed with the primary antibody (1:1,000, anti-HA (sc-805) or anti-

GAPDH (sc-25778), Santa Cruz) overnight at 4 °C, followed by incubation with the secondary 

goat anti-rabbit IgG-HRP antibody (1:20,000, sc-2004, Santa Cruz) for 1 h at room temperature. 

The blots were further incubated with the SuperSignal West Pico working solution (mixture of the 

Stable Peroxide Solution and the Luminol/Enhancer Solution, 500 μl each, Thermo Scientific) for 

5 min at room temperature. The luminescence signal was detected by ChemiDoc (Chemi Hi 

Sensitivity setting, exposure time: 10 sec). 
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2.3 Library Selection for Unnatural Amino Acid 

 

2.3.1 Construction of a Pyrrolysyl-tRNA Synthetase Library and a Selection Marker 

Although it was demonstrated through the targeted panel screening that several UAAs 

could be successfully incorporated with in-house mutant PylRSs, their incorporation efficiency 

may not be fully optimized, compared to that of an evolved aminoacyl tRNA synthetase (aaRS) 

for a specific UAA. Moreover, several UAAs were not effectively incorporated with any in-house 

mutant PylRS. We therefore sought to discover a PylRS/PylT pair for an UAA through library 

selection.99 To utilize this method, a library of PylRS mutants must be constructed, and the PylRS 

that incorporates a desired UAA needs to be selected through a series of positive and negative 

genetic selection rounds. 

Selection markers are key components in library selection. Several selection markers 

were previously used to evolve an aaRS/tRNA pair for UAA incorporation.99 The chloramphenicol 

acetyltransferase (CAT) gene is the most frequently used marker in positive selections. A 

permissive site in the CAT gene is mutated to TAG, and only the mutant aaRS that can incorporate 

the unnatural and/or natural amino acid(s) will pass the selection. The original method of a 

subsequent negative selection employed a replica plate containing chloramphenicol but in the 

absence of an UAA, and colonies were selected that grow on the original plate but not the replica 

plate,8 however, this method is cumbersome and difficult to apply to large libraries. Later, use of 

the barnase gene as a negative selection marker was developed. Multiple TAG mutations are 

introduced in the barnase gene, and the mutant aaRS that incorporates natural amino acid(s) in 

the absence of the UAA, which leads to the expression of barnase and to cell death, will be 

eliminated. Several rounds of alternating positive and negative selections will result in one or more 

evolved mutant aaRSs that specifically incorporate the desired UAA. The combined use of 

CAT/barnase selection markers became the predominant selection strategy due to its clear 
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phenotype and ease of operation. GFP is an alternative selection marker, where a TAG mutation 

is introduced at its permissive position.100 Using fluorescence-activated cell sorting (FACS), 

fluorescent cells will be collected in the positive selection, while non-fluorescent cells will be 

collected in the negative selection. This method is time-efficient, as it avoids the transferring of 

surviving mutant synthetase libraries between positive and negative selection strains. It also 

allows for easy control of selection pressure during each round by adjusting the fluorescence 

threshold. However, it is more expensive than antibiotic-based selection, and thus not always 

applicable to large-scale selections. 

Another selection marker, CATUPP, was developed to facilitate both time- and cost-

efficient selection (Fig 2.27).101 CATUPP is a fusion gene consisting of CAT and UPP. The UPP 

gene encodes uracil phosphoribosyltransferase, which converts 5-fluorouracil (5-FU) to 5-fluoro-

dUMP. Since 5-fluoro-dUMP inhibits thymidylate synthetase, the cells expressing uracil 

phosphoribosyltransferase in the presence of 5-FU will die.101 CATUPP has been previously used 

as a dual positive/negative selection marker.101-102 A TAG mutation is introduced at a permissive 

position of the CATUPP fusion gene. In the positive selection, mutant aaRSs that incorporate 

unnatural and/or natural amino acid(s) will be selected in the presence of chloramphenicol. In the 

negative selection, mutant aaRSs that incorporate natural amino acid(s) will be eliminated in the 

presence of 5-FU. Several rounds of alternating positive and negative selections will result in one 

or more evolved mutant aaRS that specifically incorporates the desired UAA. This method does 

not require library isolation and retransformation between each selection, and is cost-effective. 
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Figure 2.27. Workflow of library selection for PylRS, using the CATUPP selection marker. Positive 

selection (in the presence of chloramphenicol) selects mutant aaRSs that incorporate unnatural and/or 

natural amino acid(s). Negative selection (in the presence of 5-fluorouracil) removes mutant aaRSs 

that incorporate natural amino acids. 

 

To this end, the CATUPP fusion gene was cloned into a pBAD backbone that also contains 

PylT. A TAG mutation was introduced at the Q98 position of the CATUPP fusion gene as previously 

reported.101 The resulting plasmid, pBAD-CATUPP-Q98TAG, was used as the selection marker. 

It should be noted that regular E. coli strains are sensitive to 5-FU, since the UPP gene is 

present and expressed in the E. coli genome.103 Indeed, our phenotype test shows that TOP10 

cells could not survive on an agar plate supplemented with 5-FU (50 μg/ml) (no images were 

recorded). To circumvent that effect, a UPP knockout E. coli strain (ΔUPP) was used.101 Though 

viable, ΔUPP cells still grow slower on an agar plate supplemented with 5-FU (50 μg/ml) 

compared to a plate without 5-FU. This suggests that ΔUPP cells are still sensitive to 5-FU, which 

will affect the phenotype in negative selections. In fact, several UAAs were subjected to negative 

selections, but cells grew slow regardless of the presence or absence of UAA. A subsequent 

phenotype test suggested that the negative selection did not have any effect on eliminating natural 
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amino acid incorporation. Realizing that CATUPP might not be an ideal negative selection marker, 

we decided to perform only positive selections. While the negative selection was always desired 

for the MjTyrRS system,1 we envisioned that the selection of PylRS mutants might succeed 

without it, because pyrrolysine is not present in bacterial cells, and PylRS shows high 

orthogonality toward natural amino acids.16 

Another key component in library selection is the mutant library. To generate a mutant 

library, several residues in the binding pocket surrounding the pyrrolysine ring were selected 

based on the crystal structure of wild type PylRS with pyrrolysine,104 and then randomized to all 

possible amino acids. To ensure the selection fidelity, it is important that the final mutant 

transformants cover the theoretical diversity of the library by at least 10-fold. For example, 

randomizing five residues would require a library of 3.3 x 107 mutants. However, the number of 

mutants is inherently limited by the E. coli transformation efficiency (1011 CFU/μg at most). To 

build a small library with good quality, we decided to start by randomizing only three residues in 

our library. To this end, two sub-libraries were constructed using inverse PCR (Fig 2.28).19e Briefly, 

inverse PCR was performed using primers with NNK (N=A/C/G/T, K=G/T) codons at desired sites 

and BsaI restriction sites at the end.105 If the desired sites were close to each other (with less than 

6 bp in between), they were randomized at the same time. Otherwise, a second inverse PCR was 

performed using the first-round randomized library product (for more details, see primer design in 

the experimental). BsaI was used because it is a type IIS restriction endonuclease that produces 

4 bp sticky ends away from its recognition site, thus not leaving any scar after cloning. The PCR 

product was treated with DpnI and BsaI, ligated, and transformed into electrocompetent ΔUPP 

cells. The resulting transformants were pooled and the mutant PylRS library DNA was extracted. 

The quality of the library was analyzed by the chromatogram of the sequencing reads (Sequence 

Scanner). A mixture of A/C/G/T peaks should be present at the randomized N position, and a 

mixture of G/T peaks should be present at the randomized K position. If necessary, the library 

could be used as a template for a next round of inverse PCR to introduce additional randomized 
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codons.  

 

Figure 2.28. Generation of a mutant library. The original PylRS plasmid is amplified and linearized by 

inverse PCR, using primers containing NNK codons. The PCR product is treated with DpnI and BsaI, 

and ligated to a circular plasmid. The ligation product is transformed into E. coli cells, and the extracted 

DNA library is confirmed by sequencing. NNK (labeled with a yellow star) represents the degenerate 

codon (N=A/C/G/T, K=G/T). The red and blue boxes (with the randomized codon located at the N-

terminus of the blue box) encode for the PylRS gene. Only one NNK codon is generated in this scheme, 

but additional randomized codons could be introduced in a similar way. 

 

The first library was designed for the incorporation of lysine analogues (Fig 2.29A). A 

mutant PylRS (L274A/Y349F) was used as the starting gene. The L274A mutation is present in 

most PylRS mutants that are evolved for lysine analogues,16 and might enlarge the cavity for UAA 

binding. Y349F has been shown to increase the aminoacylation efficiency.18a Three sites (A267, 

Y271, C313) were randomized to all possible amino acids. These three sites were picked because 

they were mutated in a previous library selection effort for the incorporation of photocaged lysine 

(PCK).19d Two other sites (M241 and L274) were also randomized in the original study, but were 

not included in our design due to the small library size. In addition, mutations on Y271 and C313 

were frequently observed in several other library selections.19c, 19e, 106 Transformants (8x104) were 

generated, covering the theoretical library size (8,000) by 10-fold. Sequencing of the extracted 
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DNA library confirmed the presence of the NNK codon at the expected positions (Fig 2.29B). 

However, some bias towards guanine was observed at all positions. We have identified the reason 

for the bias, and this had not been reported in previous library constructions. 

 

Figure 2.29. Generation of mutant library for lysine analogues. (A) Binding pocket of PylRS with 

selected residues. L274A and Y349F are fixed mutations (labeled in white). A267, Y271 and C313 are 

randomized to all possible amino acids (labeled in red). The randomized sites are in close proximity to 

the ligand, thus they are expected to modulate substrate specificity. (B) Sequencing result of the mutant 

library at positions that are randomized to NNK codon. NNK codon is indicated by a yellow arrow. NNK 

represents degenerate codon (N=A/C/G/T, K=G/T). 

 

The second library was designed for the selection of phenylalanine analogues (Fig 2.30A). 

A mutant PylRS (N311A/C313A) was used as the starting gene. The double mutations N311A and 

C313A have been shown to enlarge the pocket size and facilitate the incorporation of aromatic 

rings.20a The side chain of N311 also forms hydrogen bond with pyrrolysine, which is abolished 

with the N311A mutation.20a As few libraries were constructed for the selection of phenylalanine 
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analogues at the time,22, 30 we chose to first randomize three sites (Y271, L274, Y349) to all 

possible amino acids. The Y271 and L274 sites were included in a previous selection for the 

photocaged tyrosine (ONBY), although Y271 was not mutated during the selection.22 The Y349 

site has been included in several libraries, and mutations to either phenylalanine or tryptophan 

were frequently observed.19c, 107 Transformants (8x104) were generated, providing 10-fold 

coverage of the theoretical library size (8,000). Sequencing of the extracted DNA library showed 

the presence of NNK codons at expected positions (Fig 2.30B). But similar to the above library, 

some bias towards guanine were observed in this library at the Y271 and L274 sites. The two 

sub-libraries were then mixed to generate a “master” library (1:1 ratio, final concentration of 500 

ng/µl), to select for both lysine and phenylalanine analogues. 

 

Figure 2.30. Generation of mutant library for tyrosine analogues. (A) Binding pocket of PylRS with 

selected residues. N311A and C313A are fixed mutations (labeled in white). Y271, L274 and Y349 are 

randomized to all possible amino acids (labeled in red). (B) Sequencing result of the mutant library at 
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positions that are randomized to NNK codon. NNK represents degenerate codon (N=A/C/G/T, K=G/T); 

indicated by a yellow arrow. 

 

2.3.2 Selection of o-nitrobenzyl-O-tyrosine (ONBY) incorporation in E. coli 

After the construction of the mutant libraries and selection plasmids were completed, the 

selection of a previously evolved UAA, o-nitrobenzyl-O-tyrosine (ONBY), was first performed as 

a proof-of-principle. The mutant library was transformed into ΔUPP electrocompetent cells that 

contained the CATUPP-Q98TAG selection plasmid. The colony forming units were higher than 

106, covering at least 10 times of the library size. Cells were plated on LB agar supplemented with 

chloramphenicol (60 µg/ml) and ONBY (1 mM). Unexpectedly, 10 colonies grew on the selection 

plate, but 40 colonies grew on the control plate (containing 60 µg/ml of chloramphenicol but no 

ONBY). Surviving colonies on the selection plate were grown in LB medium (3 ml) overnight, and 

10 µl of culture were plated on agar plates with/without ONBY. One out of ten mutants survived 

in the presence of ONBY, but died in the absence of ONBY, suggesting that it can successfully 

incorporate ONBY. Other mutants survived on both plates, suggesting that they incorporate 

natural amino acid(s). The PylRS was extracted from the hit mutant and named ONBYRS1. The 

selection was repeated and resulted in another hit mutant PylRS, named ONBYRS2. ONBYRS1 

and ONBYRS2 were sequenced (Table 2.5). Both mutants harbor N311A and C313A mutations, 

suggesting that they were evolved from the sub-library for tyrosine analogues. A Y349W mutation 

has also been previously discovered for several other UAAs,19c, 19e suggesting that it might also, 

in addition to Y349F, increase the aminoacylation efficiency.18a Both synthetases shared three 

common mutations (Y271M, N311A, C313A) with EV16-5 (the synthetase that was originally 

identified in Dr. Ashton Cropp lab for the incorporation of ONBSY, and was later found to 

incorporate ONBY as well). The slight side-chain difference at the L274 position (Thr in ONBYRS1, 

Ser in ONBYRS2) could be responsible for their differences in incorporation efficiency, as well as 

the background incorporation for EV16-5 (Ala at this position). The EV20 synthetase harbors an 
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extra Y349F mutation compared to a synthetase (ONBYRS) previously identified for ONBY by 

Chin lab.22 EV20 was generated by us, and could incorporate ONBY, NPY, MNPY, and NPEY 

(details in Chapter 2.1). Although mutations on EV20 are very different than those on 

ONBYRS1/ONBYRS2, the presence of N311G and C313G mutations confirmed the hypothesis 

that small amino acids at the N311 and C313 sites facilitated the incorporation of phenylalanine 

analogues. 

Code 
Mutation sites 

L270 Y271 L274 N311 C313 Y349 

ONBYRS1 / M T A A W 

ONBYRS2 / M S A A W 

EV16-5 / M A A A F 

EV20 F / M G G F 

Table 2.5. Sequence of PylRS hits (ONBYRS1 and ONBYRS2) from library selection. Two PylRS that 

are known to incorporate ONBY (EV16-5 and EV20) are displayed for comparison. 

 

The hit synthetases were further co-transformed with sfGFP-Y151TAG-pylT into TOP10 

cells. The sfGFP expression in the presence of ONBY (1 mM) was performed to confirm the 

incorporation of ONBY by the hit synthetases. SDS-PAGE analysis suggests that ONBYRS1 

shows highest incorporation efficiency, with a yield of 14 mg/L (Fig 2.31). It also performs better 

than either EV16-5 (some background incorporation without ONBY) or EV20 (less yield). 

ONBYRS2 shows less incorporation efficiency, with the yield of 8 mg/L (Fig 2.31), but little 

background incorporation is observed as well. In summary, these results suggest a functional 

selection system. 
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Figure 2.31. Incorporation of ONBY into sfGFP at the Tyr151 position. ONBYRS1 and ONBYRS2 were 

identified from library selection. EV16-5 and EV20 were used as positive controls. The sequences of 

these synthetases can be found in Table 2.5. 

 

During the library construction, the parent plasmid might remain in the mutant library due 

to the incomplete DpnI treatment. This biased library will cause the survival of the parent plasmid 

that incorporates natural amino acid (phenylamine), since the N311A/C313A mutation was 

previously known to bear background incorporation.20a To investigate the reason for the 

background colonies, four random mutant PylRS that survive on agar plate with chloramphenicol 

(200 µg/ml) but without ONBY were sequenced. Indeed, three out of four were the parent plasmid. 

Previously, for the selection of MjTyrRS, randomized sites were normally mutated to alanine to 

create an inactive TyrRS.8 However, this step has not been performed for the selection of PylRS, 

due to its good orthogonality against the natural amino acids. 

We therefore sought to decrease the background incorporation of the parent plasmid. The 

mutant PylS (N311G/C313G/Y349F) was used, as it bears no background incorporation in our 

previous test. Moreover, the N311G/C313G mutations were included in an evolved mutant that 

incorporates ONBY.22 It is expected to create similar space for an aromatic ring as the 

N311A/C313A mutation. Three other residues (L270, Y271, L274) that are near the pyrrolysine 

ring were randomized to all amino acids (Fig 2.32A). Transformants (8x104) were generated, 

covering the theoretical library size (8,000) by 10-fold. Sequencing of the extracted DNA library 
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confirmed NNK codon at expected positions, and no bias on guanine was observed (Fig 2.32B). 

The new library was used for the selection of ONBY. The surviving colonies after the positive 

selection (60 µg/ml of chloramphenicol) were incorporating natural amino acid(s). The sequencing 

of three random mutants showed a convergent mutation: 

L270R/Y271G/L274G/N311G/C313G/Y349F. However, the expression of sfGFP-Y151TAG with 

this mutant PylRS did surprisingly not result in any fluorescence. We only run this expression 

once, and the result might not be accurate. In the future, experiment to analyze the protein 

expression on a SDS-PAGE will be further pursued. 

 

Figure 2.32. Second generation of mutant library for tyrosine analogues. (A) Binding pocket of PylRS 

with selected residues. N311G, C313G and Y349F are fixed mutations (labeled in white). L270, Y271 

and L274 are randomized to all possible amino acids (labeled in red). (B) Sequencing result of the 

mutant library at positions that are randomized to NNK codon. NNK represents a degenerate codon 

(N=A/C/G/T, K=G/T); the position is indicated by a yellow arrow. 

 

 Due to unsuccessful selection with different libraries, we sought to optimize the selection 
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plasmid. We first changed the TAG amber codon from position Q98 to position D111 or position 

D112. The Q98 position was originally applied in the one-plasmid selection system, since Q98 

performed better than D181, another tested position.101 The D111 position was used by Dr. Ashton 

Cropp for library selection. The D112 position was previously used in CAT-based library 

selection.19c A growth-based assay was performed to evaluate their performance. Briefly, the 

selection plasmid was co-transformed with wild-type PylRS into ΔUPP cells, and an overnight cell 

culture (10 µl) was plated on LB agar supplemented with or without Nε-allyloxycarbonyl-L-lysine 

(Alloc Lys), a known substrate for wild type PylRS. The plate was incubated at 37 oC for 16 h, and 

the area of bacterial growth was evaluated. Among three selection plasmids, CATUPP-D111TAG 

performs best (Table 2.6), and it was used in subsequent experiments. 

 −UAA, −Cm −UAA, +Cm (60 µg/ml) +Alloc Lys (1 mM), +Cm (60 

µg/ml) 
CATUPP-WT +++ +++ +++ 

CATUPP-Q98TAG +++ − + 

CATUPP-D111TAG +++ − ++ 

CATUPP-D112TAG +++ − + 

Table 2.6. Evaluation of different selection plasmids. Wild type PylRS was co-transformed with 

selection plasmid, and the incorporation efficiency was tested by the area of bacterial growth (in the 

presence of Alloc Lys and Cm). The area was presented by the number of ‘+’. 

 

 We further explored if the selection plasmid can be used for negative selection, as 

previously described.101 The selection plasmid (CATUPP-D111TAG) and the synthetase (wild-type 

PylRS) were co-transformed into ΔUPP cells, and overnight culture (10 µl) was plated on LB agar 

supplemented with different concentration of 5-FU (from 0.5 µg/ml to 50 µg/ml) and Alloc Lys (1 

mM). The plate was incubated at 37 °C for 16 h, and the area of bacterial growth was evaluated. 

Toxicity of 5-FU (with different concentration) was even observed in ΔUPP cells (Table 2.7). We 

also can not differentiate the bacterial growth with or without supplementing Alloc Lys (Table 2.7). 

The result is not in agreement with previous finding that 100 µg/ml is the optimal concentration 
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for selection.101 We therefore choose not to use CATUPP-D111TAG plasmid for negative 

selection. 

5-FU concentration 0 µg/ml 0.5 µg/ml 5 µg/ml 10 µg/ml 50 µg/ml 

−UAA +++ ++ + + − 

+Alloc Lys (1 mM) +++ ++ + + − 

Table 2.7. Evaluation of optimal 5-FU concentration for negative selection. Wild type PylRS was co-

transformed with pCATUPP-D111TAG selection plasmid, and the toxicity was tested by the area of 

bacterial growth (in the presence of Alloc Lys and 5-FU). The area was presented by the number of ‘+’. 

 

 We then constructed pBarnase-Q2TAG-D44TAG-pylT as a negative selection plasmid.  

The barnase gene was amplified from pLWJ17B3 (negative selection plasmid for MjTyrRS, gift 

from Dr. Peter Schultz),8 and ligated into the pBAD backbone. The toxic barnase gene has two 

amber mutations at permissive sites (Gln2TAG, Asp44TAG). Cells expressing functional barnase 

in the absence of UAA indicates that the synthetase incorporates natural amino acid(s), and cell 

will not survive. The barnase gene has been used as a negative selection marker.8 We first tested 

the functionality of the pBarnase-Q2TAG-D44TAG-pylT plasmid using a known synthetase. The 

selection plasmid and the synthetase (EV20) were co-transformed into Top 10 cells, and overnight 

culture (10 µl) was plated on LB agar with or without ONBY (0.5 mM). The plate was incubated at 

37 °C for 16 h, and the area of bacterial growth was evaluated. We observed that cells grew better 

when not supplying with ONBY (Table 2.8). The result suggests that functional barnase is 

expressed in the presence of UAA. We further used the barnase selection plasmid for negative 

selection. Electrocompetent cells harboring pBarnase-Q2TAG-D44TAG-pylT plasmid were 

transformed with the mutant library mixture. After incubation in LB plate (37 °C, 16 h), the PylRS 

from the surviving cells was extracted by gel electrophoresis, and was further transformed into 

electrocompetent cells harboring pBAD-CATUPP-Q98TAG-pylT plasmid (as we have not 

generated D111TAG selection plasmid at the time). However, no colonies survived in LB plate 
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supplemented with chloramphenicol (60 µg/ml) and ONBY (1 mM). Since CATUPP-Q98TAG is 

not the optimal positive selection plasmid, possible hits might be lost during the positive selection; 

in addition, previous genetic selections of tRNA synthetases required positive selections to be 

conducted first, followed by negative selections, and the experiment should be repeated 

accordingly. However, we speculated that the use of CATUPP-D111TAG might generate a better 

result. 

 Barnase-TAG GFP-TAG 

−UAA ++ +++ 

+ONBY (0.5 mM) + +++ 

Table 2.8. Evaluation of barnase gene for negative selection. EV20 was co-transformed with the 

pBarnase-Q2TAG-D44TAG-pylT selection plasmid, and the toxicity was tested by the area of bacterial 

growth (in the presence of ONBY). The area was presented by the number of ‘+’. GFP-TAG was used 

as a control. 

 

In summary, three PylRS mutant libraries (two tyrosine libraries and one lysine library) were 

generated through randomization of three select residues. Three CATUPP selection plasmids 

were generated and tested and the selection marker with the amber codon placed at D111 

performed best in positive selection. However, it is not a good selective marker for negative 

selections due to the cellular toxicity of 5-FU, even in UPP knock-out strains. The established 

barnase gene may be a better negative selection marker. We successfully identified two PylRS 

mutants that incorporate ONBY, with one of them performing better than current known 

synthetases for ONBY incorporation. In the future, a suitable negative selection marker needs to 

be established and to rapidly identify PylRS hits, a EGFP fluorescent reporter can also be added 

to the positive selection plasmid.8 Once the library selection procedure is established, it will be 

applied to other UAAs (caged thiotyrosine, caged histidine, caged aminoalanine) where hit 

synthetases were not identified through our standard panel screening (discussed in Chapter 2.1 
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and Chapter 2.4). 

 

Experimental 

Construction of selection plasmid 

The backbone of pBAD plasmid was generated by digesting pBAD-Myo4TAG-PylT plasmid 

(8,000 ng, gift from Dr. Ashton Cropp) with NcoI and NdeI restriction enzymes, followed by gel 

extraction of the band corresponding to the correct length of the backbone (~5,500 bp). The 

CATUPP fragment was amplified from pCATUPP (gift from Dr. Ashton Cropp, Fwd: 5’-

ccatggagaaaaaaatcactgg-3’, Rev: 5’- catatggtcgattatttcgtacc-3’), digested with NcoI and NdeI 

restriction enzymes, and ligated into the pBAD backbone (16 °C, overnight). The TAG mutation 

was introduced at position Q98 by site-directed mutagenesis (Fwd: 5’-

gttacaccgttttccatgagtagactgaaacgttttcatcg-3’, Rev: 5’-

cgatgaaaacgtttcagtctactcatggaaaacggtgtaac-3’, TAG mutation underlined). The same method 

was used to generate D111TAG (Fwd: 5’-gctctggagtgaataccactaggatttccggcagtttctac-3’, Rev: 5’- 

gtagaaactgccggaaatcctagtggtattcactccagagc-3’, TAG mutation underlined) and D112TAG (Fwd: 

5’- ctggagtgaataccacgactagttccggcagtttctacac-3’, Rev: 5’- 

gtgtagaaactgccggaactagtcgtggtattcactccag-3’, TAG mutation underlined) mutations. 

 To generate the pBarnase-Q2TAG-D44TAG-pylT plasmid, the Barnase-Q2TAG-D44TAG 

fragment was amplified from pLWJ17B3 (negative selection plasmid for MjTyrRS, gift from Dr. 

Peter Schultz, Fwd: 5’-aattccatggcataggttatcaacacg-3’, Rev: 5’- aattcatatgttatctgatttttgtaaaggtctg-

3’), digested with NcoI and NdeI restriction enzymes, and ligated into the pBAD backbone (16 °C, 

overnight). 

 

Growth-based assay for evaluating selection plasmid 

For evaluation of positive selection marker, the selection plasmid (pCATUPP-pylT with TAG amber 

codon at Q98, D111, or D112 position) was co-transformed with wild type PylRS (50 ng for each 
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plasmid) into ΔUPP cells. A single colony was picked and grown overnight in LB medium (3 ml). 

Overnight cell culture (10 µl) was plated on two LB agar plates supplemented with arabinose 

(0.2%), Cm (60 µg/ml), Tet (25 µg/ml), Kan (50 µg/ml), with one plate also supplemented with 

Alloc Lys (1 mM in water, ChemImpex, Cas# 6298-03-9). The plates were incubated at 37 °C for 

16 h, and the area of bacterial growth (from where the cell culture was spotted) was evaluated by 

naked eyes. 

 For evaluation of CATUPP as a negative selection marker, pCATUPP-D111TAG-pylT and 

wild type PylRS were co-transformed (50 ng for each) into ΔUPP cells. The overnight culture (10 

µl) was plated on LB agar supplemented with arabinose (0.2%), Tet (25 µg/ml), Kan (50 µg/ml), 

Alloc Lys (1 mM in water), and different concentration of 5-FU (Cas #: 51-21-8, 0.5 µg/ml, 5 µg/ml, 

10 µg/ml, or 50 µg/ml). The plate was incubated at 37 °C for 16 h, and the area of bacterial growth 

was evaluated. For evaluation of barnase as a negative selection marker, pBarnase-Q2TAG-

D44TAG-pylT and EV20 were co-transformed (50 ng for each) into Top 10 cells. The overnight 

culture (10 µl) was plate on two LB agar plates supplemented with arabinose (0.2%), Tet (25 

µg/ml), Kan (50 µg/ml), with one also supplemented with ONBY (0.5 mM). The plate was 

incubated at 37 °C for 16 h, and the area of bacterial growth was evaluated.  

 

Library construction 

To construct the “lysine library”, EV17 (M. barkeri PylRS with mutations Y271M, L274A and 

Y349F) was used as the starting template. Position C313 was first randomized by amplifying the 

plasmid using an inverse PCR (Fwd: 5’- 

gcgcaggaaaggtctcaaactttNNKcaaatgggcagcggctgcacccgtgaaaac-3’, Rev: 5’- 

gcgcagagtaggtctcaagttaaccatggtgaattcttccaggtgttctttg-3’, randomized NNK is capitalized), with 

the NNK codon incorporated in the forward primer. The inverse PCR was performed as previously 

described.19e The PCR reaction (50 µl) was prepared as following: DNA template (50 ng), dNTP 

(200 µM), primers (0.8 µM for each), Phusion DNA polymerase (1 U, NEB). The PCR was run as 
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following: 95 °C for 2 min, 9 cycles of amplification (95 °C for 20 sec, 65 °C for 20 sec, with the 

annealing temperature decreased by 1 °C for each cycle, 68 °C for 4 min), 31 cycles of 

amplification (95 °C for 20 sec, 58 °C for 20 sec, 68 °C for 4 min), 68 °C for 9 min. The PCR 

product was confirmed by analysis on a 0.8% agarose gel (~ 2,000 bp), purified by QIAquick PCR 

Purification Kit (Qiagen), and eluted with 50 µl of water (normally with the yield of ~ 30 ng/μl). 

Purified product was digested by DpnI restriction enzyme (1 µl of 20,000 U/ml, NEB) for 2 h at 

37 °C. The DpnI enzyme was heat inactivated (75 °C, 30 min), and the product was further 

digested with BsaI (1 µl of 10,000 U/ml, NEB) for 2 h at 37 °C. The BsaI enzyme was heat 

inactivated (75 °C, 30 min), and the product was purified by QIAquick PCR Purification Kit 

(Qiagen). The purified product (1,000 ng) was self-ligated with T4 ligase (5 µl of 400,000 U/ml, 

NEB) in a total of 100 µl reaction (16 °C for 12 h). The ligation product was purified with QIAquick 

PCR Purification Kit (Qiagen), and eluted with 30 µl of water. Purified ligation product (2 µl) was 

added to the Top 10 electrocompetent cells (50 μl). The cells were placed in a chilled 2 mm 

electroporation cuvette (VWR), and underwent a pulse of 2.5 KV in an electroporator (GenePulser 

Xcell, BioRad). Super Optimal broth with Catabolite repression (SOC) medium (1 ml) was 

immediately added to the cells. The cells were then incubated in 37 °C shaker for 1.5 h, and all 

the cells (1 ml) were then plated on one LB agar plate (150 × 15 mm, VWR) containing Kan (50 

µg/ml). The plate was incubated at 37 °C for 16 h. The next day, cells were scraped with 1 ml of 

LB medium, and were grown in 100 ml of LB medium with Kan (50 µg/ml) overnight. Plasmid DNA 

was then extracted (Midi kit, Qiagen) and sent for sequencing. The plasmid randomized at C313 

position was further used as the template for next round of randomization at A267 and Y271 

positions. The plasmid was amplified using an inverse PCR (Fwd: 5’- 

gcgcaggtctcaatgctgNNKccgaccctgNNKaactatgcgcgtaaactggatcgtattc-3’, Rev: 5’-

gcgcagagtaggtctcagcatcggacgcaggcacaggtttttatccacgcggaaaatttg-3’, randomized NNK is 

capitalized), with the NNK codon incorporated in the forward primer. The PCR product was 

digested with DpnI, BsaI, self-ligated, and transformed to Top10 electrocompetent cells as 
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described above. The extracted mutant library was further sent for sequencing. 

For the first generation of tyrosine library, EV16 (M. barkeri PylRS with mutations N311A 

and C313A) was used as the starting template. Position Y349 was first randomized to all natural 

amino acids. The plasmid was amplified using an inverse PCR (Fwd: 5’- 

ggaaaggtctcgctgcatggtgNNKggcgataccctggatattatg-3’, Rev: 5’- 

cagtaggtctctgcagctatcgcccacaatttcgaagtcg-3’, randomized NNK is capitalized), with the NNK 

codon incorporated in the forward primer. The PCR product was digested with DpnI, BsaI, self-

ligated, and transformed to Top10 electrocompetent cells as described above. The extracted 

mutant panel was then sent for sequencing. The plasmid randomized at Y349 position was further 

used as the template for next round of randomization at Y271 and L274 positions. The plasmid 

was amplified using an inverse PCR (Fwd: 5’- 

gcgcaggtctcaaccctgNNKaactatNNKcgtaaactggatcgtattctgccgggtc-3’, Rev: 5’- 

gcgcagagtaggtctcagggtcggggccagcatcggacgcaggcacaggtttttatc-3’, randomized NNK is 

capitalized), with the NNK codon incorporated in the forward primer. The PCR product was 

digested with DpnI, BsaI, self-ligated, and transformed to Top10 electrocompetent cells as 

described above. The extracted mutant library was further sent for sequencing. 

For the second generation of tyrosine library, EV19-1 (M. barkeri PylRS with mutations 

N311G, C313G and Y349F) was used as the starting template. Three positions (L270, Y271, 

L274) were randomized to all natural amino acids in one step. The plasmid was amplified using 

an inverse PCR (Fwd: 5’- 

gcgcaggtctcaccgatgctggccccgaccNNKNNKaactatNNKcgtaaactggatcgtattctgccgggtc-3’, Rev: 5’-

gcgcagagtaggtctcatcggacgcaggcacaggtttttatccacgcggaaaatttg-3’, randomized NNK is 

capitalized), with the NNK codon incorporated in the forward primer. The PCR product was 

digested with DpnI, BsaI, self-ligated, and transformed to Top10 electrocompetent cells as 

described above. The extracted mutant library was then sent for sequencing.  
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Generation of electrocompentent cells for selection 

The UPP knockout (ΔUPP) strain was a gift from Dr. Ashton Cropp, and electrocompetent 

ΔUPP cells containing the selection plasmid were made. The ΔUPP cells were chemically 

transformed with pBAD-CATUPP-Q98TAG plasmid (10 ng). A single colony was inoculated in LB 

medium (3 ml) with Tet (25 µg/ml) and grown overnight (37 °C, 250 rpm).  The next day, saturated 

overnight culture (2 ml) were added to a large LB medium (200 ml) without antibiotics. The cell 

culture was grown at 37 °C, 250 rpm until OD600 reached 0.4 (normally takes around 3 h). The 

culture was chilled on ice for 20 min, and the cells were pelleted (4,000 rpm, 15 min, 4 °C). The 

cells were carefully resuspended in chilled water (50 ml) and pelleted again (4,000 rpm, 15 min, 

4 °C). This process was repeated once. The cells were then carefully resuspended in chilled water 

containing 10% glycerol, and pelleted (4,000 rpm, 15 min, 4 °C). The cells were carefully 

resuspended in 500 µl of 10% glycerol (in water), and were aliquoted into prechilled 1.7 ml 

eppendorf tube (50 µl). Each tube was fast frozen in an isopropyl alcohol/dry ice bath, and was 

stored in a −80 °C freezer. 

 To test the competency of the cells, 1 μl of pEGFP-N1 (Clontech, 1 ng/μl) was added to 

the electrocompetent cells harboring the pBAD-CATUPP-Q98TAG plasmid (50 μl). The cells were 

placed in a chilled 2 mm electroporation cuvette (VWR), and underwent a pulse of 2.5 KV in an 

electroporator (GenePulser Xcell, BioRad). Super Optimal broth with Catabolite repression (SOC) 

medium (1 ml) was immediately added to the cells. The cells were incubated in 37 °C shaker for 

1.5 h. The 100x diluted culture was made (1 μl of culture and 99 μl of water), and was plated on 

LB agar containing Kan (50 µg/ml) and Tet (25 μg/ml). After 16 h of incubation at 37 °C, the 

number of colonies was counted. The competency (CFU/μg) was calculated as: number of 

colonies × 106. The competency was normally between 107 to 108 CFU/μg (similar to chemically 

competent cells). 
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Library selection 

The mutant library (1 µl of 500 ng/µl) was transformed into the ΔUPP electrocompetent cells that 

contained the CATUPP-Q98TAG selection plasmid, using the electroporation protocol described 

above. The transformants (1 ml) were grown in LB medium (100 ml) supplemented with Tet (25 

µg/ml) and Kan (50 µg/ml) overnight (37 °C, 250 rpm). For making library stocks, 50 ml of the 

cells were centrifuged down (4,000 rpm, 10 min) the next day, and resuspended in 5 ml of 25% 

glycerol (in water). The concentrated cell stocks were aliquoted (1 ml in each tube) and were 

stored in −80 °C freezer. In the future, the library can be recovered by growing the concentrated 

cell stock overnight. For library selection, diluted overnight culture (300 µl of OD600 = 1.0, total of 

8 × 108 cells) was plated on LB agar plate supplemented with Tet (25 µg/ml), Kan (50 µg/ml), Cm 

(60 µg/ml), arabinose (0.2% arabinose) and ONBY (1 mM). A plate without ONBY was used as a 

control. After incubation at 37 °C for 16 h, the surviving colonies from the selection plate were 

grown in LB medium (3 ml, containing Tet (25 µg/ml), Kan (50 µg/ml)) overnight. The saturated 

cell culture (10 µl) was plated on two agar plates, except one was supplemented with ONBY (1 

mM) and one without, and grown overnight (37 °C). The hit colonies were the ones that grew on 

ONBY plate, but did not grow on control plate. The hit colonies were grown in LB medium (3 ml, 

containing Tet (25 µg/ml), Kan (50 µg/ml)) overnight. The plasmids (pPylRS and pCATUPP-

Q98TAG-pylT) were extracted from the cell culture (miniprep kit, Qiagen), and were separated on 

a 0.8% agarose gel (run 80 V for 45 min). The pPylRS plasmid was gel-extracted (~ 2,000 bp on 

the gel) and sent for sequencing. 

For the negative selection, the mutant library (1 µl of 500 ng/µl) was transformed into the 

ΔUPP electrocompetent cells that contained the pBarnase-Q2TAG-D44TAG-pylT selection 

plasmid, using the electroporation protocol described above. After incubation in LB plate (37 °C, 

16 h), the surviving cells were collected with LB medium (1 ml), and the plasmids (pPylRS and 

pBarnase-Q2TAG-D44TAG-pylT) were extracted (miniprep kit, Qiagen) and separated on a 0.8% 

agarose gel (run 80 V for 45 min). The mixed pPylRS mutant plasmids were gel-extracted (~ 
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2,000 bp on the gel), and were further transformed into electrocompetent cells harboring pBAD-

CATUPP-Q98TAG plasmid. The transformants (1 ml) were grown in LB medium (100 ml) 

supplemented with Tet (25 µg/ml) and Kan (50 µg/ml) overnight (37 °C, 250 rpm). Diluted 

overnight culture (300 µl of OD600 = 1.0, total of 8 × 108 cells) was plated on LB agar plate 

supplemented with Tet (25 µg/ml), Kan (50 µg/ml), Cm (60 µg/ml), arabinose (0.2% arabinose) 

and ONBY (1 mM). A same plate without ONBY was used as a control. 

 

Validation of the hit synthetase 

To validate the functionality of the hit synthetase, we co-transformed the hit synthetase with 

sfGFP-Y151TAG-pylT (50 ng for each plasmid) into Top10 cells. A single colony was grown 

overnight (37 °C, 250 rpm) in LB supplemented with Kan (50 μg/ml) and Tet (25 μg/ml), and the 

overnight culture (250 μl) was added to LB (25 ml) supplemented with ONBY (1 mM), Tet (25 

μg/ml), and Kan (50 μg/ml). Cells were grown at 37 °C, 250 rpm, and the protein expression was 

induced with arabinose (0.1 %) when OD600 reached 0.4 (measured by Nanodrop). After overnight 

expression at 37 °C, cells were pelleted (5,000 g, 10 min) and resuspended in phosphate lysis 

buffer (pH 8.0, 50 mM of phosphate, 6 mL). Triton X-100 (60 μl, 10%) was added to the mixture. 

The lysate was incubated on ice for 1 h, sonicated (power level 5, pulse ‘on’ for 30 sec, pulse ‘off’ 

for 30 sec, with a total of 4 min, 550 sonic dismembrator), and then centrifuged (13,000 g) at 4 °C 

for 10 min. The supernatant was transferred to a 15 ml conical tube, and Ni-NTA resin (Qiagen, 

100 μl) was added. The mixture was incubated at 4 °C for 2 h with mild shaking. The resin was 

then collected by centrifugation (1,000 g, 10 min) and washed with lysis buffer (300 μl), this was 

repeated twice, followed by two washes with wash buffer (300 μl) containing imidazole (20 mM). 

The protein was eluted with elution buffer (300 μl) containing imidazole (250 mM). The purified 

proteins were analyzed by SDS-PAGE (10%), and stained with Coomassie Brilliant Blue. 
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2.4 Incorporation of Caged Cysteine Using an E. coli Leu Synthetase 

 

Cysteine is a less abundant, yet important amino acid for structure and function of proteins.108 

The unique chemistry of its thiol group accounts for broad range of functional roles.109 Cysteine 

is involved in multiple cellular events, including protein ubiquitylation,110 balance of redox 

potential,111 cellular signaling pathways,112 as well as protein trafficking and localization.113 

Cysteine is also a key residue for several post-translational modifications, including alkylation, 

oxidation, and nitrosylation.114 In addition, two cysteine residues form a disulfide bond, resulting 

in intra- or intermolecular linkages on proteins. The substantial change in protein folding further 

affects protein structure and function.115 

 Given the importance of cysteine residues, we envisioned that genetic code expansion of 

a caged cysteine will greatly expand the toolbox for spatiotemporal control of protein function with 

light. Previously, we successfully incorporated a caged cysteine and a caged homocysteine 

through the PylRS/PylT system (discussed in detail in chapter 3.1),116 where a mutant PylRS (with 

M241F, A267S, Y271C, and L274M mutations) that incorporated a photocaged lysine (PCK) was 

used. However, the incorporation efficiency of the caged cysteine was only half of that of the 

caged lysine.116 The low incorporation efficiency hindered the expression of light-activatable intein 

and TEV protease (discussed in detail in chapter 3.1). Another caged cysteine (NPMC) was 

incorporated through the PylRS/PylT system by Jason Chin’s lab, which was further applied for 

light-activation of the TEV protease in mammalian cells.23 However, the incorporation efficiency 

of their caged cysteine (at the concentration of 1 mM) was lower than that of our caged cysteine 

(tested by Subhas Samanta in our lab). Therefore, a highly efficient system for the incorporation 

of caged cysteine is needed. 

 Previously, a caged cysteine, 4,5-dimethoxy-2-nitrobenzyl-cysteine (NVC), was 

genetically encoded in mammalian cells using the orthogonal E. coli leucyl-tRNA synthetase 
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(EcLeuRS)/tRNALeu pair.117 The EcLeuRS mutant (M40G, L41Q, Y499L, Y527G, H537F) used in 

their study was originally evolved for the incorporation of a caged serine, 4,5-dimethoxy-2-

nitrobenzyl-serine (NVS), in Saccharomyces cerevisiae.118 Due to the structural similarity 

between serine and cysteine, the same EcLeuRS mutant incorporates NVC as well. Huiwang Ai’s 

lab later discovered that a caged cysteine with an extra methyl group (NVMC), which is less toxic 

to cells as a result of the less reactive ketone byproduct, could also be incorporated by the same 

EcLeuRS mutant.119 They further applied this system for the control of intein splicing with light 

(discussed in detail in chapter 3.1). In their system, four copies of tRNALeu were expressed under 

four separate H1 promoters. The EcLeuRS mutant was expressed under a CMV promoter. The 

expression cassettes for tRNALeu and EcLeuRS were built in a single plasmid (pMAH). To identify 

the most efficient caged cysteine for UAA mutagenesis, we tested their expression system for the 

incorporation of several caged cysteines (Fig 2.33). Besides NVMC and NVC, we also tested the 

caged cysteine reported by Chin lab (NPMC),23 and two other caged cysteines with ortho-

nitrobenzyl group (NBMC and NBC). Previously, NBC was incorporated by another EcLeuRS 

mutant (with M40W, L41S, Y499I, Y527A, H537G mutations; not used/tested in this chapter), 

which was identified through library selection.120 However, generating this EcLeuRS mutant will 

require either multiple rounds of site-directed mutagenesis or ordering of the full-length EcLeuRS 

with desired mutations. We therefore decided to just test the EcLeuRS mutant from Huiwang Ai’s 

lab. 
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Figure 2.33. Structures of caged cysteines studied in this chapter. 

 

We used mCherry-TAG-EGFP-HA as a reporter for incorporation efficiency, where a TAG 

codon was placed between mCherry and EGFP. The EGFP fluorescence indicated incorporation 

efficiency, and the mCherry fluorescence served as a control for transfection efficiency. HEK 293T 

cells were co-transfected with pMAH (encoding the EcLeuRS mutant (M40G, L41Q, Y499L, 

Y527G, H537F) and the tRNALeu)119 and pmCherry-TAG-EGFP-HA (200 ng each), and the culture 

medium was supplemented with the designated UAA (at the concentration of 1 mM). After 48 h, 

cells were imaged for EGFP and mCherry fluorescence. We found that NVMC is toxic to the cells, 

even at the concentration of 0.5 mM. The chemical might be re-purified and re-tested. Among 

other caged cysteines, NVC presented highest incorporation efficiency (Fig 2.34), which is also 

higher than that of our caged cysteine using the PylRS/PylT system.116 NBC presented second-

highest incorporation efficiency, while NPMC and NBMC were only moderately incorporated (Fig 

2.34). This result suggested NVC as the optimal caged cysteine for genetic code expansion in 

mammalian cells. 
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Figure 2.34. Incorporation of different caged cysteines by EcLeuRS mutant (M40G, L41Q, Y499L, 

Y527G, H537F). HEK 293T cells were transfected with the reporter plasmid (pmCherry-TAG-EGFP-

HA) and the EcLeuRS-tRNALeu plasmid (200 ng each). The culture medium was supplemented with the 

designated caged cysteine (1 mM). Fluorescent images (mCherry and EGFP) were taken at 48 h. Scale 

bar indicates 200 µm. Incorporation efficiency: NVC > NBC > NPMC = NBMC. NVMC was toxic to cells. 

 

 We further asked if the same EcLeuRS mutant incorporates caged serines that have 

similar structure as the caged cysteine. Previously, a caged serine, 4,5-dimethoxy-2-nitrobenzyl-

serine (NVS), was genetically incorporated in Saccharomyces cerevisiae through E. coli leucyl-

tRNA synthetase (EcLeuRS)/tRNALeu pair.118 However, applications of caged serine in 

mammalian cells have not been reported yet. We therefore prepared a few caged serines (NVS, 
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MNPOCS, MNPOCAMS) and tested their incorporation by the same EcLeuRS mutant (Fig 2.35). 

MNPOCAMS was designed based on a relay caging/decaging strategy as a previous caged 

cysteine.116  

  

Figure 2.35. Structures of caged serines studied in this chapter. 

 

 We used mCherry-TAG-EGFP-HA as the reporter for incorporation, and performed 

fluorescent imaging experiments as described above. We observed similar incorporation 

efficiency among these three caged serines (Fig 2.36). The result is not surprising, as the 

EcLeuRS mutant (M40G, L41Q, Y499L, Y527G, H537F) was originally evolved for the 

incorporation of NVS in Saccharomyces cerevisiae.118 However, the incorporation efficiency is 

lower than that of NVC.  
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Figure 2.36. Incorporation of different caged serines by the EcLeuRS mutant (M40G, L41Q, Y499L, 

Y527G, H537F). HEK 293T cells were transfected with the reporter plasmid (pmCherry-TAG-EGFP-

HA) and the EcLeuRS-tRNA plasmid (200 ng each). The culture medium was supplemented with the 

designated caged serine (1 mM). Scale bar indicates 200 µm. Fluorescent images (for mCherry and 

EGFP) were taken at 48 h. Incorporation efficiency was similar among different caged serines. 

 

 To further evaluate the incorporation of caged cysteine and caged serine into mCherry-

TAG-EGFP-HA in mammalian cells, we performed western blot analysis (Fig 2.37). For caged 

cysteines, we observed the incorporation for NVC, but not for NVMC and NPMC (lane 2 - 4). For 

caged serines, we only observed a faint incorporation for xxc, but not for NVS and MNPOCS (lane 

5 - 7). Since our fluorescence-based test suggested incorporation of all these UAAs, further effort 

is needed to confirm the incorporation of other caged cysteines and caged serines by western 

blot. 
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Figure 2.37. Incorporation of caged cysteines and caged serines by the EcLeuRS mutant (M40G, L41Q, 

Y499L, Y527G, H537F), analyzed by western blot. HEK 293T cells were transfected with the pmCherry-

TAG-EGFP-HA plasmid and the EcLeuRS-tRNA plasmid (1,000 ng each) in a 6-well plate. The culture 

medium was supplemented with the designated UAA (1 mM). After 48 h, cell lysate was collected for 

western blot (with HA and GAPDH antibodies). 1, NoAA. 2, NVC. 3, NVMC. 4, NPMC. 5, NVS. 6, 

MNPOCS. 7, MNPOCAMS. 

 

 Since the EcLeuRS mutant (M40G, L41Q, Y499L, Y527G, H537F) showed broad 

substrate specificity, we further explored whether other UAAs with the similar structure could be 

incorporated. We first tested a caged aminoalanine (PCAA1), which generates an aminoalanine 

group after photo-decaging. Once installed at the cysteine position of a protease, the 

aminoalanine could be used to covalently trap the substrates of the protease allowing for their 

identification my mass spectrometry. The caged aminoalanine was successfully incorporated by 

this EcLeuRS mutant (Fig 2.38B). However, we later found that this compound cannot be 

efficiently decaged with the UV light (365 nm) in test tube (tested by Subhas Samanta in our lab). 

We therefore prepared another caged aminoalanine (PCAA2), which undergoes efficient 

decaging with the 365 nm UV light (tested by Subhas Samanta). However, this compound cannot 

be incorporated by this EcLeuRS mutant (Fig 2.38B). 
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Figure 2.38. Incoporation of caged aminoalanines in mammalian cells by the EcLeuRS mutant (M40G, 

L41Q, Y499L, Y527G, H537F). (A) Structures of caged aminoalanines studied in this chapter. (B) 

Incorporation of PCAA1 and PCAA2 in mammalian cells. HEK 293T cells were transfected with the 

reporter plasmid (pmCherry-TAG-EGFP) and the EcLeuRS-tRNA plasmid (200 ng each). The culture 

medium was supplemented with PCAA1 or PCAA2 (1 mM). Fluorescent images (for mCherry and 

EGFP) were taken at 48 h. Scale bar indicates 200 µm. 

 

 In summary, we incorporated four caged cysteines (with different efficiencies) and three 

caged serines (albeit with low efficiency) into proteins, using the E. coli leucyl-tRNA synthetase 

(EcLeuRS)/tRNALeu pair. In the future, we will use the most efficient caged cysteine (NVC) to 

generate light-activatable proteins where cysteine plays a critical role at the active site (for 

example, a phosphatase). At the same time, NPC will be synthesized and tested for incorporation 
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efficiency. We have attempted optical control of Src kinase through the incorporation of a caged 

cysteine by PylRS (details in Chapter 3.1), and the use of NVC could be re-tested here. We will 

also test light activation of proteins through the genetic incorporation of caged serine, using the 

EcLeuRS/tRNALeu pair. To further improve the incorporation efficiency, a one-plasmid system 

comprising all genetic components for UAA mutagenesis might be generated for the 

EcLeuRS/tRNALeu pair (similar to the PylRS/PylT system discussed in chapter 2.2). Besides, 

several other EcLeuRS mutants have been reported for the genetic incorporation of structurally 

diverse UAAs,121 A small panel of EcLeuRS mutants could be generated for rapid screening of 

new UAAs in the future. The test of a different EcLeuRS mutant evolved for NBC might also 

present different substrate specificities.120 Due to their similarity to PCK, the amino acids 

MNPOCS and MNPOCAMS should also be tested for incorporation by PCKRS. 

 

Experimental 

Genetic incorporation of UAAs in mammalian cells 

Human embryonic kidney (HEK) 293T cells (ATCC, #CRL-11268) were grown in DMEM 

(Dulbecco’s Modified Eagle Medium) supplemented with 10% FBS, 1% Pen-Strep, and glutamine 

(2 mM) in 96-well plates in a humidified atmosphere with 5% CO2 at 37 °C. The single plasmid 

expressing the EcLeuRS mutant (M40G, L41Q, Y499L, Y527G, H537F) and the tRNALeu, coined 

pMAH, was a gift from Dr. Huiwang Ai.119 HEK 293T cells were transiently transfected with 

pmCherry-TAG-EGFP-HA (200 ng) and pMAH (200 ng) at ∼75% confluency in the presence of 

the designated UAAs (1 mM). Branched polyethylene imine (bPEI, 1.5 μl, 1 mg/ml) was used as 

the transfection reagent for each well. After an overnight incubation at 37 °C, cells were imaged 

on a Zeiss Observer Z1 microscope, with EGFP channel (filter set 38 HE; ex. BP470/40; em. 

BP525/50; exposure time: 300 ms) and mCherry channel (filter set 43 HE; ex. BP575/25; em. 

BP605/70; exposure time: 50 ms).  
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Western blot 

HEK 293T cells were co-transfected with pmCherry-TAG-EGFP-HA (2,000 ng) and pMAH (2,000 

ng) in the presence or absence of the designated UAAs (1 mM) in a 6-well plate. Branched 

polyethylene imine (bPEI, 15 μl, 1 mg/ml) was used as the transfection reagent for each well. 

After 48 h of incubation, the cells were washed with chilled phosphate-buffer saline (PBS, 1 ml), 

and lysed in mammalian protein extraction buffer (250 μl, GE Healthcare). The cell lysates were 

separated by 10% SDS-PAGE (run at 60V for 15 min, and 150 V for 45 min), and were transferred 

to a PVDF membrane (GE Healthcare). The membrane was blocked in tris-buffer saline (TBS) 

with 0.1% Tween 20 and 5% milk for 1 h. The blots were probed with the primary antibody (1:1,000, 

anti-HA (sc-805) or anti-GAPDH (sc-25778), Santa Cruz) overnight at 4 °C, followed by incubation 

with the secondary goat anti-rabbit IgG-HRP antibody (1:20,000, sc-2004, Santa Cruz) for 1 h at 

room temperature. The blots were further incubated with the SuperSignal West Pico working 

solution (mixture of the Stable Peroxide Solution and the Luminol/Enhancer Solution, 500 μl each, 

Thermo Scientific) for 5 min at room temperature. The luminescence signal was detected by 

ChemiDoc (Chemi Hi Sensitivity setting, exposure time: 10 sec). 
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3.0 Conditional Control of Protein Activity 

 

3.1 Incorporation of Caged Cysteine into Intein, TEV Protease and Src Kinase 

 
Given the importance of cysteine residue in proteins (discussed in Chapter 2.4), we are interested 

in genetic incorporation of a caged cysteine residue for spatiotemporal control of protein function 

with light. To this end, a photocaged cysteine (PCC) and a photocaged homocysteine (PCHC) 

were synthesized by Rajendra Uprety in our lab (Fig 3.1). The caging group is removed upon UV 

irradiation and the resultant intermediate spontaneously hydrolyzes to its corresponding natural 

amino acid. Since PCC and homocysteine share structural similarity with photocaged lysine (PCK, 

Fig 3.1) for which we previously evolved a pyrrolysyl-tRNA synthetase, we first tested the 

incorporation of PCC and PCHC with this PylRS mutant (PCKRS, with M241F, A267S, Y271C, 

L274M mutations). Both unnatural amino acids could be incorporated into the Y151TAG position 

of sfGFP (Fig 3.1).116 The incorporation efficiency of PCHC (yield of 1.46 mg/L) is similar to that 

of PCK (yield of 1.36 mg/L), while PCC’s is slightly lower (0.96 mg/L). This is not surprising, as 

PCC is shortened by one methylene carbon compared to PCK or PCHC. The incorporation of 

PCC and PCHC was further validated by ESI-MS of the purified caged-sfGFP, along with ESI-MS 

data for the decaged protein after light irradiation (performed by Ji Luo in our lab). 
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Figure 3.1. Genetic incorporation of PCC and PCHC into proteins. (A) Structure of PCC, PCHC, and 

PCK (as a positive control for incorporation). (B) SDS-PAGE gel demonstrating incorporation of PCC 

and PCHC into sfGFP at the Tyr 151 position, with yields of 0.96 mg/L and 1.46 mg/L, respectively. 

PCK was incorporated as a positive control, with a yield of 1.36 mg/L. A UAA concentration of 2 mM 

was used for expression. The PCKRS synthetase contains M241F, A267S, Y271C, L274M mutations. 

 

After establishing successful genetic encoding of PCC and homocysteine in bacteria, we 

shifted our focus to targeting a critical cysteine residue on a protein in mammalian cells. We chose 

to engineer an intein as our first target. An intein is an internal protein domain that excises itself 

and catalyzes the ligation of its flanking protein sequences with a peptide bond.122 This 

posttranslational process, known as protein splicing, is a natural phenomenon found in all three 

kingdoms of life.122b The protein sequences flanking the intein are called N-exteins and C-exteins. 

Inteins start with a serine or a cysteine, and the first amino acid of C-extein is an invariant serine, 

threonine or cysteine. Aside from full length inteins (also called cis-splicing inteins),  split inteins 

(trans-splicing inteins) have also been described in several organisms.122b In split inteins, the N- 

and C-terminal splicing domains are expressed as two fragments along with their respective 

extein sequences. They then self-associate and catalyze protein splicing. Protein splicing is a 
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rapid process comprising four steps: N-X acyl shift, trans-(thio)esterification, Asn cyclization, and 

X-N acyl shift (Fig 3.2).122b Although how exactly an intein benefits its host evolutionarily remains 

elusive, inteins have been widely applied in the biotechnology field, finding applications in protein 

purification,122a protein labeling,122b and protein activity manipulation.122b 

 

Figure 3.2. Mechanism of intein-mediated protein splicing. The process consists of four steps: N-X acyl 

shift, trans-(thio)esterification, Asn cyclization, and X-N acyl shift. Adapted from Cell. Mol. Life Sci. 2012, 

1-22. 

 

The intein-based control of protein activity in living cells is of special interest to us. Small 

molecules and light are two major ways to control intein activity. In one example of small molecule 

control, rapamycin-induced FKBP and FRB dimerization was used to control the activity of a split 

intein.123 However, such inteins have some trans-splicing activity even in the absence of 

rapamycin. To avoid this drawback, a ligand-binding domain was inserted into the cis-splicing 

intein and subjected to directed evolution until ligand binding successfully triggered the intein’s 
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self-splicing.124 A light-triggered intein was also reported by incorporating a bulky photocleavable 

group into the C-terminal half of the split intein.125 This method, however, requires peptide 

synthesis with a protecting group and thus limits the length of the C-extein portion. 

Inteins are excellent target proteins for PCC (Fig 3.3). Since inteins contain a conserved 

cysteine at its N-terminal end which directly participates in the protein splicing process, we 

speculate that the incorporation of a caged cysteine will block splicing activity, leaving an 

unspliced and inactive extein. Upon UV irradiation, the caging group is removed, restoring splicing 

activity. As the intein is self-spliced, an active extein is formed as its complete structure is 

reconstituted. Using this approach, any protein could be judiciously bisected and expressed as 

separate N- and a C-exteins, allowing for photochemical control of any protein of interest. Since 

the cis-splicing intein could be directly used for expression in live organisms—with no need for 

peptide synthesis—this method is expected to overcome issues such as low splicing efficiency 

and limited target protein length. 
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Figure 3.3. Photochemical control of protein function by incorporation of a caged cysteine into an intein. 

The caged cysteine blocks splicing activity, leaving an unspliced and inactive extein. UV irradiation 

removes the caging group, restoring splicing activity. As the intein is self-spliced, an active extein is 

formed. EGFP is depicted here as a model protein.  

 

EGFP was first used as the model protein for a proof-of-principle experiment. The RecA 

intein was inserted in place of residues 107-109 on EGFP as previously reported.124a The cDNA 

of EGFP(N)-Intein-EGFP(C) was then ligated into the pAG31 backbone containing the gene for 

PCKRS (the mammalian PylRS mutant that incorporates PCC). The final construct, pAG31-Intein, 

drives the expression of EGFP(N)-Intein-EGFP(C) and PCKRS under two separate CMV 

promoters. pAG31-Intein was transfected into human embryonic kidney (HEK 293T) cells, and 

fluorescence was observed after 24 hours. However, compared to the EGFP fluorescence 

observed from cells transfected with the positive control plasmid pEGFP-N1, little fluorescence 

from spliced EGFP was observed (Fig 3.4). Thus, we began several rounds of troubleshooting. 
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Figure 3.4. EGFP expression from the pAG31-Intein plasmid. HEK 293T cells were transfected with the 

pAG31-Intein, and cells were imaged at 24 h for EGFP fluorescence, with 10x objective. Scale bar 

indicates 200 µm. The pEGFP-N1 plasmid was used as a control. 

 

Since the intein we used was linked to a ligand-binding domain,124a the cloning resulted in 

a deletion of 14 amino acids compared with the intein reference sequence. We were concerned 

that this deletion might affect the intein splicing activity. Therefore, other intein variants that have 

equivalent activities to the wild-type RecA intein, pAG31-ΔI and pAG31-ΔIhh, were generated.126 

ΔI is a mini-intein based on the wild-type intein with the non-functional central endonuclease 

domain removed. ΔIhh is based on ΔI, with the residual endonuclease loop further replaced with 

a seven-residue β-turn from the Hedgehog protein. Once again, however, little fluorescence from 

the spliced EGFP was observed using these two constructs when compared to EGFP 

fluorescence from the positive control plasmid pEGFP-N1.(Fig 3.5). 

 

Figure 3.5. EGFP expression from the pAG31-ΔI and pAG31-ΔIhh plasmids. HEK 293T cells were 

transfected with the pAG31-ΔI or pAG31-ΔIhh plasmid (200 ng), and cells were imaged at 24 h for 

EGFP fluorescence, with 10x objective. Scale bar indicates 200 µm. The pEGFP-N1 plasmid was used 

as a control. 
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Since the pAG31 construct expresses the intein construct and the PylRS gene both under 

the control of two separate CMV promoters, we were concerned that two CMV promoters, when 

presented on one plasmid, might lead to decreased gene expression. To avoid this issue, ΔI was 

cloned into the pEGFP-N1 plasmid. The resulting construct, pΔI, was used for the fluorescent 

imaging experiments described above. This time, higher fluorescence from spliced EGFP 

expression was observed, although it still did not achieve the same fluorescence level as that 

observed using the pEGFP-N1 construct (Fig 3.6). 

 

Figure 3.6. EGFP expression from the pΔI plasmid. HEK 293T cells were transfected with the pΔI, and 

cells were imaged at 24 h for EGFP fluorescence, with 10x objective. Scale bar indicates 200 µm. The 

pEGFP-N1 plasmid was used as a control. 

 

We further confirmed the identity of the intein splicing product by western blot. The pΔI-

WT plasmid (2,000 ng), encoding EGFP(N)-Intein(ΔI)-EGFP(C)-HA, was transfected into HEK 

293T cells in a 6-well plate. Cell lysate was probed for the HA tag. Both unspliced (EGFP(N)-

Intein-EGFP(C), 46 kDa) and spliced (EGFP, 27 kDa) products were observed, and the splicing 

efficiency was ~70% (Fig 3.7). We thus performed the incorporation and light activation 

experiments based on the pΔI plasmid. 
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Figure 3.7. Western blot analysis of the intein splicing product. pΔI (encoding EGFP(N)-Intein-

EGFP(C)-HA, 2,000 ng) was transfected to HEK 293T cells in a 6-well plate. Cells were lysed, and the 

lysate was probed for the HA tag. Arrows indicate unspliced (EGFP(N)-Intein-EGFP(C), 46 kDa) and 

spliced (EGFP, 27 kDa) products. 

 

 We then tested the incorporation of PCC into EGFP(N)-Intein-EGFP(C) (on pΔI plasmid) 

at position 109 by generating the C109TAG mutation. PCHC and PCK were also tested at the 

same time. HEK 293T cells were transfected with pΔI-C109TAG and pPCKRS-U6-PylT plasmids 

(1,000 ng each) in a 6-well plate. The culture medium was supplemented with the designated 

UAA (1 mM). After 48 h, cells were irradiated with UV light (365 nm, VWR) for 1 min, and were 

incubated at 37 °C for another hour. Cell lysate was then collected for western blot analysis (with 

anti-HA and anti-GAPDH antibodies). However, no incorporation of PCC into the intein was 

observed (Fig 3.8, lane 4 and 5). Although some faint incorporation of PCHC and PCK was 

observed (Fig 3.8, lane 6 to 9), no splicing products were present in UV-treated groups. We used 

pΔI-C109A as a negative control, since the C109A mutation leads to an inactive intein. As 

expected, no splicing product was detected (Fig 3.8, lane 2). The positive control, pΔI, worked as 

described above (Fig 3.8, lane 1).  
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Figure 3.8. Incorporation of PCC and PCHC into an intein, followed by light-induced splicing. pΔI and 

pΔI-C109A were used as the positive and negative control, respectively. Cells were irradiated in 6-well 

plate for 1 min, then were incubated for 1 hour at 37 °C. Cell lysate was then collected for western blot 

analysis (with anti-HA and anti-GAPDH antibodies). Arrows indicate unspliced (EGFP(N)-Intein-

EGFP(C), 46 kDa) and spliced (EGFP, 27 kDa) products. 

 

Additionally, we performed a live cell imaging experiment. HEK 293T cells were 

transfected with pΔI-C109TAG and pPCKRS-U6-PylT plasmids (200 ng each) in a 96-well plate. 

The culture medium was supplemented with designated UAA (1 mM). After 48 h, cells were 

irradiated with UV light (365 nm, VWR) for 1 min, and were incubated at 37 °C for another hour. 

Cells were then imaged for EGFP fluorescence (Zeiss). However, no fluorescence was observed 

for any UAAs (Fig 3.9). 
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Figure 3.9. Light-activation of intein function with live cell imaging. HEK 293T cells were transfected 

with pΔI-C109TAG and pPCKRS-U6-PylT plasmids (200 ng each) in a 96-well plate. The culture 

medium was supplemented with PCC (1 mM). After 48 h, cells were irradiated with UV light (365 nm, 

VWR) for 1 min, and were incubated at 37 °C for another hour. Cells were then imaged for EGFP 

fluorescence, with 5x objective. Scale bar indicates 100 µm. The pΔI plasmid was used as a control. 

 

 Based on the western blot results, we speculated that the reason for unsuccessful EGFP 

activation is the low expression level of PCC-containing protein. We later developed a one-

plasmid system for better incorporation efficiency (discussed in chapter 2.2); this system was 

designed to boost the expression level of mutant protein. As we worked on this project, Huiwang 

Ai’s lab reported the light activation of protein splicing with a photocaged intein.119 They used the 

E. coli leucyl-tRNA synthetase (EcLeuRS)/tRNA pair for genetic incorporation of a caged cysteine 

in mammalian cells, achieving higher incorporation efficiency than our current PylRS/PylT pair 

(discussed in chapter 2.4). Through incorporation of a caged cysteine into the active cysteine 

position of a DnaE intein from Nostoc punctiforme (Npu), they achieved light-activation of a red 

fluorescent protein (RFP) and a human Src tyrosine kinase.119  

We then decided to target another protein, Tobacco Etch Virus (TEV) protease, for the 

incorporation of PCC. TEV protease is a cysteine protease that recognizes a specific peptide 

sequence, Glu-Asn-Leu-Tyr-Phe-Gln-(Gly/Ser), and cleaves between the Gln and Gly/Ser 
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residues. Due to its high sequence specificity and cleavage activity, TEV protease is one of the 

most frequently used enzymatic reagents to remove affinity tags after protein purification.127 The 

peptide bond cleavage is achieved through its catalytic triad, consisting of His46, Asp81, and 

Cys151. The catalytic cysteine is responsible for attacking the carbonyl carbon of the scissile 

bond through its nucleophilic thiol.  

We therefore sought to generate a caged TEV protease through the incorporation of a 

caged cysteine. We hypothesized that the caging group will block proteolytic activity. Upon UV 

irradiation, the caging group will be removed, restoring the function of TEV protease. A plasmid 

that expressed TEV protease, pTEVP (from Kalyn Brown in our lab), was used, and a C152TAG 

mutation was further introduced on pTEVP. Another two plasmids were also used: pPCKRS-U6-

PylT, which expresses both PCKRS and PylT, and pGloSensor (Promega). The GloSensor 

plasmid expresses a circularly permutated firefly luciferase with a protease recognition site. 

Cleavage of the recognition site by TEV protease dramatically increases luciferase activity (Fig 

3.10). 

 

Figure 3.10. Light activation of TEV protease activity by incorporation of a caged cysteine. The caging 

group blocks proteolytic activity. UV irradiation removes the caging group, restoring TEV protease 

activity, which is detected using GloSensor. 
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pTEVP-C152TAG, pPCKRS-U6-PylT and pGloSensor (200 ng each) were co-transfected 

into HEK 293T cells. The culture medium was supplemented with the designated UAA (2 mM). 

After 24 h, the designated wells were irradiated with UV light (365 nm, VWR) for 2 minutes. After 

another 6 hours, luciferase activity was detected using the BrightGlo reagent (Promega). The 

TEVP-WT, as a positive control, was active (Fig 3.11, lane 2 and 3). However, for both PCC (lane 

4 and 5) and PCHC (lane 6 and 7), no increase of luciferase activity was observed after UV 

irradiation. 

 

Figure 3.11. TEV protease activity assay with incorporation of PCC or PCHC, followed by light activation. 

TEVP-C152A is an inactive negative control (lane 1) and TEVP-WT is an active positive control (lane 

2). TEVP-WT is still active when transfected with one more plasmid, pPCKRS-U6-PylT (lane 3). For 

both PCC (lane 4 and 5) and PCHC (lane 6 and 7), no increase of luciferase activity was observed with 
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UV irradiation (365 nm, 2 min). All luciferase activities were normalized to that of TEVP-WT. Error bars, 

s.d.; n=4. 

 

To confirm the incorporation of PCC or PCHC into TEV protease, we performed western 

blot analysis. While the expression of wild-type TEVP was detected, no expression of mutant 

TEVP with PCC/PCHC/PCK at position 152 was observed (Fig 3.12). The result indicated that, 

similar to the intein case, the low incorporation efficiency of PCC was the main reason for 

unsuccessful light-activation of TEV protease in mammalian cells. While we worked on this project, 

Jason Chin’s lab reported the photoactivation of TEV protease through incorporation of a caged 

cysteine.23 They evolved a PylRS mutant for the genetic incorporation of a caged cysteine with 

different chemical structure from ours (discussed in chapter 2.4). However, it is surprising that the 

incorporation efficiency of their caged cysteine (at the concentration of 2 mM) was lower than that 

of our caged cysteine (tested by Subhas Samanta in our lab). 

 

Figure 3.12. Western blot analysis of the incorporation of PCC/PCHC/PCK into TEVP in HEK293T cells. 

Cells were transfected with pPCKRS-U6-PylT and pTEVP-C152TAG (1,000 ng each) in a 6-well plate. 

The culture medium was supplemented with designated UAA (2 mM). After 48 h, cell lysate was 

collected for western blot (with anti-HA and anti-GAPDH antibodies). pTEVP-WT was used as a positive 

control. 
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 Since no incorporation was observed in mammalian cells, we sought to express TEV 

protease in bacterial cells. To this end, the pBAD-MBP-TEVP-pylT plasmid was constructed. The 

MBP-TEVP construct encodes MBP fused to the catalytic domain of TEV protease; the protein 

cleaves itself in vivo to yield a TEV protease catalytic domain.128 When analyzed on SDS-PAGE, 

the cell lysate contained a mixture of both MBP and TEVP, while the nickel affinity purified protein 

(using the His6 tag) only contained TEVP. Incorporation of PCC into TEVP-C152TAG was 

observed (Fig 3.13), although the yield was lower than that of the wild-type TEV protease. In the 

future, purified TEVP-C152TAG-PCC can be used for light activation of TEV protease in vitro.  

 

Figure 3.13. Incorporation of PCC into MBP-TEVP in E. coli. L indicates crude lysate. P indicates Ni-

purified protein. The cell lysate contains a mixture of MBP and TEVP, while the Ni-purified protein (using 

the His6 tag) only contains TEVP. Wild-type MBP-TEVP was used as a positive control.  

 

 Next, we tried light activation of another protein target, Src tyrosine kinase. It has been 

previously reported that the gatekeeper threonine in Src can be mutated to cysteine (T338C), 

which retains the function of the wild-type kinase and allows targeting with electrophilic inhibitors. 

129 We hypothesized that the incorporation of a caged cysteine at the gatekeeper position could 

efficiently block Src activity until the removal of caging group by light. This strategy differs from 

other reported strategies for achieving conditional control of Src activity. In one example, Huiwang 
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Ai’s lab used a photocaged intein to control the Src activity with light.119 In another example, small 

molecule-triggered decaging was achieved by incorporating a trans-cyclooctene-caged lysine in 

Src.130 

 To develop photocaged Src, we first generated a pSrc-T338TAG-EGFP-HA construct. 

EGFP was attached at the C terminus of Src as an incorporation reporter. HEK 293T cells were 

transfected with pSrc-T338TAG-EGFP-HA (300 ng) and pPCKRS-U6-PylT (100 ng) in a 96-well 

plate. The culture medium was supplemented with PCC (1 mM). At 48 h, the incorporation of PCC 

into Src-T338TAG-EGFP-HA was detected by fluorescence microscopy (Fig 3.14).  

 

Figure 3.14. Incorporation of PCC into Src-T338TAG-EGFP-HA. HEK 293T cells were transfected with 

pSrc-T338TAG-EGFP-HA (300 ng) and pPCKRS-U6-PylT (100 ng) in a 96-well plate. The culture 

medium was supplemented with PCC or PCK (1 mM). Scale bar indicates 200 µm. Fluorescent images 

were taken at 48 h post-transfection. 

 

 We then sought to confirm the incorporation by western blot analysis. We tested both Src-

T338TAG-EGFP-HA and Src-T338TAG-HA constructs, and the expressions of full-length Src-

EGFP-HA and Src-HA proteins in the presence of PCC were both observed (Fig 3.15). This result 

indicated successful incorporation of PCC into the T338 position of Src kinase. 
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Figure 3.15. Incorporation of PCC into T338TAG position of Src or Src-EGFP. HEK293T cells were 

transfected with pPCKRS-U6-PylT (1,000 ng) and pSrc-T338TAG-EGFP-HA (or pSrc-T338TAG-HA, 

3,000 ng). The culture medium was supplemented with the designated UAA (1 mM). After 48 h, cell 

lysate was collected for western blot analysis (with anti-HA antibody). PCK was used as a positive 

control for incorporation. NT indicates non-treated cells. WT indicates wild-type Src. 

 

We further performed the light-activation of photocaged Src kinase in vitro. The Src 

proteins were purified from the cell lysates (expressed in mammalian cells), using the HA-

antibody-based immunoprecipitation. The Src proteins (Src-WT-EGFP-HA, Src-T338PCC-EGFP-

HA) were irradiated with UV light (365 nm, VWR) for 10 min, and the in vitro Src kinase assays 

were performed on both irradiated and non-irradiated samples. While we observed the kinase 

activity of Src-WT-EGFP-HA, no activity of Src-T338PCC-EGFP-HA was observed with UV 

treatment (Fig 3.16). Since the expression of Src-T338PCC-EGFP-HA was lower than that of Src-

WT-EGFP-HA (Fig 3.15), we speculated that increasing expression level is needed for successful 

light-activation assay. In the future, we are going to apply the EcLeuRS/tRNA pair (discussed in 

chapter 2.4), which showed higher incorporation efficiency, for the genetic incorporation of 
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photocaged cysteine into Src kinase. We might also test the photoactivation of the Src kinase 

function through incorporation of a photocaged lysine at its critical K295 position.131 The 

corresponding K295TAG mutation has already been made on the pSrc-EGFP plasmid. 

 

 

Figure 3.16. Light-activation assay for the purified Src-T338PCC-EGFP-HA protein. The cell lysates 

were purified by immunoprecipitation. The Src proteins were irradiated with UV light (365 nm) for 10 

min, and the in vitro Src kinase assays were performed on both irradiated and non-irradiated samples. 

The numbers indicate: 1. non-treated; 2. Src-WT-EGFP-HA, −UV; 3. Src-WT-EGFP-HA, +UV; 4. Src-

T338TAG-EGFP-HA, noAA; 5. Src-T338TAG-EGFP-HA, PCC, −UV; 6. Src-T338TAG-EGFP-HA, PCC, 

+UV. 

 

 In summary, we incorporated caged cysteine and caged homocysteine into proteins using 

the PylRS system. The attempts to photoactivate intein function and TEV protease function 

through incorporation of caged cysteines were not successful. The limitation for the successful 

incorporation of caged cysteine was the low efficiency, and we later found that the E. coli LeuRS 

could incorporate caged cysteine with a higher efficiency in mammalian cells (discussed in 

Chapter 2.4). Our future work will be to test the photoactivation of the Src kinase function, either 

through the incorporation of a caged cysteine at the gatekeeper position, or through the 

incorporation of a caged lysine at the critical lysine position. We will also confirm the light 

activation of RFP with DnaE intein (a gift from Dr. Huiwang Ai),119 and further test whether the 

incorporation of a homocysteine could trigger the splicing event as well. 
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Experimental 

Protein expression 

The incorporations of PCC, PCHC, or PCK into the Tyr151 position of sfGFP were performed as 

described in chapter 2.1. Briefly, pBAD-sfGFP-Y151TAG-pylT and the PylRS mutant EV2 were 

co-transformed (50 ng each) into E. coli Top10 cells. A single colony was grown overnight (37 °C, 

250 rpm) in LB (3 ml) supplemented with Amp (50 μg/ml) and Tet (25 μg/ml), and the overnight 

culture (250 μl) was added to LB (25 ml) supplemented with the designated unnatural amino acid 

(2 mM), Tet (25 μg/ml), and Amp (50 μg/ml). Cells were grown at 37 °C, 250 rpm, and protein 

expression was induced with arabinose (0.1 %) when OD600 reached 0.4 (measured using a 

Nanodrop). After overnight expression at 37 °C, cells were pelleted (5000 g, 10 min) and 

resuspended in phosphate lysis buffer (pH 8.0, 50 mM phosphate, 6 ml). Triton X-100 (60 μl, 10%) 

was added to the mixture. The lysate was incubated on ice for 1 h, sonicated (power level 5, pulse 

‘on’ for 30 sec, pulse ‘off’ for 30 sec, with a total of 4 min, Fisher Scientific 550 sonic dismembrator), 

and then centrifuged (13,000 x g) at 4 °C for 10 min. The supernatant was transferred to a 15 ml 

conical tube, and Ni-NTA resin (Qiagen, 100 μl) was added. The mixture was incubated at 4 °C 

for 2 h with gentle shaking. The resin was then collected by centrifugation (1,000 g, 10 min) and 

washed with lysis buffer (300 μl); this was repeated twice, followed by two washes with wash 

buffer (300 μl) containing imidazole (20 mM). The protein was eluted with elution buffer (300 μl) 

containing imidazole (250 mM). The purified proteins were analyzed by SDS-PAGE (10%), and 

stained with Coomassie Brilliant Blue. The incorporations of PCC and PCK into the Cys152 

position of TEV protease were performed in the same way. 

 

Plasmid construction 

To construct pAG31-Intein, we first amplified the EGFP(N)-Intein(N) fragment (Fwd: 5’-

aattgctagcaccatggcaagcaaaggagaagaac-3’, Rev: 5’-ctgcacgcgcggtccggccaccctgtct-3’) and the 

intein(C)-EGFP(C) fragment (Fwd: 5’-gccggaccgcgcgtgcaggcgttcgcggat-3’, Rev: 5’-
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ataccaattgttaagcgtaatctggaacatcgtatgggtatttgtagagctcatccatg-3’) from the EGFP-RecA intein 

plasmid (gift from Dr. David Liu).124a The two fragments were then pieced together with an overlap 

PCR (Fwd: 5’-aattgctagcaccatggcaagcaaaggagaagaac-3’, Rev: 5’-

ataccaattgttaagcgtaatctggaacatcgtatgggtatttgtagagctcatccatg-3’). This step deleted the ligand-

binding domain that was present in the original plasmid. The overlap PCR product was further 

digested with NheI and MfeI restriction enzymes (37 °C, 2 h). The pAG31 plasmid (8,000 ng, 

containing a PCKRS gene and a mCherry-TAG-EGFP reporter gene) was digested with NheI and 

MfeI enzymes, followed by the gel purification of the band corresponding to the correct length of 

the backbone (~6,500 bp). This step cut the mCherry-TAG-EGFP reporter gene. The pAG31-

Intein plasmid was constructed by ligating the intein into the pAG31 backbone using NheI and 

MfeI restriction sites (T4 ligase, 16 °C, overnight). The pAG31-ΔI and pAG31-ΔIhh plasmid were 

constructed in a similar way. For pAG31-ΔI, the EGFP(N)-ΔI(N) fragment was amplified with Fwd: 

5’-aattgctagcaccatggcaagcaaaggagaagaac-3’, Rev: 5’- 

gctgtcgccgaagccgtcgaatcttctgggctgggccaccctgtctcccttg-3’, and the ΔI(C)-EGFP(C) fragment was 

amplified with Fwd: 5’- gacggcttcggcgacagcgcccccatccccgcccgcgtgcaggcgttcgcg-3’, Rev: 5’-

ataccaattgttaagcgtaatctggaacatcgtatgggtatttgtagagctcatccatg-3’. For pAG31-ΔIhh, the EGFP(N)-

ΔIhh(N) fragment was amplified with Fwd: 5’-aattgctagcaccatggcaagcaaaggagaagaac-3’, Rev: 5’- 

gccggtctccacgtctctcacggccaccctgtctcccttg-3’, and the ΔIhh(C)-EGFP(C) fragment was amplified 

with Fwd: 5’-gtgagagacgtggagaccggcgaactccgctattccgtg-3’, Rev: 5’-

ataccaattgttaagcgtaatctggaacatcgtatgggtatttgtagagctcatccatg-3’.  

 To construct pΔI, the EGFP(N)-ΔI-EGFP(C) was amplified from the pAG31-ΔI plasmid 

(Fwd: 5’-aattgaattcatggcaagcaaaggagaagaac-3’, Rev: 5’-atacgcggccgcttaagcgtaatctggaacatcg-

3’), and was digested with EcoRI and NotI enzymes (37 °C, 2 h). pEGFP-N1 (8,000 ng, Clontech) 

was digested with EcoRI and NotI enzymes, followed by the gel purification of the band 

corresponding to the correct length of the backbone (~4,500 bp). The pΔI plasmid was 
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constructed by ligating the EGFP(N)-ΔI-EGFP(C) into the pEGFP-N1 backbone using EcoRI and 

NotI restriction sites (T4 ligase, 16 °C, overnight). 

 Site-directed mutagenesis was used for the generation of single mutation on a target 

plasmid, including the C109TAG mutation on pΔI (Fwd: 5’-acgggaactacgcatagcttgccgagggtacc-

3’, Rev: 5’-ggtaccctcggcaagctatgcgtagttcccgt-3’, TAG mutation underlined), the C109A mutation 

on pΔI (Fwd: 5’-agatgacgggaactacgcagcccttgccgagg-3’, Rev: 5’-

cctcggcaagggctgcgtagttcccgtcatct-3’, alanine mutation underlined), the C152TAG mutation on 

pTEVP (Fwd: 5’-cagactaaggacggccagtagggcagcccactggtgagc-3’, Rev: 5’-

gctcaccagtgggctgccctactggccgtccttagtctg-3’, TAG mutation underlined), the C152A mutation on 

pTEVP (Fwd: 5’-cagactaaggacggccaggccggcagcccactggtgagc-3’, Rev: 5’-

gctcaccagtgggctgccggcctggccgtccttagtctg, alanine mutation underlined). 

 To construct pBAD-MBP-TEVP-pylT, the backbone of the pBAD plasmid was generated 

by digesting pBAD-Myo4TAG-pylT plasmid (8,000 ng, gift from Dr. Ashton Cropp) with NcoI and 

XhoI restriction enzymes, followed by gel purification of the band corresponding to the correct 

length of the backbone (~5,500 bp). MBP-TEVP was amplified from the pRK793 plasmid (from 

Addgene, #8827, Fwd: 5’-aattccatggcgatcgaagaaggtaaactggtaatctgg-3’, Rev: 5’-

aattctcgagttagcgacggcgacgacgattcatg-3’), and digested with NcoI and XhoI restriction enzymes 

(37 °C, 2 h). The pBAD-MBP-TEVP-pylT plasmid was constructed by ligating the MBP-TEVP 

fragment into the pBAD backbone using NcoI and XhoI restriction sites (T4 ligase, 16 °C, 

overnight). The C152TAG mutation was generated on the pBAD-MBP-TEVP-pylT plasmid by site-

directed mutagenesis (Fwd: 5’-caaaccaaggatgggcagtagggcagtccattagtatc-3’, Rev: 5’-

gatactaatggactgccctactgcccatccttggtttg-3’, TAG mutation underlined).  

 To construct the pSrc-EGFP-HA plasmid, the pEGFP-N1 plasmid (8,000 ng, Clontech) 

was first digested with EcoRI and BamHI restriction enzymes, followed by gel purification of the 

band corresponding to the correct length of the backbone (~4,500 bp). Src was amplified from the 

pLNCX-Src plasmid (from Addgene, #13665, Fwd: 5’-gcggaattcaccatggggagcagcaagagc-3’, Rev: 
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5’-gcgggatccgagccggagcctaggttctctccaggctgg-3’), and digested with EcoRI and BamHI restriction 

enzymes (37 °C, 2 h). The pSrc-EGFP-HA plasmid was constructed by ligating the Src fragment 

into the pEGFP backbone using the EcoRI and BamHI restriction sites (T4 ligase, 16 °C, 

overnight). The T338TAG mutation was generated on the pSrc-EGFP-HA plasmid by site-directed 

mutagenesis (Fwd: 5’-gagcccatctacatcgtctaggagtacatgagcaagggg-3’, Rev: 5’-

ccccttgctcatgtactcctagacgatgtagatgggctc-3’, TAG mutation underlined). To facilitate western blot 

analysis of Src-WT, the HA tag (YPYDVPDYA) was added at the C-terminus of the Src on pLNCX-

Src plasmid by site-directed mutagenesis (Fwd: 5’- 

cagcctggagagaacctatacccatacgatgttccagattacgcttaagcctggcagatctgcgcgagcaaaatttaagc-3’, Rev: 

5’-taggttctctccaggctggtactggggctctgtcgaggtgaag-3’, HA tag underlined). The K295TAG mutation 

was generated on the pSrc-EGFP-HA plasmid by site-directed mutagenesis (Fwd: 5’- 

gtggccatatagactctgaagcccggcaccatg-3’, Rev: 5’-cttcagagtctatatggccactctggtggtgc-3’, TAG 

mutation underlined). 

 

Fluorescent imaging of intein splicing 

Human embryonic kidney (HEK) 293T cells were transfected with the single intein plasmid (200 

ng, pAG31-Intein, pAG31-ΔI, pAG31-ΔIhh, pΔI) at ∼75% confluency. pEGFP-N1 (200 ng) was 

also transfected as a control for fluorescence. For genetic incorporation of PCC/PCHC/PCK, HEK 

293T cells were transfected with pEGFP(N)-Intein-C109TAG-EGFP(C) and pPCKRS-U6-PylT 

plasmids (200 ng each) in a 96-well plate. The culture medium was supplemented with designated 

UAA (1 mM). Branched polyethylene imine (bPEI, 1.5 μl, 1 mg/ml) was used as the transfection 

reagent. After 48 h, cells were irradiated with UV light (365 nm, VWR transilluminator) for 1 min, 

and were incubated in the 37 °C incubator for another 1 h. Cells were then imaged on a Zeiss 

Observer Z1 microscope using the with EGFP channel (filter set 38 HE; ex. BP470/40; em. 

BP525/50). 
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Fluorescent imaging of Src-EGFP 

HEK 293T cells were transfected with pSrc-T338TAG-EGFP-HA (300 ng) and pPCKRS-U6-PylT 

plasmids (100 ng) in a 96-well plate. The culture medium was supplemented with the designated 

UAA (1 mM). Cells transfected with pSrc-WT-EGFP-HA (300 ng) were used as a positive control. 

Branched polyethylene imine (bPEI, 1.5 μl, 1 mg/ml) was used as the transfection reagent. After 

48 h, cells were then imaged on a Zeiss Observer Z1 microscope using the EGFP channel (filter 

set 38 HE; ex. BP470/40; em. BP525/50). 

 

Luciferase activity assay for TEV protease function 

HEK 293T cells were transfected with pTEVP-C152TAG, pPCKRS-U6-PylT, and pGloSensor 

(Promega) plasmids (200 ng each) in a 96-well plate. The culture medium was supplemented with 

the designated UAA (2 mM). Branched polyethylene imine (bPEI, 1.5 μl, 1 mg/ml) was used as 

the transfection reagent. After 24 h, the cells were irradiated with UV light (365 nm, VWR) for 2 

min, and were further incubated at 37 °C incubator. After another 6 h, half of the culture medium 

(100 µl) was removed from each well, and BrightGlo luciferase assay reagent (100 µl, Promega) 

was added, followed by vigorous shaking on an orbital shaker (1 min). Luminescence was then 

read on a Tecan M1000 PRO microplate reader. 

 

Western blot 

For detecting the intein splicing product, HEK 293T cells were transfected with pΔI (2,000 ng, 

encoding EGFP(N)-ΔI-EGFP(C)-HA) in a 6-well plate. For the genetic incorporation of 

PCC/PCHC/PCK, HEK 293T cells were co-transfected with pEGFP(N)-intein-C109TAG-EGFP(C) 

(1,000 ng) and pPCKRS-U6-PylT (1,000 ng) in the presence or absence of UAA (1 mM) in a 6-

well plate. Branched polyethylene imine (bPEI, 15 μl, 1 mg/ml) was used as the transfection 

reagent. After 48 h, cells were irradiated with UV light (365 nm, VWR transilluminator) for 1 min, 
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and were incubated at 37 °C for another hour. The cells were then washed with chilled phosphate-

buffer saline (PBS, 1 ml), and lysed in mammalian protein extraction buffer (250 μl, GE 

Healthcare). The cell lysates were separated by 10% SDS-PAGE (run at 60 V for 15 min, and 150 

V for 45 min) and were transferred to a PVDF membrane (GE Healthcare). The membrane was 

blocked in tris-buffer saline (TBS) with 0.1% Tween 20 and 5% milk for 1 h. The blots were probed 

with the primary antibody (1:1,000, anti-HA (sc-805) or anti-GAPDH (sc-25778), Santa Cruz 

Biotechnology) overnight at 4 °C, followed by incubation with secondary goat anti-rabbit IgG-HRP 

antibody (1:20,000, sc-2004, Santa Cruz Biotechnology) for 1 h at room temperature. After 

washing, the blots were incubated with SuperSignal West Pico working solution (mixture of the 

Stable Peroxide Solution and the Luminol/Enhancer Solution, 500 μl each, Thermo Scientific) for 

5 min at room temperature. The luminescence signal was detected using a Bio-Rad ChemiDoc 

(Chemi Hi Sensitivity setting, exposure time: 10 sec). 

 For the genetic incorporation of PCC/PCHC/PCK in TEV protease, HEK 293T cells were 

transfected with pPCKRS-U6-PylT and pTEVP-C152TAG (1,000 ng each) in a 6-well plate. The 

culture medium was supplemented with the designated UAA (2 mM). After 48 h, the cells were 

washed with chilled phosphate-buffer saline (PBS, 1 ml), and lysed in mammalian protein 

extraction buffer (250 μl, GE Healthcare). Western blot analysis (with anti-HA and anti-GAPDH 

antibodies) was performed as described above. Cells transfected with pTEVP-WT (1,000 ng) was 

used as a positive control. 

 For the genetic incorporation of PCC/PCK in Src kinase, HEK 293T cells were transfected 

with pPCKRS-U6-PylT (1,000 ng) and pSrc-T338TAG-EGFP-HA (or pSrc-T338TAG-HA) (3,000 

ng) in a 6-well plate. The culture medium was supplemented with the designated UAA (1 mM). 

After 48 h, the cells were washed with chilled phosphate-buffer saline (PBS, 1 ml), and lysed in 

mammalian protein extraction buffer (250 μl, GE Healthcare). Western blot analysis (with anti-HA 
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antibody) was performed as described above. Cells transfected with pSrc-WT-EGFP-HA or pSrc-

WT-HA (3,000 ng) were used as the positive control. 

 

Src kinase assay 

The purified Src proteins for in vitro kinase assays were first obtained through 

immunoprecipitation. The cell lysate (200 µl, in mammalian protein extraction buffer) from 

mammalian cell expression (6-well format, the same as above) was incubated with the anti-HA 

antibody (10 µl, sc-805, Santa Cruz) at 4 °C for 1 h. The protein A-sepharose (40 µl, Sigma) was 

then added and the mixture was further incubated at 4 °C overnight (according to the 

manufacturers instructions). The mixture was washed with RIPA buffer (400 µl, Thermo) four 

times (centrifugation at 1,000 g for 2 min for each round), and resuspended in 80 µl of kinase 

buffer (50 mM hepes, 150 mM NaCl, 1 mM DTT, 5 mM MgCl2, 30 µM ATP, 200 µM sodium 

orthovanadate, pH 7.4). The still immobilized Src proteins (Src-WT-EGFP-HA and Src-T338PCC-

EGFP-HA) were irradiated with UV light (365 nm, VWR transilluminator) for 10 min. The kinase 

assays were performed as previously reported.132 First, a master mix of reaction buffer (150 µl of 

kinase buffer, 15 µl of peptide substrate (1 mM in water, #89161-058, Enzo), 0.4 µl of γ-32P ATP 

(4 µCi, 3,000 Ci/mmol)) was prepared. The purified Src protein (20 µl) and the reaction buffer (30 

µl) were mixed and reacted at room temperature for 20 min. Acetic acid (25 µl, 50% (v/v)) was 

added to the mixture, which was then spotted on a P81 phosphocellulose paper (Millipore). The 

paper was washed with 0.43% (v/v) phosphoric acid five times, rinsed with 100% acetone, and 

air-dried. The paper was then exposed to a phosphor storage screen overnight and scanned using 

a Typhoon Phosphorimager (GE Healthcare). 
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3.2 Incorporation of a Photoisomerizable Amino Acid into Horseradish Peroxidase 

 
Although the “caging” strategy has been successfully applied to control protein function,133 one 

limitation is that a protein will remain active once the caging group is removed. In other words, 

the control process is irreversible. To reversibly control the function of biomolecules, another set 

of chemical compounds, named “photoswitches”, are being used.134 Since photoswitches 

undergo reversible configurational changes, multiple rounds of active/inactive states of a 

biomolecule could be achieved (Fig 3.17).135 To reversibly control biological events, the 

incorporation of photoswitches has been applied to nucleic acids, peptides, enzymes, receptors 

and ion channels.134 Among the diverse choice of photoswitches, azobenzene has been the most 

widely used one.135 Azobenzene exists in trans configuration in the dark, but turns to cis 

configuration when irradiated with 340 nm light. The trans isomer could be regenerated when the 

compound is irradiated with 450 nm light or through thermal re-equilibration.135 The azobenzene 

photoisomerization can proceed in this manner with alternating light treatments. 

 

Figure 3.17. Reversible photocontrol of protein activity. Protein is inactive (orange) when the 

photoswitch is in one configuration, and active (cyan) when the photoswitch is in another configuration. 

Conversion between configurations can be achieved by different light sources. 

 

One of the azobenzene derivatives, 4-azophenylalanine (AzoF), has been incorporated 

into proteins for reversible control of protein function (Fig 3.18).136 When AzoF is placed close to 

the functional residues of a protein, the two isomers (cis and trans) may have different effects on 
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the protein function in a reversible manner. Two scenarios can occur: a switch with the default 

“ON” function and a switch with the default “OFF” function. In the first case, the trans configuration 

of the azobenzene enables protein function while the cis configuration blocks protein function, 

thus the protein is active until the cis configuration is triggered by light. In the second case, on the 

contrary, the trans configuration blocks protein function while the cis configuration enables protein 

function. Therefore, the protein is inactive until the cis configuration is triggered by light. Both 

types of switches can be useful tools in biomedical research, depending on what initial function 

of a protein of interest is required in each specific case. 

 

Figure 3.18. Structure of AzoF (cis and trans state) unnatural amino acid studied in this chapter. 

 

It should be noted that UAA mutagenesis technology has been previously used for site-

specific incorporation of AzoF into a protein.136b The library selection was performed using 

MjTyrRS, generating an convergent MjTyrRS mutant that incorporates AzoF. As a proof-of-

principle, AzoF was incorporated into E. coli catabolite activator protein (CAP). The TAG position 

was designed close to the interaction network of CAP and its binding partner, cAMP. Fortunately, 

the binding affinity of cis CAP-AzoF with cAMP was about 40% that of trans CAP-AzoF. An 

engineered CAP containing AzoF could thus reversibly control gene transcription if a gene of 

interest is under the CAP-dependent promoter. However, since the MjTyrRS/tRNATyr pair is not 

orthogonal to mammalian cells, the evolved synthetase pair could not be readily applied for in 

vivo studies. We therefore are interested in finding a PylRS/PylT pair for the incorporation of AzoF. 

Since the PylRS/PylT pair is orthogonal to both E. coli and mammalian cells (discussed in chapter 
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1),16 the synthetase pair could be transferred to the mammalian system, enabling broader 

applications in live cells. 

Using the sfGFP-Y151TAG-pylT reporter plasmid (described in chapter 2.1), we screened 

four PylRS synthetases for the incorporation of AzoF in 5 ml expression scale. Although the SDS-

PAGE gels for EV17 and EV20 were not successful (the incorporation of ONBY, a positive control 

UAA for EV20, was hardly observed on the gel), one mutant PylRS, EV16-5 (with Y271M, L274A, 

N311A, C313A, and Y349F mutations), was identified as a hit synthetase for AzoF (Fig 3.19). 

Since EV16-5 also incorporated ONBY (discussed in chapter 2.3), we speculated that the binding 

mode for AzoF was similar to that of ONBY. 

 

Figure 3.19. Screening of the synthetase panel reveals EV16-5 as a hit synthetase for AzoF. ONBY 

was used as a positive control for synthetase EV16-3, EV16-5 and EV20. Protein expression was 

performed in 5 ml scale. The sfGFP was extracted by three phase partitioning (TPP), and analyzed on 

a 10% SDS-PAGE. 

 

We further confirmed the expression of sfGFP-Y151TAG-AzoF in E. coli in 25 ml 

expression scale, with the yield of 7 mg/L (Fig 3.20). The molecular weight of sfGFP-Y151TAG-

AzoF determined by ESI-MS agrees well with its predicted molecular weight (found: 28,350.87Da, 
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calculated: 28,350.86Da). As expected, the mammalian counterpart of EV16-5 was confirmed to 

incorporate AzoF in mammalian cells (experiment performed by Ji Luo in our lab). 

 

Figure 3.20. Incorporation of AzoF into sfGFP at the Tyr151 position. The PylRS mutant, EV16-5 (with 

Y271M, L274A, N311A, C313A, and Y349F mutations), was used for incorporation. 

 

We first asked whether AzoF undergoes isomerization in the context of a protein. We 

incorporated AzoF into sfGFP at the Tyr66 position, as what we have performed for photocaged 

thiotyrosine and photocaged azatyrosine (discussed in chapter 2.1). The sfGFP fluorescence 

served as a reporter for phenylalanine analogues at the Tyr66 position.72 Since AzoF replaced 

Tyr66 in the tri-peptide (Thr65-Tyr66-Gly67) chromophore (Fig 3.21), we tested whether its 

trans/cis isomerization led to reversible change of sfGFP fluorescence. 

 

Figure 3.21. Configuration change of AzoF when incorporated into sfGFP at the Tyr66 position. The 

sfGFP fluorescence might be altered with different AzoF configuration. 

 

To this end, the pBAD-sfGFP-Y66TAG-pylT plasmid was co-transformed with EV16-5 (50 

ng each) into TOP10 cells, and the cells were expressed with or without AzoF (1 mM). 

Incorporation of AzoF (1 mM) into sfGFP at the Tyr66 position was successful (Fig 3.22). However, 
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some background incorporation was observed even in the absence of AzoF. This was not 

surprising, because EV16-5 was known to present some background incorporation (discussed in 

chapter 2.1 and 2.3). ONBY (0.25 mM) was used as a positive control for incorporation. 

 

Figure 3.22. Incorporation of AzoF at the Tyr66 position of sfGFP. The PylRS mutant synthetase EV16-

5 was used for incorporation. ONBY was used as a positive control for incorporation. 

 

The sfGFP-Y66TAG-AzoF protein samples (5 μM) were then irradiated with 365 nm UV 

light (VWR) for 1, 2, 5, 10 minutes, respectively. The protein sample with 10 minutes UV treatment 

was further treated with visible light (Just Normlicht Transparency Flat Viewer) for 10 minutes. 

The sfGFP fluorescence from each sample was measured (excitation wavelength: 488 nm; 

emission wavelength: 510 nm). The sfGFP-Y66TAG-ONBY protein samples (5 μM) were treated 

in the same manner as a positive control. For sfGFP-Y66TAG-AzoF samples, the fluorescence 

remained the same either with UV or visible light treatment (Fig 3.23). The no UAA sample (protein 

purified from the cells that were expressed in the absence of AzoF) also showed same level of 

fluorescence, suggesting that the fluorescence was due to the background incorporation of the 

natural amino acid, not AzoF. The sfGFP-Y66TAG-ONBY samples presented increased 

fluorescence upon UV irradiation, which was in agreement with previous study.72 In this 

experiment, we only probed the fluorescence by a defined wavelength (excitation: 488 nm; 

emission: 510 nm). The Young lab incorporated the same AzoF using the Mj TyrRS system, and 

they probed the full spectra of the mutant GFP instead.137 They found that when the excitation 

wavelength of 300 nm was used, the emission spectra showed a 50 nm blue-shift upon 365 nm 
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irradiation. Their results suggested that the azobenzene moiety impacted the fluorescence during 

isomerization. 

 

Figure 3.23. No fluorescent changes were observed for the sfGFP-Y66TAG-AzoF proteins treated with 

UV and visible light. The sfGFP-Y66TAG-AzoF protein samples (5 μM) were irradiated with 365 nm UV 

light (VWR) for 1, 2, 5, 10 minutes, respectively. The protein sample with 10 minutes UV treatment was 

further treated with visible light (Just Normlicht Transparency Flat Viewer) for 10 minutes. The sfGFP 

fluorescence from each sample was measured (excitation wavelength: 488 nm; emission wavelength: 

510 nm). The sfGFP-Y66TAG-AzoF proteins were used as the positive control. Only single 

measurement was performed. 

 

We then tested another protein target, Horseradish Peroxidase (HRP). HRP is a heme 

protein that catalyzes the oxidation of electron donor substrates by H2O2.138 HRP activity can be 

assayed by several chromogenic substrates, which form colored products when oxidized. Due to 

its specificity and sensitivity, HRP has been extensively applied in analytical fields, such as 

biosensor and immunoassay design.138 HRP has been previously used as a target protein for 

AzoF incorporation.136c The authors incorporated AzoF using a four-base codon in vitro translation 

method. Among several incorporation positions they tested. two positions (F71 and F182) were 



126 

 

found to allow reversible control of HRP activity with alternating UV light and visible light 

treatments.136c Therefore, we decided to incorporate AzoF into HRP at the same positions with 

UAA mutagenesis technique, and tested the reversible control of HRP activity. 

To this end, a pBAD-HRP-pylT plasmid was constructed and was co-transformed with the 

PylRS synthetase EV16-5 (50 ng each) into TOP10 cells. The F71 and F182 positions were 

mutated to TAG respectively. Cells were expressed with or without AzoF (1 mM), and HRP 

proteins were extracted as inclusion bodies according to a previous protocol.139 For the wild-type 

HRP, a distinct band at the expected molecular weight (34 kDa) was observed by SDS-PAGE 

analysis. However, no bands were observed for the HRP-F71TAG-AzoF and HRP-F182TAG-

AzoF proteins (Fig 3.24).  

 

Figure 3.24. Incorporation of AzoF into HRP at the F71 and F182 positions, by PylRS synthetase EV16-

5. Wild-type HRP was expressed as a positive control. Arrow indicates expected molecular weight (34 

kDa). 

 

Despite undetectable protein expression on SDS-PAGE, we decided to directly test 

enzyme activity of the mutant HRP. The HRP samples were refolded and reconstituted with 

hemin,139 followed by activity measurement using an ABTS-based spectrophotometric method.139 

Both reconstituted HRP-F71-AzoF and HRP-F182-AzoF proteins were active (Fig 3.25). The wild-

type HRP and bovine serum albumin (BSA) were used as a positive and a negative control, 

respectively. It should be noted that some background activity was also observed in no UAA 
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samples (Fig 3.25), where proteins were purified from cells expressed in the absence of AzoF. 

This was most likely due to the background incorporation by EV16-5, as discussed in chapter 2.1 

and 2.3.  

 

Figure 3.25. Enzymatic activities of HRP-F71TAG-AzoF and HRP-F182TAG-AzoF. Following refolding 

and reconstitution, the HRP samples (5 µl) were directly used for ABTS assay. Wild-type HRP and BSA 

(250 ng/µl) were used as a positive and a negative control, respectively. The absorbance (at 405 nm) 

of each sample was measured and normalized based on wild-type HRP. Error bars, s.d.; n=3.  

 

Since mutant HRP proteins were active, we further tested the reversible control with AzoF. 

The protein samples (HRP-WT, HRP-F71TAG-AzoF and HRP-F182TAG-AzoF, 10 μl, directly 

used following refolding and reconstitution) were treated with consecutive UV (365 nm, VWR) and 

visible light (Just Normlicht Transparency Flat Viewer) (3 min for each exposure), and the protein 

activities were measured after each treatment (Fig 3.26). The activity of HRP-WT remained the 

same within each treatment, suggesting that light did not affect HRP activity. The activity of HRP-

F182TAG-AzoF showed a reversible trend within each treatment: the activity decreased after UV 
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exposure, then increased after visible light exposure, and the trend continued for an additional 

round of light exposure (Fig 3.26). We also found that, contrary to that previous study,136c the HRP 

activity did not decrease to zero with the UV treatment. This was most likely because the 

background activity of HRP (also shown in Fig 3.25) was not responsive to light. Nevertheless, 

our result suggested that AzoF functioned as a photoswitch at the F182 position of HRP. However, 

the HRP-F71TAG-AzoF protein did not present reversible activities with alternating light 

treatments (Fig 3.26). We speculated that lower expression and activity at the F71 position, based 

on result in Fig 3.25, might be the reason for unsuccessful reversible control. 

 

Figure 3.26. Enzymatic activity of (A) HRP-WT, (B) HRP-F71TAG-AzoF, (C) HRP-F182TAG-AzoF with 

alternating light treatments (365 nm UV light and visible light, 3 min each). The numbers indicate: 1. 

non-treated; 2. UV; 3. UV-Vis; 4. UV-Vis-UV; 5. UV-Vis-UV-Vis. The absorbance (at 405 nm) of each 

sample was measured and normalized based on non-treated sample. Error bars, s.d.; n=3. 
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Since many azobenzene-based derivatives showed different photoswitching properties 

(half-life, light wavelength),135, we further sought to incorporation AzoF derivatives. We designed 

a fluorine-based AzoF (2f-AzoF), which might present extended half-life at room temperature.140 

Subhas Samanta in our lab synthesized 2f-AzoF and screened PylRS synthetase panel. The 

PylRS mutant, EV20 (with L270F, L274M, N311G, C313G, and Y349F mutations), was found to 

incorporate f-AzoF. The N311G and C313G might facilitate anchoring of the phenylalanine ring 

(discussed in chapter 2.3), while L270F and L274M mutations adjusted the space in the binding 

pocket for recognition of the second phenyl ring. 

 

Figure 3.27. Structure of 2f-AzoF studied in this chapter. 

 

We therefore tested the photoswitching of 2f-AzoF on HRP. The pBAD-HRP-F182TAG-

pylT plasmid was co-transformed with the PylRS synthetase EV20 (50 ng each) into TOP10 cells, 

and the cells were expressed with or without 2f-AzoF (1 mM). The HRP proteins were extracted 

as inclusion bodies, and were further refolded and reconstituted with hemin. The protein samples 

(HRP-WT and HRP-F182TAG-2f-AzoF, 10 μl, directly used following refolding and reconstitution) 

were treated with consecutive UV (365 nm, VWR) and visible light (Just Normlicht Transparency 

Flat Viewer) (3 min for each exposure), and protein activities were measured after each treatment. 

Similar to AzoF, 2f-AzoF also presented reversible HRP activities with alternating light treatments 

(Fig 3.28). While the initial result was promising, we later encountered difficulties expressing 

functional HRP again. We speculated that the HRP protein might not be folded properly. Since 

protein folding is a critical step for reconstituting a functional HRP, a robust folding protocol will 

be explored in the future for the expression of mutant proteins.  
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Figure 3.28. Enzymatic activity of (A) HRP-WT, (B) HRP-F182TAG-2f-AzoF with alternating light 

treatments (365 nm UV light and visible light, 3 min each). The numbers indicate: 1. non-treated; 2. UV; 

3. UV-Vis. The absorbance (at 405 nm) of each sample was measured and normalized based on non-

treated sample. Only single measurement was performed. 

 

In summary, two photoisomerizable amino acids were genetically incorporated into proteins 

by the PylRS/PylT system. The incorporation of a photoisomerizable amino acid into HRP allowed 

for reversible control of HRP activity with light. As we worked on this project, the Lei Wang lab 

reported the genetic encoding of a photoswitchable click amino acid in bacterial and mammalian 

cells.39 They designed an AzoF derivative bearing an additional benzyl chloride (Fig 3.29), which 

could be used for generation of a protein bridge by proximity-enabled reactivity towards cysteine. 

Incorporation of this UAA into calmodulin allowed reversible conformational change of calmodulin 

with light.39 They later incorporated a fluorine-based photoswitchable click amino acid (Fig 3.29), 

which underwent isomerization in response to the visible light.141 In general, this reactivity-based 

strategy could potentially induce larger conformational change of a protein by introducing an 

intermolecular bond. However, it is questionable whether protein maintains its function with the 

newly introduced intermolecular bond. Although several photoswitable UAAs have been 

genetically incorporated, they have not been applied to the reversible control of protein activity in 

mammalian cells. Ji Luo in our lab has confirmed the incorporation of AzoF and 2f-AzoF in 
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mammalian cells, and has achieved photoswitching of luciferase activity with AzoF and 2f-AzoF. 

In the future, we are going to target proteins that play important roles in cellular physiology, and 

may study cell signaling networks through photoswitching of protein activity. 

 

Figure 3.29. Structures of photoswitchable click amino acids reported by the Wang lab. 

 

Experimental 

Plasmid construction 

To construct the pBAD-HRP-pylT plasmid, the backbone of the pBAD plasmid was generated by 

digesting pBAD-Myo4TAG-pylT plasmid (8,000 ng, gift from Dr. Ashton Cropp) with NcoI and 

NdeI restriction enzymes, followed by gel purification of the band corresponding to the correct 

length of the backbone (~5,500 bp). HRP was amplified from the plasmid pCMV-EGFP-ssHRP-

TM (Addgene: #31156, Fwd: 5’- aattccatgggcggccagttaacc-3’, Rev: 5’- 

aattcatatgttaatggtgatggtgatgatgtcccgagccagagttgctgttgaccac-3’), and digested with NcoI and 

NdeI restriction enzymes (37 °C, 2 h). The pBAD-HRP-pylT plasmid was constructed by ligating 

the HRP fragment into the pBAD backbone using NcoI and NdeI restriction sites (T4 ligase, 16 °C, 

overnight). Site-directed mutagenesis was used to generate F71TAG (Fwd: 5’-

gtttccgcactgaaaaggatgcataggggaacgctaacag-3’, Rev: 5’-

ctgttagcgttcccctatgcatccttttcagtgcggaaac-3’, TAG mutation underlined) and F182TAG (Fwd: 5’-

ggaaagaaccagtgtaggtagatcatggataggctctaca-3’, Rev: 5’-

tgtagagcctatccatgatctacctacactggttctttcc-3’, TAG mutation underlined) mutations. 
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Protein expression in E. coli 

Methods for the synthetase panel screening and the protein extraction by three-phase partitioning 

(TPP) were described in chapter 2.1. For the expression of sfGFP-Y151TAG-AzoF, pBAD-sfGFP-

Y151TAG-pylT and synthetase EV16-5 were co-transformed (50 ng each) into E. coli Top10 cells. 

A single colony was grown overnight (37 °C, 250 rpm) in LB (3 ml) supplemented with Kan (50 

μg/ml) and Tet (25 μg/ml), and the overnight culture (250 μl) was added to LB (25 ml) 

supplemented with AzoF (1 mM), Tet (25 μg/ml), and Kan (50 μg/ml). Cells were grown at 37 °C, 

250 rpm, and protein expression was induced with arabinose (0.1 %) when OD600 reached 0.4 

(measured by Nanodrop). After overnight expression at 37 °C, cells were pelleted (5,000 g, 10 

min) and resuspended in phosphate lysis buffer (pH 8.0, 50 mM of phosphate, 6 ml). Triton X-100 

(60 μl, 10%) was added to the mixture. The lysate was incubated on ice for 1 h, sonicated (power 

level 5, pulse ‘on’ for 30 sec, pulse ‘off’ for 30 sec, with a total of 4 min, 550 sonic dismembrator), 

and then pelleted (13,000 g) at 4 °C for 10 min. The supernatant was transferred to a 15 ml conical 

tube, and Ni-NTA resin (Qiagen, 100 μl) was added. The mixture was incubated at 4 °C for 2 h 

with mild shaking. The resin was then collected by centrifugation (1,000 g, 10 min) and washed 

with lysis buffer (300 μl), this was repeated twice, followed by two washes with wash buffer (300 

μl) containing imidazole (20 mM). The protein was eluted with elution buffer (300 μl) containing 

imidazole (250 mM). The purified proteins were analyzed by SDS-PAGE (10%), and stained with 

Coomassie Brilliant Blue. For protein mass spectrometry, the purified protein (in dialysis tubing, 

6,000-8,000 MWCO, Fisher) was dialyzed in 50 mM ammonia acetate solution (1 L) overnight at 

4 °C. The concentration of the dialyzed sample was determined by the intensity of protein band 

on SDS-PAGE, using BSA as the standard (ImageJ). An aliquot of the dialyzed protein solution 

(10 μl, concentration adjusted to 5 μM with water) was analyzed by electrospray ionization mass 

spectrometry (Thermo Scientific Q-Exactive Oribtrap, connected to a Dionex Ultimate 3000 

UHPLC system), via a ProSwift RP-10R, 1 mm by 5 cm column, flow rate of 200 µl/min and ACN 

gradient (0.1% formic acid) 26-80% for 30 min. The mass spectrometer was operated in ESI 
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positive-ion mode with a capillary voltage of 3.5 kV and resolution at 17,500. The Protein 

Deconvolution 3.0 software was used for the data analysis. The expression of sfGFP-Y66TAG-

AzoF was performed in the same way, except using the pBAD-sfGFP-Y66TAG-pylT plasmid 

(construction method described in chapter 2.1), instead of the pBAD-sfGFP-Y66TAG-pylT 

plasmid, for transformation. 

 For the expression of HRP-F71TAG-AzoF, pBAD-HRP-F71TAG-pylT and pBK-PylRS 

(EV16-5 mutant) were co-transformed (50 ng each) into the E. coli Top10 cells. A single colony 

was grown overnight (37 °C, 250 rpm) in LB (3 ml) supplemented with Kan (50 μg/ml) and Tet (25 

μg/ml), and the overnight culture (250 μl) was added to LB (25 ml) supplemented with AzoF (1 

mM), Tet (25 μg/ml), and Kan (50 μg/ml). Cells were grown at 37 °C, 250 rpm, and protein 

expression was induced with arabinose (0.1 %) when OD600 reached 0.4 (measured by 

Nanodrop). After overnight expression at 37 °C, cells were pelleted (5,000 g, 10 min), 

resuspended in 5 ml of buffer A (50 mM Tris-HCl, 1 mM EDTA, 10 mM DTT, pH 8), and incubated 

on ice for 30 min. The lysate was sonicated (power level 5, pulse ‘on’ for 30 sec, pulse ‘off’ for 30 

sec, with a total of 4 min, 550 sonic dismembrator), and then pelleted (8,000 g) at 4 °C for 40 min, 

to allow isolation of inclusion bodies. The supernatant was discarded, and the pellet was 

resuspended in 5 ml of buffer B (50 mM Tris-HCl, 1 mM EDTA, 10 mM DTT, 2 M urea, pH 8). The 

lysate was pelleted (8,000 g) again at 4 °C for 40 min, and the supernatant was discarded. The 

pellet was resuspended in 5 ml of buffer C (50 mM Tris-HCl, 1 mM EDTA, 10 mM DTT, 6 M urea, 

pH 8). For HRP refolding, the solubilized inclusion bodies (500 μl) was added to 1 ml of refolding 

medium (20 mM Tris, 1.7 M urea, 4% glycerol, 2 mM CaCl2, pH 8.5). Oxidized L-glutathione (70 

mM, 10 μl) was then added, and the mixture was incubated at 4 °C overnight. Hemin (1 mM, 4 μl) 

was added the next day, and the mixture was buffer exchanged in 50 μl of phosphate buffer saline 

(PBS, pH 7.4) by ultra centrifugal filters (Amicon, 10K MWCO). The expressions for HRP-
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F182TAG-AzoF and HRP-F182TAG-2f-AzoF were performed in the same way, except using the 

pBAD-sfGFP-F182TAG-pylT plasmid for transformation. 

 

Fluorescence activation assay 

The concentration of sfGFP-Y66TAG-AzoF was quantified based on the intensity of the bands on 

SDS-PAGE, using BSA as the standard (ImageJ). The sfGFP-Y66TAG-AzoF protein samples (5 

μM) were irradiated in a PCR tube with 365 nm UV light (VWR) for 1, 2, 5, 10 min, respectively. 

The sample with 10 min UV irradiation was further placed under visible light (Just Normlicht 

Transparency Flat Viewer) for 10 minutes. The sfGFP fluorescence from each sample was 

measured (excitation wavelength: 488 nm; emission wavelength: 510 nm) on a Tecan M1000 

PRO microplate reader. The sfGFP-Y66TAG-ONBY protein samples (5 μM) were used as the 

positive control. 

 

Photoswitching and activity assay for HRP 

The protein samples (HRP-WT, HRP-F71TAG-AzoF, HRP-F182TAG-AzoF, HRP-F182TAG-2f-

AzoF, 10 μl, directly used following refolding and reconstitution) were placed in PCR tubes and 

were treated with consecutive UV (365 nm, VWR) and visible light (Just Normlicht Transparency 

Flat Viewer) (3 min for each exposure), and protein activities were measured after each treatment. 

An ABTS-based spectrophotometric method was applied for measuring HRP activity in vitro.139 

The following reagents were mixed in an eppendorf tube at 25 °C: 290 μl of ABTS (2,2'-azino-

bis(3-ethylbenzothiazoline-6-sulfonic acid), 9.1 mM), 10 μl of 0.3% (w/w) H2O2, 5 μl of 

reconstituted HRP protein. After 3 min, the absorbance at 405 nm (A405 nm) was measured on a 

Nanodrop spectrophotometer. 
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3.3 Photo-deactivation of Protein Function through Degron or Incorporation of 

Nitrophenylalanine 

 

Besides activation of protein function with light, we also asked if deactivation of protein function 

could be achieved with light, using UAA mutagenesis. We hypothesized that a photocleavable 

amino acid could be incorporated into a protein, such that light exposure would cleave the 

polypeptide backbone, thus splitting the protein into two non-functional fragments. To this end, 

Qingyang Liu (Deiters’ lab member) synthesized a photocleavable hydroxyl acid (PHA) (Fig 

3.30A). Previously, several hydroxyl acids have been genetically incorporated into proteins using 

the wild-type, non-engineered PylRS/PylT system,31, 142 indicating the efficient recognition of the 

hydroxyl acid moiety by the same PylRS as for its amino acid counterpart. We therefore performed 

screening of three PylRS synthetases for PHA in E. coli. EV16-3 (with N311A, C313A, and Y349F 

mutations) was found to be the hit synthetase for PHA in the initial screening (Fig 3.30C). However, 

SDS-PAGE analysis of the expressed protein suggested the incorporation of natural amino acid, 

but not PHA (Fig 3.30D). It was most likely that the N311A and C313A double mutations facilitated 

recognition of phenylalanine.20a In the future, screening of other synthetases in our current panel 

should be performed, as well as expression in minimal media. 
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Figure 3.30. Incorporation of a photocleavable hydroxyl acid (PHA) into protein. (A) Structure of PHA. 

(B) Incorporation of PHA allows light-triggered peptide cleavage, and thus deactivation of protein 

function. (C) The screening of three PylRS synthetases for the incorporation of PHA reveals EV16-3 

as a hit. (D) SDS-PAGE analysis suggests incorporation of the natural amino acid by EV16-3. 

 

Previously, 2-nitrophenylalanine (2-NF) has been genetically incorporated into proteins 

using the M. jannaschii tyrosyl-tRNA synthetase/tRNATyr pair.143 Through the in vitro peptide-

based assay, the authors found that photolysis of 2-NF led to the cleavage of the peptide 

backbone, generating a C-terminus carboxylate group and a N-terminus cinnoline group.143 The 

2-NF was further site-specifically incorporated into T4 lysozyme. Upon light irradiation (365 nm) 

for 60 min, the T4 lysozyme was cleaved into two fragments, with the yield of 22% (quantified by 

optical densitometry of a Coomassie-stained gel).143 Recently, the 2-NF was also found to be a 

substrate of a PylRS mutant (EV16, with N311A and C313A mutations).20b The N311A and C313A 

double mutations facilitate the incorporation of phenylalanine derivatives.20a Moreover, the same 

mutant could also incorporate 3-nitrophenylalanine (3-NF).20c Since the PylRS/PylT system could 
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be readily applied in mammalian cells,16 we decided to test the incorporation and photocleavage 

of 2-NF and 3-NF in mammalian cells. 

 

Figure 3.31. Structures of photocleavable unnatural amino acids. (A) Structure of 2-nitrophenylalanine 

(2-NF) and 3-nitrophenylalanine (3-NF). (B) Incorporation of 2-NF allows light-triggered peptide 

cleavage, and thus deactivation of protein function. 

 

 We first used the mCherry-TAG-EGFP-HA construct as a reporter, where EGFP indicates 

incorporation efficiency, and mCherry serves as a control for transfection efficiency. We coined 

the PylRS mutant with N311A and C313A mutations as NFRS. HEK 293T cells were transfected 

with pNFRS-U6-PylT (constructed by Ji Luo, simultaneously expressing NFRS and PylT) and 

pmCherry-TAG-EGFP-HA plasmids (200 ng each), and were supplemented with 2-NF (2 mM) or 

3-NF (2 mM). Fluorescence images were taken after 48 h. Some moderate incorporation of 2-NF 

and 3-NF was observed (Fig 3.32) when compared to the noAA control. Although the 2-NF (5 mM) 

has been genetically incorporated in mammalian cells, the reported fluorescence intensity was 

only 2.2-fold higher than the noAA group).20b 
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Figure 3.32. Genetic incorporation of 2-nitrophenylalanine (2-NF) and 3-nitrophenylalanine (3-NF) into 

mCherry-TAG-EGFP-HA. HEK293T cells were transfected with pNFRS-U6-PylT and pmCherry-TAG-

EGFP-HA (200 ng each) in a 96-well plate. The culture medium was supplemented with 2-NF or 3-NF 

(2 mM). Images were taken at 48 h, with 10x objective. Scale bar indicates 200 μm. 

 

 We proceeded to test the photocleavage of 2-NF and 3-NF in the mCherry-TAG-EGFP-

HA fusion protein. With the incorporation of 2-NF or 3-NF at the position between mCherry and 

EGFP, light-triggered cleavage should generate two separate proteins (mCherry and EGFP-HA). 

The un-cleaved fusion protein (mCherry-TAG-EGFP-HA) and one of the cleaved protein products 

(EGFP-HA) could then be differentiated on an anti-HA western blot. We tested UAAs at the 

concentration of either 2 mM (used in the above experiments) or 5 mM (reported in the 

literature20b). HEK293T cells were transfected with pNFRS-U6-PylT and pmCherry-TAG-EGFP-

HA (1,000 ng each), and were supplemented with 2-NF or 3-NF (at concentrations of 2 mM or 5 

mM). After 48 h, cell lysates were collected and irradiated in an Eppendorf tube with UV light (365 

nm, VWR transilluminator) for 10 min. Non-irradiated and irradiated cell lysates were then 

analyzed by western blot with an anti-HA antibody. We did not observe incorporation of 2-NF into 
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mCherry-TAG-EGFP-HA at either concentration (2 mM or 5 mM) (Fig 3.33, lane 3 and 4). The 

incorporation of 3-NF was successful (Fig 3.33, lane 5 and 6). With UV irradiation, a cleaved band 

was observed, with cleavage efficiency of ~10% (Fig 3.33, lane 5, +UV). In the future, screening 

of the PylRS panel might identify better synthetases for 2-NF and 3-NF incorporation. For the 

photocleavage assay, higher cleavage efficiency might be achieved with longer irradiation times 

(> 10 min). Lastly, after demonstrating successful protein cleavage with the mCherry-TAG-EGFP-

HA construct, the strategy might be further applied to a functional enzyme in live cells. 

 

Figure 3.33. Photo-cleavage assay with the incorporation of 2-NF or 3-NF. HEK293T cells were 

transfected with pNFRS-U6-PylT and pmCherry-TAG-EGFP-HA (1,000 ng each) in a 6-well plate. The 

culture medium was supplemented with 2 mM or 5 mM of 2-nitrophenylalanine (2-NF) or 3-

nitrophenylalanine (3-NF). After 48 h, the cell lysates were collected and irradiated with UV light (365 

nm, VWR transilluminator) for 10 min. Non-irradiated and irradiated cell lysate were then analyzed by 

western blot with anti-HA antibody. Un-cleaved product (mCherry-TAG-EGFP-HA, 56 kDa) and cleaved 

product (EGFP-HA, 28 kDa) are indicated by arrows. 

  

 In addition to deactivation of protein function through cleavage of the peptide backbone, 

the ubiquitin system has also been applied for conditional protein degradation.144 For example, 

the PROteolysis TArgeting Chimeric moleculeS (PROTACS) technology allows for small 

molecule-induced protein degradation by recruiting the target protein to the proteasome.145 
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Protein degradation has also been achieved through hydrophobic tagging of a Halo Tag fusion 

protein.146 In addition to small molecule-induced degradation, light has also been used as an 

external trigger for protein degradation.147 In one example, a blue-light inducible degron domain 

(B-LID) was developed, where a small peptide degron is fused to the C-terminus of the LOV2 

domain.147a The protein with the B-LID fused at its C-terminus is stable, but upon exposure to blue 

light (2 h), the degron is exposed, leading to proteasomal degradation of the protein. In another 

example, the protein is fused to an auxin-inducible degron, and a photoactivable auxin is further 

used for spatiotemporal control of protein stability.147b In the above examples, the protein of 

interest needs to be attached to an exogenous domain, which might affect protein function. 

Therefore, we asked if we could develop a light-triggered protein degradation strategy using UAA 

mutagenesis. 

 Based on our previous success with the light-activation of protein function with photocaged 

lysine,19d, 60, 148 we first sought to find a degradation domain (also called degron) where the lysine 

residue plays an essential role. We ruled out possible degrons that need to be fused to the C-

terminus of the target protein149 since truncated but functional proteins (where the TAG codon 

was recognized as a stop codon) would be generated but would not be responsive to optical 

control. For the N-terminal degron, we found an excellent model system where protein proteolysis 

was dependent on an N-terminal fused ubiquitin.150 In this study, ubiquitin was fused to the N-

terminus of GFP, with a variable amino acid at the first position of GFP. Shortly after protein 

synthesis in cells, the N-terminal ubiquitin moiety was rapidly cleaved from the precursor by 

endogenous deubiquitination enzymes (DUBs).151 The half-life of the cleaved product (GFP) was 

dependent on the first amino acid of the GFP fragment. Known as the N-end rule, this residue 

determines the half-life of a protein.152 For example, if it is one of these four amino acids: 

Arg/Lys/Phe/Leu, the protein bears a short half-life (~ 2 min). This is because the residue is 

recognized by an ubiquitin ligase, recruiting it to the protein, and subsequently ubiquitinating  

another Lys residue, resulting in rapid degradation by the proteasome.153 Alternatively, if it is an 
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Ala/Met/Ser, the protein shows a long half-life (> 600 min).154 Based on this knowledge, we 

speculated that light-triggered protein deactivation could be achieved through the incorporation 

of a photocaged lysine into the critical lysine position of the Ub-K-POI (protein of interest). The 

caging group blocks the recognition between the N-terminus residue and the ubiquitin ligase, 

rendering the protein stable and functional. Removal of the caging group by light exposes the 

lysine residue, thus leading to a short-lived protein. This strategy will allow fast degradation of the 

target protein without appending an external degron domain. 

 

Figure 3.34. Scheme for protein degradation. After protein synthesis, ubiquitin moiety is cleaved by 

cellular protease, exposing N-terminus residue. If the residue is one of the four amino acids: 

Arg/Lys/Phe/Leu (Lys was shown here as an example), an ubiquitin ligase will be recruited, resulting in 

protein ubiquitination, and subsequent degradation. 

 

 To confirm the N-end rule with the lysine residue, we first generated plasmids that express 

EGFP-HA, Ub-K-EGFP-HA, and Ub-A-EGFP-HA. Since the N-terminus alanine leads to a long 

half-life protein, the Ub-A-EGFP-HA was used as a control. HEK 293T cells were co-transfected 

with pUb-K-EGFP-HA and pmCherry plasmids (200 ng each) and fluorescence images were 

taken after 48 h. Although the Ub-K-EGFP-HA and the Ub-A-EGFP-HA group showed lower 

fluorescence compared to the EGFP-HA group, no difference was observed within these two 

groups (Fig 3.35). The mCherry expression served as a control for transfection efficiency. This 

indicated that the Ub-K-EGFP-HA construct was not destabilized in HEK 293T cells. 
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Figure 3.35. Ub-K-EGFP-HA is as stabilized as Ub-A-EGFP-HA in HEK 293T cells. Ub-A-EGFP-HA is 

used as the stability control. Cells were co-transfected with pUb-K-EGFP-HA and pmCherry (200 ng 

each). Images were taken at 48 h. Scale bar indicates 100 μm. EGFP fluorescence indicated the 

stability of the Ub-K-EGFP-HA protein. mCherry fluorescence was control for transfection efficiency. 

Although both Ub-K-EGFP-HA and Ub-A-EGFP-HA showed lower fluorescence compared to EGFP-

HA, no difference was observed between each other. 

 

 Later, a literature analysis revealed that HeLa cells were most frequently used for the 

ubiquitin-mediated protein degradation experiments.150, 155 Although specific reasons were not 

given, it is likely that an ubiquitin ligase complex is essential for the degradation of Ub-EGFP in 

HeLa cells.155 We therefore repeated the same experiment in HeLa cells, except that the mCherry 

expression control was not used (due to the low transfection efficiency of two plasmids in HeLa 

cells). We observed lower fluorescence of Ub-K-EGFP-HA compared to that of Ub-A-EGFP-HA 

(Fig 3.36A). This demonstrated that the Ub-K-EGFP is destabilized in HeLa cells. We further 

confirmed that the protein level of Ub-K-EGFP-HA was lower than that of Ub-A-EGFP-HA, through 

the western blot analysis (Fig 3.36B).  
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Figure 3.36. The Ub-K-EGFP construct is unstable in HeLa cells. The HeLa cells were transfected with 

Ub-K-EGFP (1,000 ng). Fluorescence imaging was performed after 48 h, with the 10x objective. The 

scale bar indicates 200 µm. The cell lysate was then collected for western blot analysis (with anti-HA 

antibody). Ubiquitin was cleaved by endogenous protease, leaving a N-terminus lysine. Ub-A-EGFP 

was a control for stabilized EGFP. (A) Fluorescence image of Ub-K-EGFP-HA indicated that it is 

destabilized. (B) Western blot analysis confirmed that the protein level of Ub-K-EGFP-HA was lower 

than that of Ub-A-EGFP-HA. 

 

 We then generated the TAG mutation at the lysine position of Ub-K-EGFP-HA. HeLa cells 

were transfected with pUb-TAG-EGFP-HA and pHCKRS-U6-PylT (200 ng each) in a 96-well plate. 

HCK-dependent expression of Ub-HCK-EGFP-HA was confirmed by EGFP fluorescent imaging 

(Fig 3.37A). At 24 h, cells were irradiated for 30 sec at 365 nm light (DAPI filter set 68, 358–365 

nm), and were incubated at 37 °C for 2 h – although longer incubation times or time course 

experiments should have been conducted. However, no decrease in EGFP fluorescence 

compared to the t = 0 min timepoint was observed for the light-treated group (Fig 3.37B). We 

noticed that the incorporation efficiency is low in HeLa cells (Fig 3.37A), and cell death was 

observed with the presence of toxic transfection reagent (Lipofectamine 2000). In the future, we 

plan to further increase the incorporation efficiency with the one-plasmid system (discussed in 
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Chapter 2.2). Additional transfection reagents might also be screened for the efficiency and 

nontoxic transfection of HeLa cells and Western blot analysis of optically triggered protein 

degradation should be performed.   

 

Figure 3.37. Light-deactivation of Ub-HCK-EGFP-HA. (A) HCK (1 mM) was incorporated into Ub-TAG-

EGFP-HA. HeLa cells were transfected with pUb-TAG-EGFP-HA and HCKRS-U6-PylT (200 ng each). 

Fluorescent images were taken at 24 h. Scale bar indicates 200 µm. (B) At 24 h, HeLa cells were 

irradiated for 30 sec with 365 nm light (DAPI filter, 358–365 nm). EGFP fluorescence was acquired at 

0 min and 120 min. Scale bar indicates 40 µm.  

 

 In summary, we genetically incorporated 2-nitrophenylalanine and 3-nitrophenylalanine 

into proteins, and achieved light cleavage of mCherry-TAG-EGFP with 3-nitrophenylalanine. 

However, the cleavage efficiency was low (~10%). We further designed a ubiquitin-based strategy 

for protein degradation, through the incorporation of caged lysine at the first position of a target 

protein. This lysine position was demonstrated to be critical for protein degradation. However, we 
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have not yet observed the light-induced protein degradation. In the future, we will further optimize 

the expression system. 

  

Experimental 

Incorporation of PHA in E. coli 

The screening of three synthetases (EV16, EV16-3, EV16-5) and large-scale expression (25 ml) 

of the mutant sfGFP protein were performed as described in chapter 2.1. 

 

Incorporation of 2-NF and 3-NF in mammalian cells 

HEK 293T cells were seeded at ~50,000 cells per well, and were transfected (when at ~80% 

confluency) with pmCherry-TAG-EGFP-HA and pNFRS-U6-PylT (constructed by Ji Luo, 

simultaneously expressing NFRS and PylT) (200 ng each) in a 96-well plate. The culture medium 

was supplemented with 2 mM of 2-nitrophenylalanine (2-NF) or 3-nitrophenylalanine (3-NF). 

Branched polyethylene imine (bPEI, 1.5 μl, 1 mg/ml) was used as the transfection reagent. After 

48 h incubation at 37 °C, cells were imaged on a Zeiss Observer Z1 microscope, with EGFP 

channel (filter set 38 HE; ex. BP470/40; em. BP525/50) and mCherry channel (filter set 43 HE; 

ex. BP575/25; em. BP605/70). 

 

Photocleavage assay for 2-NF and 3-NF 

HEK 293T cells were co-transfected with pmCherry-TAG-EGFP-HA (1,000 ng) and pNFRS-U6-

PylT (1,000 ng) in the presence or absence of UAA (2 mM or 5 mM) in a six-well plate. Branched 

polyethylene imine (bPEI, 15 μl, 1 mg/ml) was used as the transfection reagent. After 48 h, the 

cells were washed with chilled phosphate-buffer saline (PBS, 1 ml) and lysed in mammalian 

protein extraction buffer (250 μl, GE Healthcare). Cell lysate were irradiated in an eppendorf tube 

with UV light (365 nm, VWR transilluminator) for 10 min. Non-irradiated and irradiated cell lysates 

were separated by 10% SDS-PAGE (run at 60V for 15 min, and 150 V for 45 min), and were 
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transferred to a PVDF membrane (GE Healthcare). The membrane was blocked in tris-buffer 

saline (TBS) with 0.1% Tween 20 and 5% milk for 1 h. The blots were probed with the primary 

antibody (1:1,000, anti-HA (sc-805), Santa Cruz) overnight at 4 °C, followed by incubation with 

secondary goat anti-rabbit IgG-HRP antibody (1:20,000, sc-2004, Santa Cruz) for 1 h at room 

temperature. The blots were further incubated with the SuperSignal West Pico working solution 

(mixture of the Stable Peroxide Solution and the Luminol/Enhancer Solution, 500 μl each, Thermo 

Scientific) for 5 min at room temperature. The luminescence signal was detected by ChemiDoc 

(Chemi Hi Sensitivity setting, exposure time: 10 sec). The un-cleaved product (mCherry-TAG-

EGFP-HA, 56 kDa) and cleaved product (EGFP-HA, 28 kDa) were identified on the blot based on 

the molecular weight. 

 

Plasmid construction 

To enable western blot analysis, an HA tag (YPYDVPDYA) was added at the C-terminus of EGFP 

on the EGFP-N1 plasmid by site-directed mutagenesis (Fwd: 5’-

gcatggacgagctgtacaagtacccatacgatgttccagattacgcttaaagcggccgcgactctagatcataatcagc-3’, Rev: 

5’-cttgtacagctcgtccatgccgagagtgatcccggcggcggtc-3’, HA tag underlined). 

 To construct the pUb-K-EGFP-HA, the backbone was generated by digesting pEGFP-HA 

plasmid (8,000 ng) with EcoRI and BamHI restriction enzymes, followed by gel purification of the 

band corresponding to the correct length of the backbone (~ 4,500 bp). The Ub gene was 

amplified from the pET-Ub plasmid (gift from Dr. Ashton Cropp, Fwd: 5’-

gcggaattcaccatgcagatttttgtgaaaacc-3’, Rev: 5’-gcgggatcctgtcgaccaagcttgccgccacgcagacgcagc-

3’, lysine position underlined), and digested with EcoRI and BamHI restriction enzymes (37 °C, 2 

h). The pUb-K-EGFP-HA plasmid was constructed by ligating the Ub fragment into the pEGFP-

HA backbone using EcoRI and BamHI restriction sites (T4 ligase, 16 °C, overnight). Site-directed 

mutagenesis was applied to generate Ub-A-EGFP-HA (Fwd: 5’-
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gcgtggcggcgccggcggccttggtcgacaggatcc-3’, Rev: 5’-caaggccgccggcgccgccacgcagacgcagcacc-

3’, alanine mutation underlined) and Ub-TAG-EGFP-HA (Fwd: 5’-

gcgtggcggctagggcggccttggtcgacaggatcc-3’, Rev: 5’-caaggccgccctagccgccacgcagacgcagcacc-3’, 

TAG mutation underlined). 

 

Photo-deactivation assay with degron 

To confirm the N-end rule by fluorescent imaging, HeLa cells were transfected with pEGFP-HA 

(or pUb-K-EGFP-HA, or pUb-A-EGFP-HA, 200 ng) in a 96-well plate. Branched polyethylene 

imine (bPEI, 15 μl, 1 mg/ml) was used as the transfection reagent. After 24 h of incubation at 

37 °C, cells were imaged on a Zeiss Observer Z1 microscope, with the EGFP channel (filter set 

38 HE; ex. BP470/40; em. BP525/50). 

To confirm the N-end rule by Western blot, HeLa cells were transfected with pEGFP-HA 

(or pUb-K-EGFP-HA, or pUb-A-EGFP-HA, 1,000 ng) in a 6-well plate. Lipofectamine 2000 

(Invitrogen, 10 μl per well) was used as the transfection reagent. After 48 h, cells were washed 

with chilled phosphate-buffer saline (PBS, 1 ml), and lysed in mammalian protein extraction buffer 

(250 μl, GE Healthcare). The cell lysates were separated by 10% SDS-PAGE (run at 60 V for 15 

min, and 150 V for 45 min) and were transferred to a PVDF membrane (GE Healthcare). The 

membrane was blocked in tris-buffer saline (TBS) with 0.1% Tween 20 and 5% milk for 1 h. The 

blots were probed with the primary antibody (1:1,000, anti-HA (sc-805) or anti-GAPDH (sc-25778), 

Santa Cruz Biotechnology) overnight at 4 °C, followed by incubation with secondary goat anti-

rabbit IgG-HRP antibody (1:20,000, sc-2004, Santa Cruz Biotechnology) for 1 h at room 

temperature. After washing, the blots were incubated with SuperSignal West Pico working 

solution (mixture of the Stable Peroxide Solution and the Luminol/Enhancer Solution, 500 μl each, 

Thermo Scientific) for 5 min at room temperature. The luminescence signal was detected using a 

Bio-Rad ChemiDoc (Chemi Hi Sensitivity setting, exposure time: 10 sec). 
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To incorporate HCK into the Ub-TAG-EGFP-HA construct, HeLa cells were transfected 

with pUb-TAG-EGFP-HA and pHCKRS-U6-PylT (200 ng each) in a 96-well plate. Lipofectamine 

2000 (Invitrogen, 1 μl per well) was used as the transfection reagent. The culture medium was 

supplemented with HCK (1 mM). At 24 h, cells were irradiated for 30 sec with 365 nm light (DAPI 

filter set 68, 358–365 nm), and were further incubated at 37 °C for 2 h. EGFP fluorescence (filter 

set 38 HE; ex. BP470/40; em. BP525/50) was acquired at 0 and 120 min. 
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3.4 Small molecule Activation of Protein Function using Proc and Alloc Groups 

 

Small molecules are important external triggers for the modulation of protein function.156 Small-

molecule-induced protein activation can be achieved through the genetic incorporation of an UAA 

that contains a small-molecule-removable group. For example, our lab reported the activation of 

protein function by a phosphine-mediated Staudinger reduction, through the genetic incorporation 

of an ortho-azidobenzyloxycarbonyl amino acid.61 A similar strategy was also pursued for aliphatic 

azido lysines (discussed in chapter 2.1). Furthermore, transition metals can also be used as 

external triggers.157 A palladium-mediated deprotection reaction was applied to activate a protein 

in living cells, through the genetic incorporation of a proc (propargyl carbamate) lysine.157b 

Through a screening of several palladium catalysts, [PdCl(allyl)]2 was found as the most efficient 

catalyst for proc group deprotection (82% cleavage on proc lysine, 37 °C, 8 h; 90% cleavage on 

GFP-N149-proc lysine, 25 °C, 1 h). The same catalyst showed much less efficiency for alloc group 

deprotection (22% cleavage on alloc lysine, 37 °C, 8 h). Pd(OAc)2 was a much less efficient 

catalyst for proc deprotection (4% cleavage on GFP-N149-proc lysine, 25 °C, 1 h). The activation 

kinetics for both phosphine (~200 min to reach completion)61 and palladium (180-240 min to reach 

completion)157b were slow in live cell experiments. Significantly faster chemical protein activation 

was achieved through an inverse-electron-demand Diels-Alder reaction. Through the genetic 

incorporation of a cyclooctene-containing TCO lysine, protein function was inhibited until 

tetrazine-induced decaging lead to rescue of 80% of protein activity within 15 min.158 Recently, 

the Koide lab at Pitt discovered a combination of catalysts (tri(2-furyl)phosphine (75 µM) and 

PdCl2 (100 µM)) that allows fast deprotection of the proc group (unpublished data). Therefore, we 

were interested in applying this strategy to the small-molecule triggered protein activation. Alloc 

and proc lysine have previously been incorporated into proteins by the wild-type PylRS, and 

consequently allowed us to directly test the protein activation without synthetase screening.18b 
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Figure 3.38. Structure of alloc lysine and proc lysine. 

  

We first proposed that a small-molecule activatable firefly luciferase could be generated. 

Previously, incorporation of a photocaged lysine at a critical lysine residue (K206) blocked the 

firefly luciferase activity, which was later restored upon UV irradiation.60 We therefore 

hypothesized that the incorporation of an alloc or proc lysine at the same position will have a 

similar effect. The activation of the firefly luciferase was tested by removing the protecting group 

using the new catalysts. To this end, HEK 293T cells were transfected with pFluc-K206TAG and 

pWTRS-U6-PylT plasmids (200 ng each). The culture medium was supplemented with either alloc 

lysine (1 mM) or proc lysine (1 mM). After 24 h, the culture medium was changed to the medium 

containing Pd(OAc)2 (50 µM), or [PdCl(allyl)]2 (50 µM), or tri(2-furyl)phosphine (75 µM)/PdCl2 (100 

µM), and the cells were further incubated at 37 °C for 3 h. The luciferase assay was then 

performed on live cells. Unexpectedly, we observed the firefly luciferase activity either with or 

without the catalyst (Fig 3.39). The result indicated that alloc or proc handle was not able to block 

the luciferase activity. Interestingly, in the study where the proc lysine was incorporated for Pd-

triggered activation, the firefly luciferase was not applied as a model protein,157b even though the 

same group reported a photoactivable luciferase before.159 We speculated that the alloc or proc 

handle was too small to block the active site of luciferase. 
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Figure 3.39. Small molecule activation of Fluc-K206TAG with different catalysts. HEK 293T cells were 

transfected with pFluc-K206TAG and pWTRS-U6-PylT plasmids. The culture medium was 

supplemented with either alloc lysine (1 mM) or proc lysine (1 mM). After 24 h, the culture medium was 

changed to the medium containing Pd(OAc)2 (50 µM), or [PdCl(allyl)]2 (50 µM), or tri(2-furyl)phosphine 

(75 µM)/PdCl2 (100 µM), and the cells were further incubated at 37 °C for 3 h. The luciferase assay 

was then performed on live cells. 

 

 We then tested another protein target, Cre recombinase. Incorporation of a photocaged 

lysine into Cre recombinase at a critical K201 position allowed for light-activation of recombinase 

activity.160 We ask if this system could be adapted to small-molecule deprotection. We employed 

the Stoplight plasmid as a reporter, which encodes a DsRed and a transcription termination region, 

both flanked by loxP sites and located upstream of an EGFP gene.161 Cre recombinase leads to 

the activation of EGFP expression through excision of the DsRed-terminator cassette. We first 

confirmed that the wild-type Cre resulted in the expression of EGFP, but not DsRed in mammalian 

cells (Fig 3.40A). The incorporation of a photocaged lysine (HCK, 1 mM) into the K201 position 

of Cre allowed for light-activation of the Cre recombinase, although the EGFP expression was not 

as high as that of wild-type Cre (Fig 3.40B). 
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Figure 3.40. Cre recombinase assay and light-activation through HCK incorporation. (A) Wild-type Cre 

is active in mammalian cells. HEK 293T cells were transfected with the indicated plasmid(s) (200 ng 

each). Images were taken after 24 h. The expression of WT-Cre led to activation of EGFP expression 

through excision of the DsRed-terminator cassette. (B) Light-activation of the photocaged Cre. HEK 

293T cells were transfected with pStoplight, pCre-K201TAG, pHCKRS-U6-PylT plasmids (100 ng each). 

The culture medium was supplemented with HCK (1 mM). After 24 h, the cells were irradiated with UV 

light (365 nm, 2 min), and were further incubated at 37 °C for 24 h. Images were taken at 48 h. Scale 

bar indicates 100 µm. 

 

 After establishing the Cre recombinase assay, we incorporated alloc lysine or proc lysine 

into the K201 position of Cre recombinase; however, protein expression, while expected, was not 

confirmed by Western blot. Catalysts (tri(2-furyl)phosphine (75 µM)/PdCl2 (100 µM) for alloc lysine, 

[PdCl(allyl)]2 (50 µM) for proc lysine) were added at 24 h and the cells were incubated for another 

24 h before imaging. However, despite repeated attempts, we did not observe an increase in 

EGFP fluorescence with the addition of catalysts (Fig 3.41).  
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Figure 3.41. Activation of the Cre recombinase through Pd catalyst. HEK 293T cells were transfected 

with pStoplight, pCre-K201TAG, and pWTRS-U6-PylT plasmids (100 ng each). The culture medium 

was supplemented with alloc lysine (1 mM, in A) or prop lysine (1 mM, in B). After 24 h, the culture 

medium was replaced with the medium containing tri(2-furyl)phosphine (75 µM)/PdCl2 (100 µM) (in A) 

or [PdCl(allyl)]2 (50 µM) (in B). The cells were further incubated at 37 °C for 24 h. Images were taken 

at 48 h. Scale bar indicates 100 µm. 

 

 Lastly, we tested small-molecule triggered nucleus translocation signaling. Previously, a 

photocaged lysine was incorporated into a critical lysine position (K29) of the nuclear localization 

signal (NLS) of the transcription factor SATB1.162 The caging group blocked nuclear import of the 

protein until its removal by light. EGFP-SATB1-K29TAG-mCherry was used as a reporter, where 

the EGFP was localized both in cytoplasm and nucleus, and the mCherry was translocated from 

cytoplasm to nucleus with a functional SATB1 NLS.162 We first confirmed the incorporation of alloc 

lysine into EGFP-SATB1-K29TAG-mCherry (Fig 3.42A). With no treatment, the mCherry 

fluorescence located in the cytoplasm, indicating an inactive SATB1 NLS function blocked by the 

alloc group (Fig 3.42B). However, with the addition of tri(2-furyl)phosphine (75 µM)/PdCl2 (100 

µM), no nuclear translocation was observed up to 12 h (Fig 3.42B). We speculated that the 

catalyst complex was not able to deprotect the alloc group under these conditions.  
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Figure 3.42. Small molecule activation of protein translocation. HEK 293T cells were transfected with 

pEGFP-SATB1-K29TAG-mCherry and pWTRS-U6-PylT (200 ng each). The culture medium was 

supplemented with alloc lysine (1 mM). After 24 h, the culture medium were replaced with the medium 

containing tri(2-furyl)phosphine (75 µM)/PdCl2 (100 µM). The cells were further incubated at 37 °C for 

up to 12 h. Images were taken at 36 h. (A) The mCherry fluorescence confirmed the incorporation of 

the alloc lysine into the EGFP-SATB1-K29TAG-mCherry. EGFP was used as a control for transfection 

efficiency. Scale bar indicates 100 µm. (B) No nucleus translocation of mCherry was observed upon 

TFP/PdCl2 treatment. The scale bar indicates 50 µm. 

 

 In summary, we tested small-molecule activation of protein function through the genetic 

incorporation of alloc or proc lysine. We attempted to achieve alloc or proc deprotection with a 

combination of catalysts (phosphine and Pd). However, we found that the protecting group was 

too small to block firefly luciferase activity, and that the current catalyst conditions did not activate 

activity of Cre recombinase or SATB1 translocation. Future work will focus on screening catalyst 

combinations and concentrations in the context of mammalian cells using the small molecule 
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fluorescence sensor.163 Optimized condition will further be applied for controlling Cre recombinase 

activity or nuclear localization by small molecules. 

 

Experimental 

Small-molecule activation of luciferase activity 

HEK 293T cells were transfected with the pFluc-K206TAG and pWTRS-U6-PylT plasmids (200 

ng each) in a 96-well plate. The culture medium was supplemented with either alloc lysine (1 mM) 

or proc lysine (1 mM). Branched polyethylene imine (bPEI, 1.5 μl, 1 mg/ml) was used as the 

transfection reagent. After 24 h, the culture medium was changed to the medium containing 

Pd(OAc)2 (50 µM), or [PdCl(allyl)]2 (50 µM), or tri(2-furyl)phosphine (75 µM)/ PdCl2 (100 µM), and 

the cells were further incubated at 37 °C for another 3 h. The luciferase assay was then performed 

on live cells. Half of the culture medium (100 µl) was removed from each well, and BrightGlo 

luciferase assay reagent (100 µl, Promega) was added, followed by vigorous shaking on an orbital 

shaker (1 min). Luminescence was then read on a Tecan M1000 PRO microplate reader. 

 

Small-molecule activation of Cre recombinase activity 

To confirm the light activation of Cre recombinase activity in mammalian cells, HEK 293T cells 

were transfected with pStoplight, pCre-K201TAG, and pHCKRS-U6-PylT plasmids (100 ng each, 

provided by Ji Luo) as previously described.160 The culture medium was supplemented with HCK 

(1 mM). Branched polyethylene imine (bPEI, 1.5 μl, 1 mg/ml) was used as the transfection reagent. 

After 24 h, the cells were irradiated with the UV light (365 nm, VWR) for 2 min, and were further 

incubated at 37 °C for 24 h. Cells were imaged on a Zeiss Observer Z1 microscope, with EGFP 

channel (filter set 38 HE; ex. BP470/40; em. BP525/50) and mCherry channel (filter set 43 HE; 

ex. BP575/25; em. BP605/70). 

 To activate Cre recombinase with small molecules, HEK 293T cells were transfected with 

pStoplight, pCre-K201TAG, and pWTRS-U6-PylT plasmids (100 ng each). Branched 
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polyethylene imine (bPEI, 1.5 μl, 1 mg/ml) was used as the transfection reagent. The culture 

medium was supplemented with alloc lysine (1 mM) or proc lysine (1 mM). After 24 h, the culture 

medium was replaced with medium containing tri(2-furyl)phosphine (75 µM)/PdCl2 (100 µM) or 

[PdCl(allyl)]2 (50 µM). The cells were further incubated at 37 °C for 24 h. Cells were imaged on a 

Zeiss Observer Z1 microscope, with EGFP channel (filter set 38 HE; ex. BP470/40; em. BP525/50) 

and mCherry channel (filter set 43 HE; ex. BP575/25; em. BP605/70). 

 

Small-molecule triggered nucleus translocation  

HEK 293T cells were transfected with pEGFP-SATB1-K29TAG-mCherry162 and pWTRS-U6-PylT 

plasmids (200 ng each). Branched polyethylene imine (bPEI, 1.5 μl, 1 mg/ml) was used as the 

transfection reagent. The culture medium was supplemented with alloc lysine (1 mM). After 24 h, 

the culture medium was replaced with the medium containing tri(2-furyl)phosphine (75 µM)/PdCl2 

(100 µM). The cells were further incubated at 37 °C for 12 h. At 36 h, cells were imaged on a 

Zeiss Observer Z1 microscope, with EGFP channel (filter set 38 HE; ex. BP470/40; em. BP525/50) 

and mCherry channel (filter set 43 HE; ex. BP575/25; em. BP605/70). 
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4.0 Installation of an Aminooxy Functional Group for Protein Labeling 

 
Site-specific protein conjugation reactions are essential for biophysical and functional studies of 

proteins.164 Unnatural amino acid (UAA) mutagenesis provides a versatile approach to achieve 

this goal, by site-specifically installing a biorthogonal functional group that enables protein 

conjugation chemistries with high selectivity.165 More than thirty UAAs have been genetically 

incorporated in E. coli and mammalian cells for protein labeling purpose,165a including 

electrophiles (ketones166 and aldehydes167), azides,18a, 18b, 168 alkynes,18b, 35, 168-169 alkenes,36, 170 

and tetrazenes.18d, 35 For example, Cu(I)-catalyzed azide-alkyne cycloaddition has been widely 

used for in vitro labeling of biomolecules (Fig 4.1A).165a Recently, inverse electron-demand Diels-

Alder cycloaddition reactions were used for fast protein labeling in live cells (Fig 4.1B).18d 

Electrophiles were also genetically incorporated for oxime ligation with hydroxyamines or 

hydrazines (Fig 4.1C). However, the genetic encoding of a nucleophile had been lacking (Fig 

4.1D). Here, we show the site-specific incorporation of (S)-2-amino-5-(aminooxy)pentanoic acid 

(AOK) as a nucleophilic tag into proteins in E. coli. The installed aminooxy handle enables rapid 

and mild oxime ligations that have previously been utilized in single molecule fluorescence 

resonance energy transfer (smFRET) studies,171 site-specific protein spin-labeling,172 fluorescent 

labeling of membrane proteins,173 and production of antibody-drugs.174 The installation of a 

nucleophile onto proteins through unnatural amino acid mutagenesis adds a new chemical 

reactivity to the expanding toolbox of site-specific protein modifications.175 
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Figure 4.1. Site-specific protein conjugation using unnatural amino acids. (A) Cu(I)-catalyzed 

cycloaddition. (B) Inverse electron-demand Diels-Alder cycloaddition. (C) Oxime ligation with a 

genetically encoded ketone. (D) Structure used in this study. Oxime ligation, with a genetically encoded 

aminooxy group. 

 

Previously an aminooxy functional group was generated by reacting bis-(oxyamine) with 

thioester group on C-terminus of a protein.176 Although very efficient, this method is limited to 

modify proteins only at the C-terminus. It is therefore not applicable when labeling needs to be 

achieved at other positions of a protein. Recently an aminooxy side-chain was introduced on a 

miniprotein through solid-phase peptide synthesis.177 Oxime ligation was utilized to form protein 

dimers, which showed promising therapeutic use to suppress tumor progression. However, this 

synthetic strategy is limited to miniproteins with less than fifty amino acids. We hypothesized that 
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the incorporation of an UAA with an aminooxy functional group would circumvent above 

limitations. First, since the incorporation is residue-specific, labeling could be achieved at any 

positions of a protein. Second, protein of any length could be readily expressed in E. coli, greatly 

simplifying the process and increasing the yield. Besides, several nucleophilic catalysts can 

dramatically accelerate the oxime ligation,178 with the rate constant of 102 M-1 S-1. Therefore, the 

incorporation of an aminooxy functional group will provide a simple and robust way to label 

proteins through oxime ligation (Fig 4.1D). As we worked on this project, the Virdee group reported 

the genetic incorporation of an UAA with an aminooxy group,179 with the same chemical structure 

as we proposed (see below). They generated several nonhydrolyzable ubiquitin conjugates 

(diubiquitin, polymeric ubiquitin chain, ubiquitinated SUMO) by oxime ligation. They further 

confirmed that these ubiquitin conjugates function as inhibitors of deubiquitinating enzymes, thus 

providing a new tool to study deubiquitinating enzymes.179 

We selected (S)-2-amino-5-(aminooxy)pentanoic acid (AOK) as a target, since genetic 

code expansion of many lysine analogues has been successfully achieved with an engineered 

pyrrolysyl-tRNA/tRNA synthetase (PylRS) system.16 However, due to the structural similarity 

between AOK and lysine, we did not expect to discover a PylRS that could recognize AOK, but 

discriminate lysine. Instead, we first disguised AOK with a protecting group, thereby enabling 

differentiation from lysine, followed by incorporation and protecting group removal, liberating a 

free aminooxy group on proteins. Here we utilized tert-butyl-oxycarbonyl (Boc) group and photo-

caging group as the protecting group respectively, and designed two unnatural amino acids, 

BAOK and PAOK, as the disguised form of AOK. This strategy has been previously applied to 

install near-natural amino acids on proteins. For example, incorporation of fluorotyrosine with a 

photo-caging group,69 and Nε-methyl-L-lysine with a tert-butyl-oxycarbonyl (Boc) protection 

group,180 followed by deprotection step, generates fluorotyrosine and Nε-methyl-L-lysine on 

proteins respectively.  
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Since Nε-tert-butyl-oxycarbonyl-L-lysine (BocK) is a known substrate for both wild-type 

PylRS and for a PylRS with a single mutation, Y349F,18a we first explored whether BAOK is 

recognized by the same synthetases. The incorporation of BAOK is assessed by the expression 

of superfolder green fluorescent protein (sfGFP) containing an amber stop codon TAG at Tyr 151 

position. Two plasmids, pBAD-sfGFPY151TAG-PylT and pBK-PylRS, were co-transformed into 

Top10 cells for sfGFP expression. As expected, both the wild-type PylRS and the Y349F mutant 

could incorporate BocK in excellent yields of 23 mg/L and 20 mg/L, respectively. Interestingly, only 

PylRS-Y349F was able to incorporate BAOK, with a yield of 9 mg/L (Fig 4.2B). When using the 

wild-type PylRS, no sfGFP expression was observed in the presence or absence of BAOK, 

suggesting that BAOK is not a substrate for this PylRS. The Y349F mutation is proposed to 

increase the aminoacylation activity of PylRS,18a and it has been found in several PylRS mutants 

that accept UAAs of diverse structures.19b, 21, 169d, 181 Electrospray Ionization Mass Spectrometry 

(ESI-MS) confirmed the expression of sfGFP-BAOK (expected mass: 28329.8 Da, observed 

mass: 28329.9 Da). The Boc group on sfGFP-BAOK was then deprotected through treatment with 

50% trifluoroacetic acid (TFA) at 37 °C for 3 h as previously described.182 The ESI-MS of the 

deprotection product showed that the previous peak for sfGFP-BAOK disappeared and instead a 

single peak with a mass 22 Da higher than sfGFP containing AOK at position 151 appeared 

(expected mass: 28229.7 Da, observed mass: 28252.0 Da). As we performed our experiment, 

another group reported the incorporation of BAOK by a slightly different PylRS mutant (with 

mutation Y349W).179 They showed that the incorporation efficiency of BAOK (by Y349W mutant) 

was similar to that of BocK (by wild-type PylRS), and confirmed the deprotection product (by 60% 

TFA, 23 oC, 2 h) with ESI-MS. As our result suggested that incorporation efficiency of BAOK (by 

Y349F mutant) was less than that of BocK (by both wild-type PylRS and Y349F mutant), it will be 

worthwhile to use Y349W PylRS mutant for future experiments. 
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Figure 4.2. Genetic incorporation of Boc-aminooxy and photocaged-aminooxy amino acid. (A) Structure 

of the molecules studied in this research. (B) Genetic incorporation of BAOK by Y349F mutant PylRS. 

(C) Genetic incorporation of PAOK by PCKRS. 

 

We then asked if the acid-catalyzed deprotection step could be avoided by applying a 

light-removable protecting group on AOK. We previously incorporated the photocaged lysine PCK 

into proteins in bacterial and mammalian cells by applying a M. barkeri PylRS harboring the 

mutations M241F, A267S, Y271C, and L274M – termed PCKRS.19d The same synthetase also 

accepts a caged cysteine and a caged homocysteine as substrates,116 thereby showing broader 

substrate specificities. We therefore tested whether PAOK is also a substrate for PCKRS. We 

used sfGFP-Y151TAG as a reporter, as described above, and gratifyingly, PAOK showed similar 

incorporation efficiency as PCK, with a yield of 3 mg/L (Fig 4.2C). The ESI-MS spectrum revealed 

a peak corresponding to sfGFP-PAOK (expected mass: 28466.9 Da, observed mass: 28466.8 

Da). Yet another equivalent peak is also present in the spectrum (observed: 28255.7 Da), 

corresponding to partial decaging product of sfGFP-PAOK. To verify this hypothesis, we fully 
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removed the photocaging group through UV exposure (365 nm, 10 min), and subsequent ESI-

MS analysis revealed a single peak that is 24 Da higher than sfGFP-AOK (expected mass: 

28229.7 Da, observed mass: 28253.4 Da), a molecular weight shift that was also observed in the 

spectrum of the deprotected sfGFP-BAOK. This result suggested that the photocaging group was 

completely removed upon UV irradiation. Although the exact cause of this molecular weight shift 

was not fully understood, we speculated that aminooxy might react with trace amount of 

acetylaldehyde during MS analysis. Similar molecular weight shift has been observed before, as 

aminooxy shows high reactivity with small amount of carbonyl-containing compounds.183 

 

Figure 4.3. Site-specific protein labeling with genetically encoded aminooxy group. (A) Structure of 

coumarin aldehyde (CA). (B) Labeling of sfGFP-aminooxy with coumarin aldehyde. (C) Structure of 

fluorescein ketone (FK). (D) Labeling of sfGFP-aminooxy with fluorescein ketone. Fluorescence was 

analyzed in-gel by ChemiDoc (Alexa 488 setting for 6, Fluorescein setting for 7, for both settings, ex: 

470 nm, em: 530 nm). The same gel was further stained with Coomassie Brilliant Blue and imaged by 

ChemiDoc (Coomassie Blue setting). 

 

We then tested whether site-specific protein labeling could be achieved through 

genetically encoded aminooxy group. To this end, decaged sfGFP-PAOK (5 μM), the coumarin-
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aldehyde (abbreviated as CA, 1 mM, Sigma), and aniline (100 mM) were incubated in NaOAc 

buffer (pH 5.5). Aniline was used as a nucleophilic catalyst for the oxime ligation.178a In-gel 

fluorescence showed that sfGFP with aminooxy group could be labeled with CA (Fig 4.3B). The 

fluorescence reached its peak within 10 min at room temperature (Fig 4.4). The reaction rate is 

comparable to that of the previously reported aldehyde/aminooxy reaction.167 Virdee group did 

not report conjugation kinetics, but a different condition was used for diubiquitin generation (pH 

6, 37 °C for 1 h).179 As expected, protein with lysine at position (sfGFP-Y151K) did not show any 

labeling under the same conditions, suggesting that CA was selectively reacting with aminooxy 

group. The ESI-MS spectrum revealed a single peak that matched the oxime ligation product of 

sfGFP-AOK with CA (expected mass: 28457.0 Da, observed mass: 28457.4 Da).  

 

Figure 4.4. Time-course study of sfGFP-aminooxy labeling with coumarin aldehyde. Fluorescence was 

analyzed in-gel by ChemiDoc (Alexa 488 setting, ex: 470 nm, em: 530 nm). The same gel was further 

stained with Coomassie Brilliant Blue and imaged by ChemiDoc (Coomassie Blue setting). 

 

To further explore the reactivity of the aminooxy group, we tested protein labeling with the 

fluorescein-ketone (abbreviated as FK, synthesized by Subhas Samanta). In-gel fluorescence 

showed that FK could be successfully labeled on sfGFP (Fig 4.3D). The ESI-MS spectrum 

revealed a single peak that matched the oxime ligation product of sfGFP-AOK with FK (expected 

mass: 28671.16 Da, observed mass: 28670.23 Da). Protein with lysine at position (sfGFP-Y151K) 

did not show any labeling under the same conditions, suggesting that FK was selectively reacting 
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with aminooxy group, but not lysine (Fig 4.5). A time-course study revealed that the fluorescence 

intensity was highest after 24 h (Fig 4.5). The slower reaction rate of the ketone FK compared to 

the aldehyde CA is not surprising. 167 

 

Figure 4.5. Time-course study of sfGFP-aminooxy labeling with fluorescein ketone. Fluorescence was 

analyzed in-gel by ChemiDoc (Fluorescein setting, ex: 470 nm, em: 530 nm). The same gel was further 

stained with Coomassie Brilliant Blue and imaged by ChemiDoc (Coomassie Blue setting). 

 

 To demonstrate that this labeling strategy is applicable to other proteins, we also 

incorporated AOK into the fourth position of myoglobin. Facile labeling of decaged myo-PAOK 

with CA was observed (Fig 4.6A), and was further confirmed by the ESI-MS analysis (expected 

mass: 18625.4 Da, observed mass: 18625.4 Da), demonstrating the robustness of the developed 

bioconjugation methodology. Similarly, oxime ligation with FK was detected as well (Fig 4.6B). 
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Figure 4.6. Labeling of myoglobin with (A) coumarin aldehyde and (B) fluorescein ketone. Fluorescence 

was analyzed in-gel by ChemiDoc (Alexa 488 setting for 6, Fluorescein setting for 7, for both settings, 

ex: 470 nm, em: 530 nm). The same gel was further stained with Coomassie Brilliant Blue and imaged 

by ChemiDoc (Coomassie Blue setting). 

 

We then sought to conduct protein conjugation with large molecules. PEGylation is a 

frequent protein modification to improve efficacy and stability of therapeutic proteins.184 Reaction 

of decaged sfGFP-PAOK with PEG-5k (Sigma, 37 °C, 2 days) resulted in a band that corresponds 

to PEGylated sfGFP on SDS-PAGE (Fig 4.7B). However, the reaction showed only 21% 

PEGylation based on image quantification (ImageJ). The reaction yield is lower than PEGylation 

through an acrylamide unnatural amino acid (~ 50%).36 We then sought to generate a diubiquitin 

with oxime linkage through the reaction of decaged Ub-PAOK and Ub-aldehyde (Enzo Life 

Sciences). The Ub-aldehyde has the C-terminus glycine carboxyl modified into an aldehyde. We 

observed 24% of the diubiqutin product (Fig 4.7C). As we performed this experiment, Virdee group 

generated the diubiquitin-oxime conjugate using the same strategy, and tested that it is resistant 

to hydrolysis of deubiquitylating enzymes (DUBs).179  
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Figure 4.7. sfGFP PEGylation and ubiquitin conjugation through oxime ligation. (A) Structure of PEG-

5k used for conjugation. (B) sfGFP-aminooxy reacted with PEG-aldehyde, generating PEGylated 

sfGFP. (C) Ub-aminooxy reacted with Ub-aldehyde, generating diubiquitin with oxime linkage. The gel 

was stained with Coomassie Brilliant Blue and imaged by ChemiDoc (Coomassie Blue setting). 

 

We also explored if PAOK could be genetically incorporated in mammalian cells. 

Treatment of HEK293T cells with 1 or 1.5 mM of PAOK did not show apparent toxicity. We used 

mCherry-TAG-EGFP-HA as a reporter, where the TAG amber codon resides between mCherry 

and EGFP. Cells will only show EGFP fluorescence when the unnatural amino acid is successfully 

incorporated, and mCherry serves as a control for transfection efficiency. We observed EGFP 

fluorescence only in the presence of PAOK, indicating successful incorporation of PAOK in 

mammalian cells (Fig 4.8B). The western blotting analysis further confirmed PAOK-dependent 

expression of mCherry-TAG-EGFP-HA protein (Fig 4.8D). 
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Figure 4.8. Genetic incorporation of PAOK into mCherry-TAG-EGFP in mammalian cells. Cells were 

transfected with pmCherry-TAG-EGFP-HA and pPCKRS-4CMV-U6-PylT plasmids, and were further 

treated with (A) no UAA, (B) 1 mM of PAOK, (C) 0.25 mM of PCK. Images were taken at 24 h, with 10x 

objective. Scale bar indicates 200 μm. (D) Incorporation of PAOK into EGFP-TAG-mCherry-HA, 

analyzed by western blotting. GAPDH was used as loading control. 

 

We then tried to achieve cell labeling using oxime ligation. We first incorporated PAOK 

into mCherry-actin at lysine 144 position, and observed PAOK-dependent expression of mCherry-

actin (Fig 4.9A). The mCherry expression showed expected actin filament in both HEK293T cells 

(Fig 4.9B) and HeLa cells (Fig 4.9C). At 24 h, cells were fixed with 3.7% formaldehyde and 

permeabilized with 0.5% Triton X100. Fixed cells were further irradiated with UV light, and reacted 

with CA (coumarin-aldehyde). After reaction, cells were washed with PBS twice and imaged. 

However, while cells expressed mCherry-actin in the presence of PAOK, they were not labeled 

with CA after oxime ligation (Fig 4.9B and Fig 4.9C). We speculate that the aminooxy group might 



168 

 

react with free carbodrydrates in cells,185 thus making the labeling with an aldehyde dye inefficient. 

Besides, the EGFP channel (ex. BP470/40; em. BP525/50) is not ideal for imaging of CA. Other 

fluorescent dyes that show higher brightness under these imaging conditions might be pursued. 

 

Figure 4.9. Cellular labeling with genetically encoded aminooxy group. (A) Genetic incorporation of 

PAOK into mCherry-actin-K144TAG in HEK293T cells. Cells were transfected with pmCherry-actin-

K144TAG and pPCKRS-4CMV-U6-PylT plasmids, and were treated with PAOK (1 mM). Photocaged 

lysine (PCK) was used as a control. Images were taken at 24 h with an 20x objective. Scale bar 

indicates 100 μm. (B) Cell labeling with CA in HEK293T cells. Fixed cells were reacted with CA 
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(coumarin aldehyde) for 2 h at room temperature. Images were taken with a Nikon confocal microscope 

(60x objective). (C) Cell labeling with CA in HeLa cells. Fixed cells were reacted with CA (coumarin 

aldehyde) for 2 h at room temperature. Images were taken with Nikon confocal microscope (60x 

objective). 

 

In summary, we report the genetic encoding of an aminooxy nucleophile. Site-specific 

protein labeling was achieved through oxime ligation between an incorporated aminooxy side-

chain and aldehyde or ketone dyes. Recently it was found that ketone-selective reagents are not 

fully orthogonal in mammalian cells, probably due to the existence of carbonyl derivatives on 

protein side-chains following post-translational oxidation processes.186 Thus, an aminooxy-

reactive reagent might show less background labeling. One potential concern is the non-specific 

reaction between the aminooxy group and free carbohydrates in cells.185 And we have not found 

other reports using aminooxy group in cells and animals. However, the installation of an aminooxy 

group onto a protein still holds promise in the selective and rapid conjugations of proteins in vitro 

and in vivo. For example, it might allow spatio-temporal control of bioconjugation in mammalian 

cells.165a The efficient protein labeling strategy is also expected to present new approaches for 

protein engineering, including synthesis of site-specific antibody-drug conjugate187 and self-

assembled antibody multimers.188 It can also uniquely generate nonhydrolyzable ubiquitin 

conjugate in test tubes, as has been shown before.179 In the future, effort is needed to further 

increase the incorporation efficiency of photocaged aminooxy UAA (currently the yield is only 3 

mg/L). This could be done by identifying a better mutant PylRS that incorporates PAOK. Other 

aminooxy UAA with a different photocaging group, for example, a coumarin caging group,60 could 

also be explored. For cellular labeling experiment, other fluorescent dyes that show higher 

brightness under microscope might also be tested. 
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Experimental 

Plasmid construction 

The backbone of pBAD plasmid was generated by digesting pBAD-Myo4TAG-PylT plasmid (8000 

ng, gift from Dr. Ashton Cropp lab) with NcoI and NdeI restriction enzymes, followed by gel 

extraction of the band corresponding to the correct length of the backbone (~5500 bp). The pBAD-

Ub-K48TAG-PylT plasmid was constructed by cloning Ub-K48TAG fragment into a pBAD 

backbone using NcoI and NdeI restriction sites (Fwd: 5’-gacccatggcgatttttgtgaaaaccctgacc-3’, 

Rev: 5’-tagcatatgttaatggtgatggtgatgatgGCCGCTGCCgccgccacgcagacgcagcac-3’). A Gly-Ser-

Gly linker was added between Ubiquitin and Histidine tag to allow adequate flexibility of ubiquitin 

(capitalized letter). The pmCherry-actin plasmid was a gift from the Roy lab (University of 

Pittsburgh).189 The original TAG stop codon on the pmCherry-actin plasmid was mutated to TGA 

by site-directed mutagenesis (Fwd: 5’-cgtccaccgcaaatgcttctgaggatccaccggatctagataac-3’, Rev: 

5’-gttatctagatccggtggatcctcagaagcatttgcggtggacg-3’). The TAG mutation was introduced at lysine 

144 position by site-directed mutagenesis (Fwd: 5’- ggccccgtaatgcagaagtagaccatgggctgggaggcc-

3’, Rev: 5’-ggcctcccagcccatggtctacttctgcattacggggcc-3’). 

 

Protein expression in E. coli 

pBAD-sfGFP-Y151TAG-pylT (or pBAD-Myo4TAG-pylT or pBAD-Ub-K48TAG-pylT) and pBK-

PCKRS (M. barkeri PylRS with mutations M241F, A267S, Y271C, and L274M, generated by Dr. 

Jason Chin)19d were co-transformed (50 ng for each) into E. coli Top10 cells. A single colony was 

grown overnight (37 °C, 250 rpm) in LB supplemented with Amp (50 μg/ml) and Tet (25 μg/ml), 

and the overnight culture (250 μl) was added to LB (25 ml) supplemented with the designated 

unnatural amino acid, Tet (25 μg/ml), and Amp (50 μg/ml). Cells were grown at 37 °C, 250 rpm, 

and the protein expression was induced with arabinose (0.1 %) when OD600 reached 0.4 

(measured by Nanodrop). After overnight expression at 37 °C, cells were pelleted (5000 g, 10 
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min) and resuspended in phosphate lysis buffer (pH 8.0, 50 mM of phosphate salt, 6 ml). Triton 

X-100 (60 μl, 10%) was added to the mixture. The lysate was incubated on ice for 1 h, sonicated 

(power level 5, pulse ‘on’ for 30 sec, pulse ‘off’ for 30 sec, with a total of 4 min, 550 sonic 

dismembrator), and then centrifuged (13,000 g) at 4 °C for 10 min. The supernatant was 

transferred to a 15 mL conical tube, and Ni-NTA resin (Qiagen, 100 μl) was added. The mixture 

was incubated at 4 °C for 2 h with mild shaking. The resin was then collected by centrifugation 

(1,000 g, 10 min) and washed with lysis buffer (300 μl), this was repeated twice, followed by two 

washes with wash buffer (300 μl) containing imidazole (20 mM). The protein was eluted with 

elution buffer (300 μl) containing imidazole (250 mM). The purified proteins were analyzed by 

SDS-PAGE (10%), and stained with Coomassie Brilliant Blue. For protein mass spectrometry, the 

purified protein was dialyzed in 50 mM ammonia acetate solution overnight at 4 oC. The dialyzed 

sample (10 μl, 5 μM) was analyzed by electrospray ionization mass spectrometry (Thermo 

Scientific Q-Exactive Oribtrap). 

 

Protein labeling 

sfGFP-PAOK (or Myo-PAOK) (5 μM, 100 μl) was irradiated in a PCR tube with a UV 

transilluminator (10 min, 365 nm, VWR), and was mixed with CA or FK (final concentration of 1 

mM) in the presence of aniline (final concentration of 100 mM). The reaction was performed in 

NaOAc buffer (pH 5.5) at room temperature. Samples (20 μl) were taken out at different reaction 

time points (1/6 h, 2 h, 6 h, 24 h), and were analyzed by SDS-PAGE (10%). SDS-PAGE was run 

at 60 V for 15 min, and 150 V for 45 min. Fluorescence was analyzed in-gel by ChemiDoc (Alexa 

488 setting for CA, Fluorescein setting for FK, both settings utilize the same excitation (470 nm) 

and emission (530 nm) filters). The same gel was further stained with Coomassie Brilliant Blue 

and imaged by ChemiDoc (Coomassie Blue setting). 
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Protein PEGylation 

sfGFP-PAOK (5 μM, 40 μl) was irradiated with a UV transilluminator (10 min, 365 nm, VWR), and 

was incubated with PEG-5k-aldehyde (final concentration of 10 mM, Sigma #41964) in the 

presence of aniline (final concentration of 100 mM). The reaction was performed at 37 °C for 2 

days, and the product was analyzed by SDS-PAGE (10%). SDS-PAGE was run at 60 V for 15 

min, and 150 V for 45 min. Protein was stained with Coomassie Brilliant Blue, and imaged with 

ChemiDoc (Coomassie Blue setting). PEGylation yield was calculated based on the intensity of 

protein bands. The protein bands were selected on ImageJ, and the intensity was analyzed by 

“Plot Lane” function. 

 

Ubiquitin dimerization 

Ub-PAOK (5 μM, 100 μl) was irradiated with a UV transilluminator (10 min, 365 nm, VWR), and 

was incubated with Ub-aldehyde (final concentration of 5 μM, Enzo Life Sciences) in the presence 

of aniline (final concentration of 100 mM). The reaction was performed at 37 °C for 2 days, and 

was analyzed by SDS-PAGE (10%). SDS-PAGE was run at 60 V for 15 min, and 150 V for 45 

min. Protein was stained with Coomassie Brilliant Blue, and imaged with ChemiDoc (Coomassie 

Blue setting). The dimer formation was calculated based on intensity of protein band. The protein 

bands were selected on ImageJ, and the intensity was analyzed by “Plot Lane” function. 

 

Genetic incorporation of PAOK in mammalian cell 

Human embryonic kidney (HEK) 293T cells (ATCC, #CRL-11268) were grown in DMEM 

(Dulbecco’s Modified Eagle Medium) supplemented with 10% FBS, 1% Pen-Strep, and glutamine 

(2 mM) in 96-well plates in a humidified atmosphere with 5% CO2 at 37 °C. HEK 293T cells were 

transiently transfected with pmCherry-TAG-EGFP-HA (200 ng) and pPCKRS-4CMV-U6-PylT (200 

ng) at ∼75% confluency in the presence of PAOK (1 mM) or PCK (0.25 mM). Branched 
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polyethylene imine (bPEI, 1.5 μl, 1 mg/ml) was used as transfection reagent for each well. After 

an overnight incubation at 37 °C, cells were imaged on a Zeiss Observer Z1 microscope, with 

EGFP channel (filter set 38 HE; ex. BP470/40; em. BP525/50) and mCherry channel (filter set 43 

HE; ex. BP575/25; em. BP605/70).   

 

Western blotting 

HEK 293T cells were co-transfected with pmCherry-TAG-EGFP-HA (2000 ng) and pPCKRS-

4CMV-U6-PylT (2000 ng) in the presence or absence of PAOK (1.5 mM) in a six-well plate. 

Branched polyethylene imine (bPEI, 15 μl, 1 mg/ml) was used as transfection reagent for each 

well. After 48 h of incubation, the cells were washed with chilled phosphate-buffer saline (PBS, 1 

ml), and lysed in mammalian protein extraction buffer (250 μl, GE Healthcare). The cell lysates 

were separated by 10% SDS-PAGE (run with 60V for 15 min, and 150 V for 45 min) and were 

transferred to a PVDF membrane (GE Healthcare). The membrane was blocked in tris-buffer 

saline (TBS) with 0.1% Tween 20 and 5% milk for 1 h. The blots were probed with the primary 

antibody (1:1,000, anti-HA (sc-805) or anti-GAPDH (sc-25778), Santa Cruz) overnight at 4 °C, 

followed by incubation with secondary goat anti-rabbit IgG-HRP antibody (1:20,000, sc-2004, 

Santa Cruz) for 1 h at room temperature. The blots were further incubated with the SuperSignal 

West Pico working solution (mixture of the Stable Peroxide Solution and the Luminol/Enhancer 

Solution, 500 μl each, Thermo Scientific) for 5 min at room temperature. The luminescence signal 

was detected by ChemiDoc (Chemi Hi Sensitivity setting, manual exposure time: 10 sec). 

 

Cellular labeling with the genetically encoded aminooxy group 

Human embryonic kidney (HEK) 293T cells or HeLa cells were co-transfected with pmCherry-

actin-K144TAG (200 ng) and pPCKRS-4CMV-U6-PylT (200 ng) at ∼75% confluency in the 

presence of PAOK (1 mM) or PCK (0.25 mM). Branched polyethylene imine (bPEI, 1.5 μl, 1 mg/ml) 
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was used as transfection reagent for each well. After an overnight incubation at 37 °C, cells were 

washed with chilled PBS, fixed with 3.75% formaldehyde (200 μl), and permeabilized with 0.5% 

Triton X100 (100 μl). Cells were then irradiated in PBS (100 μl) with UV light (365 nm, VWR UV 

transilluminator) for 2 min, and were reacted with CA (coumarin-aldehyde, final concentration of 

1 μM) in the presence of aniline (final concentration of 100 mM) for 2 h at room temperature. After 

reaction, cells were washed with PBS (200 μl) twice, and were imaged with a confocal microscope 

(60x objective, Nikon A1). 
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5.0 Expanding the Genetic Code in Zebrafish Embryos 

 

5.1 Incorporation of Unnatural Amino Acids into Proteins in Zebrafish 

 

This material was reprinted, in part, with permission from Liu, J.; Hemphill, J.; Samanta, S.; Tsang, 

M.; Deiters, A. J. Am. Chem. Soc. 2017, 139 (27). 

 

Although site-specific incorporation of unnatural amino acids has been performed in 

metazoans,24-26, 190 previous experiments were limited to reporter genes and no expression of 

functional proteins that affect animal physiology has been reported. The zebrafish is a commonly 

employed model organism for vertebrate development,191 disease modeling192 and drug 

discovery.193 The ex vivo development and transparency of the embryo make it an excellent 

system for the application of non-invasive optical tools, including light-activated antisense 

agents,194 thereby providing insight into gene regulatory processes and networks with spatial and 

temporal resolution. Moreover, microinjection of mRNA into the 1-cell stage embryo is a standard 

and rapid approach for delivery of exogenous genes that can be readily adapted to encode for 

any gene product and provides homogenous protein expression in zebrafish.195 Taken together, 

these distinct advantages over other model organisms make the zebrafish an ideal system for a 

wide range of biological studies.196  

 Light-regulation of protein activity in zebrafish has been reported using natural 

photoreceptor domains,197 however, the genetic encoding of photocaged amino acids will further 

expand the optogenetic toolbox and will enable a rational design of light-activated proteins based 

on their function or structure. For example, photocaged lysine analogs have been applied to the 

optical control of protein localization,19d kinase function,148 and CRISPR/Cas9 gene editing198 in 

http://pubs.acs.org/doi/abs/10.1021/jacs.7b02145
http://pubs.acs.org/doi/abs/10.1021/jacs.7b02145
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human cells. By genetically encoding a photocaged lysine using the PylRS system in zebrafish 

embryos, we demonstrate the consequences of optical control of MEK activation at different 

stages in development. Temporal control of kinase function led to the identification of a critical 

time window for activity of the MEK/ERK pathway in order to establish dorsal/ventral polarity in 

the early embryo. 

 We first tested incorporation of unnatural amino acids using a Renilla luciferase (Rluc) 

reporter assay. Wild-type Rluc was active in zebrafish embryos (Fig 5.1), and was used as a 

positive control.  

 

Figure 5.1. Activity of wild-type Rluc in zebrafish embryos. Embryos were injected with wild-type Rluc 

mRNA (100 pg). Embryos were collected at 48 hpf, and luciferase assays were performed. N indicates 

the number of pooled samples (4 embryos each). Statistical significance is indicated by *** p < 0.001 

(unpaired t-tests). 

 

We predicted that incorporation of an unnatural amino acid at a leucine residue (L95) 

located at the surface of Rluc would not interfere with Rluc function, thereby generating a highly 

specific reporter for amber codon suppression (Fig 5.2B). Thus, L95 was mutated to a TAG codon 

to probe read-through during translation. After injection of all the necessary genetic components 
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to the zebrafish embryos, the fish lysate was collected at 48 hpf for luciferase assay. The Rluc 

activity indicated the incorporation efficiency of the UAA (Fig 5.2A). 

 

Figure 5.2. Injection, gene expression, and Rluc reporter assay. (A) Zebrafish embryos were injected 

with PylRS mRNA, PylT, Rluc-L95TAG mRNA, PylT, and UAA at 1-2 cell stage. At 48 hpf, fish lysate 

was collected for luciferase assay. (B) Renilla luciferase as a reporter for unnatural amino acid 

incorporation. The unnatural amino acids were incorporated at a permissive leucine residue (L95) 

located at the protein surface (shown in red). PDB: 2PSD.  

 

To this end, the M. barkeri wild-type PylRS (WTRS), Rluc-L95TAG mRNAs and PylT were 

synthesized through in vitro transcription. WTRS mRNA and PylT were injected together with the 

unnatural amino acid (UAA) into zebrafish embryos. After 48 h, zebrafish lysate was collected for 

luciferase assays and a 217- and 161-fold increase of Rluc activity was observed in the presence 

of the UAAs 1 and 2, respectively (Fig 5.3). Negligible Rluc activity in the absence of the UAA 
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demonstrated the excellent fidelity of the PylRS system in zebrafish embryos, as none of the 

common 20 amino acids were recognized as substrates.  

 Inspired by the success of using wild-type PylRS for incorporating 1 and 2, which could 

be applied in both protein labeling and protein activation experiments,18b, 157b we examined if 

mutant PylRS enzymes can be employed in embryos to incorporate more structurally complex 

amino acids. To this end, we synthesized mRNA of HCKRS60 and OABKRS,61 which have been 

shown to incorporate 3 and 4, respectively. We performed injections as described above, and 

observed a 70- and 34-fold increase of Rluc activity in the presence of 3 and 4, respectively (Fig 

5.3).  

 

Figure 5.3. Genetic encoding of the unnatural amino acids 1-4 in zebrafish embryos. (A) Structures of 

the unnatural lysine derivatives modified with an alkene, an alkyne, a coumarin caging group, and an 

azido benzyl group. (B) Incorporation of 1-4 into Rluc-L95TAG quantified by Rluc activity. 
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We also tested the toxicity of these UAAs in zebrafish. No toxicity was observed for any 

of the four UAAs (Fig 5.4). Taken together, we demonstrated successful genetic encoding of four 

different UAAs in zebrafish embryos. 

 

Figure 5.4. Toxicity test of the unnatural amino acids 1-4. Embryos were injected with 1% DMSO or 

unnatural amino acid, and the numbers of live and dead embryos were counted at 24 hpf. No 

developmental defects were observed in live embryos. N represents the number of embryos observed. 

 

We further explored the effect of PylT on incorporation efficiency. We found that 

chemically synthesized PylT showed similar efficacy compared to in vitro transcribed PylT (Fig 

5.5). However, when we tested in vitro transcribed PylT without a CCA tail, significantly lower 

efficacy was noted (Fig 5.5). The CCA tail is a conserved sequence at the 3′ end of tRNA, which 

is acylated with the amino acid. Although this sequence can be added by CCA-adding enzymes 

in cells,199 our results suggested that the direct addition of a CCA tail on the PylT improved 

incorporation efficiency, and thus was used in all subsequent experiments.  
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Figure 5.5. Comparison of incorporation efficiency with different PylTs. The unnatural amino acid 1 was 

incorporated into Rluc-L95TAG. N indicates the number of pooled samples (4 embryos each). 

Statistical significance is indicated by * p < 0.05, ** p < 0.01, and *** p < 0.001 (unpaired t-tests). 

 

We then tested the effect of PylT concentration on incorporation efficiency. Different PylT 

amount (2 ng, 1 ng, 500 pg) was injected per embryo, and the incorporation was assayed by 

luciferase activity. We found that 2 ng was critical for high incorporation efficiency (Fig 5.6). This 

is in agreement with previous findings of the PylT amount possibly being a limiting factor for 

genetic encoding of UAAs.200 



181 

 

 

Figure 5.6. Comparison of incorporation efficiency with different amounts of PylT-CCA (in vitro 

transcribed). The unnatural amino acid 1 was incorporated into Rluc-L95TAG. N indicates the number 

of pooled samples (4 embryos each). Statistical significance is indicated by * p < 0.05 and ** p < 0.01 

(unpaired t-tests). 

 

 We then asked if UAAs other than lysine derivatives could also be incorporated. We chose 

to test two photocaged tyrosines first (ONBY and NPY, discussed in Chapter 2.1), because they 

have been successfully incorporated in E. coli and mammalian cells with high yield.22, 66 Therefore, 

we synthesized mRNA of ONBYRS (corresponding to EV20 in E. coli, with L270F, L274M, N311G, 

C313G, Y349F mutations),66 and performed injections as described above. We observed a 23-

fold increase of Rluc activity in the presence of ONBY (Fig 5.7B). However, no significant Rluc 

activity was detected in the presence of NPY. The result is surprising and the experiment might 

worth repeating, because the incorporation efficiency of ONBY and NPY were similar in E. coli 

(data in Chapter 2.1). Moreover, I previously identified a better synthetase (ONBYRS1, with 

Y271M, L274T, N311A, C313A, Y349W mutations) for ONBY incorporation using the library 
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selection (data in chapter 2.3). This PylRS mutant should be tested in the context of zebrafish as 

well. 

 

Figure 5.7. Genetic incorporation of caged tyrosine (ONBY, NPY) in zebrafish embryos. (A) Structures 

of ONBY and NPY. (B) Incorporation of ONBY and NPY into Rluc-L95TAG, quantified by Rluc activity. 

N indicates the number of pooled samples (4 embryos each). Statistical significance is indicated by ns: 

not significant, and *** p < 0.001 (unpaired t-tests). 

 

 The photocaged lysine 3 has previously been applied to control protein function in 

mammalian cells using 365 nm, 405 nm, and 760 nm (two-photon) irradiation.60 With successful 

genetic encoding of 3 in zebrafish, we tested if protein function can be manipulated with light in 

developing embryos. As an initial proof-of-concept, we utilized firefly luciferase (Fluc) with a TAG 

amber codon at position lysine 206, because installation of 3 blocks Fluc activity until light 

exposure.60 In order to create an internal control for incorporation efficiency, we fused Rluc to the 

C-terminus of Fluc-K206TAG (Fig 5.8A). To this end, Fluc-K206TAG-Rluc mRNA was injected, 

together with HCKRS mRNA, PylT, and 3, into zebrafish zygotes. After 48 h, embryos were either 

briefly irradiated at 365 nm or kept in the dark. Embryo lysate was subsequently collected and a 

luciferase assay was performed for both Fluc and Rluc. Excellent optical OFF to ON switching of 

Fluc function was observed, with negligible background activity before irradiation (Fig 5.8B). 
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Normalization of Fluc activity to Rluc activity, as a TAG codon suppression control, revealed a 26-

fold increase of Fluc activity upon light-triggering. This result shows that light-activation of protein 

function can be achieved in live zebrafish embryos with an expanded genetic code. 

 

Figure 5.8. Optical control of luciferase activity (A) Construct used for generating a photocaged firefly 

luciferase followed by light activation. Renilla luciferase was used as an internal control for incorporation 

efficiency. Fluc containing 3 at position K206 is inactive, as ATP is blocked from the active site (PDB 

2D1S). Decaging restores Fluc activity. (B)  Fluc activity was observed after UV exposure, while Rluc 

activity was not affected and was used as an internal control. N indicates the number of pooled samples 

(4 embryos each). Statistical significance is indicated by ns (not significant), * p < 0.05, ** p < 0.01, and 

*** p < 0.001 (unpaired t-tests) 

 

 We then sought to apply genetic code expansion in zebrafish to an enzyme with 

endogenous function in order to demonstrate its utility in altering embryonic development. 

Incorporation of photocaged amino acids into proteins enables precise dissection of signaling 

pathways with light, and this approach has been applied to study the dynamics of MEK/ERK 
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signaling in mammalian cells.148 While the photocaged lysine 3 has not been applied on MEK1 

before, we first confirmed the incorporation of 3 into MEK1in E. coli (Fig 5.9).  

 

Figure 5.9. Coomassie stained gel of Ni-purified MBP-MEK1-K97TAG-3 expressed in E. coli. No protein 

expression was detected in the absence of 3. MBP-MEK1-WT was used as a positive control. 

 

 We further confirmed the subsequent decaging through UV exposure, by MS/MS analysis 

of recombinantly expressed MEK1 protein (Fig 5.10). This result demonstrated that light-activation 

of the MEK1 could be achieved through the incorporation of 3. 
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Figure 5.10. MS/MS analysis confirms incorporation of 3 into MEK1 and subsequent decaging with UV 

light. (a) Full-length protein sequence of MBP-MEK1. Target fragment with 3 is highlighted in yellow, 

and the K97 position is labeled in red. (b) The spectrum before UV irradiation indicates 3 at the 97 

position. (c) The spectrum after UV irradiation indicates lysine at the 97 position. The MBP-MEK1-

K97TAG-3 protein was recombinantly expressed in E. coli. MS/MS analyses were conducted by MS 

Bioworks (Ann Arbor, MI). 
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While optical activation on the second to minute timescale in mammalian cells provided 

further insight into adaptive behavior of the MEK/ERK network in single cells, in the context of 

zebrafish biology, kinase signaling pathways are important regulators throughout 

embryogenesis.201 The MEK/ERK pathway is a well-known downstream target of Fibroblast 

Growth Factor (FGF) signaling and plays an important role in mesendoderm induction and 

dorsoventral patterning of the zebrafish embryo. FGF signaling induces expression of chordin and 

noggin, secreted inhibitors of ventralizing bone morphogenetic proteins resulting in dorsalization 

(Fig 5.11A).202 An inhibitor-based chemical approach has previously been used for perturbation 

of the MEK/ERK pathway during zebrafish development;203 however, pharmacological inhibitors 

only allow for the deactivation of kinase function – not activation, and their specificity is often 

limited. We reasoned that optical activation of the MEK/ERK pathway in zebrafish provides an 

innovative tool to study its role, as site-specific incorporation of the caged amino acid 3 conveys 

complete kinase specificity. Substituting the critical lysine 97 with 3, the caging group blocks the 

ability of the enzyme to correctly position ATP in the MEK1 active site (Fig 5.11B). We then 

generated mRNA of constitutively active MEK1 (caMEK1, containing S218D and S222D 

mutations), and confirmed that injection of caMEK1 led to dorsalized embryos at 10 hpf (Fig 

5.11D,E), as previously reported.203 We further generated caMEK1-K97TAG mRNA and injected 

it into zebrafish embryos, together with HCKRS mRNA, PylT, and 3. When these embryos were 

left in the dark, they developed normally, indicating that caged MEK1 was inactive (Fig 5.11D). 

To activate caged MEK1 at different developmental stages, we irradiated embryos for 30 seconds 

at 2 h, 5 h or 8 h post injection. Light-activation of MEK1 can efficiently increase ERK 

phosphorylation at all three time points (Fig 5.11C). Embryos irradiated at 2 h and 5 h showed an 

elongated phenotype at 10 hpf (Fig 5.11D,E). However, the majority of embryos irradiated at 8 h 

appeared normal at 10 hpf (Fig 5.11E), indicating that active MEK was not able to efficiently trigger 

an elongated phenotype after 8 hpf.  
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Figure 5.11. Light-activation of MEK1 leads to elongated zebrafish embryos. (A) Activation of caged 

MEK1 induces an elongated phenotype through the secreted bmp inhibitors chordin and noggin. (B) 

MEK1 containing 3 at position K97 is inactive, as ATP is blocked from the active site (PDB 1S9J). 

Removal of the caging group through light exposure restores MEK1 activity. (C) Time-course analysis 

of ERK phosphorylation by activated MEK1. (D) Micrographs of embryos imaged at 10 hpf; irradiation 

was performed at 5 h post injection. Embryos expressing caged MEK1 only displayed an elongation 

phenotype when activated through light exposure. (E) Temporal activation of MEK1 reveals a critical 
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time window for activity of the MEK/ERK pathway in the early embryo. N indicates the number of 

phenotypically scored embryos. 

 

 We then tested if optical activation of the MEK/ERK pathway resulted in a change at the 

gene expression level. We probed expression of the brachyury homolog a (ta) gene, a well-known 

downstream target of the FGF/MEK/ERK pathway.204 At shield stage (6 hpf), embryos that were 

exposed to UV light showed broader expression of ta in the margin when compared to embryos 

that were kept in the dark (Fig 5.12A). In some instances, ta expression was detected at the 

animal pole of the embryos, a pattern that is similar to embryos injected with constitutively active 

MEK1. At bud stage (~10 hpf), the expression of the ta was also wider along the notochord in 

light-activated embryos compared to embryos that were not irradiated (Fig 5.12B).  
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Figure 5.12. Upregulation of downstream targets in response to light-activated MEK1. (A) Expression 

of the brachyury homolog a (ta) gene at shield stage.  Embryos that express caged MEK1 show broader 

expression after exposure to UV light, compared to embryos that were kept in the dark (see red 

brackets). (B) The same experiments conducted at bud stage showed wider expression along the 

notochord after light-activation. The number of embryos with the displayed expression and the total 

number of embryos is indicated. Red brackets mark the ta expression area. Lateral views (A) and dorsal 

views with the anterior at the top (B).  

 

We also probed expression of the chordin (chd) gene, a marker for dorsalized embryos 

that is known to be induced following activation of the FGF/Ras/MAPK pathway.205 As expected, 

embryos that were exposed to UV light showed expanded expression of chd at shield stage, 

compared to embryos that were kept in the dark (Fig 5.13).  
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Figure 5.13. Upregulation of chordin (chd) expression in response to light-activation of MEK1, imaged 

at shield stage. Embryos that express caged MEK1 show expanded expression after exposure to UV 

light, compared to embryos kept in the dark (see red arrows). Animal views with the dorsal side to the 

right. Number of embryos that displayed the shown expression pattern and total number of embryos 

are shown. 

 

 Taken together, the observed ta and chd expression patterns in response to optical MEK1 

activation and the time-resolved phenotypic studies demonstrate that the MEK/ERK pathway 

influences dorsal/ventral patterning in zebrafish development before 8 hpf, thereby providing 

support for early intervention with pharmacological MEK inhibitors for related congenital defects 

in humans, such as cardio-facio-cutaneous syndrome.203, 206  

In conclusion, we incorporated four unnatural amino acids into proteins in zebrafish 

embryos through genetic code expansion using injection methods that are applicable to many 

zebrafish studies. We demonstrated light-activation of enzymatic function, specifically luciferase 

activity, through site-specific incorporation of a photocaged unnatural amino acid in live embryos. 

We then applied this methodology to the temporal activation of the MEK/ERK pathway in zebrafish, 

and identified a time window for MEK activity that can influence dorsoventral patterning. Besides 

controlling protein function with light, other potential applications of unnatural amino acids in live 

zebrafish embryos include small molecule triggered protein activation, site-specific labeling of 

proteins with fluorescent and biophysical probes, and probing protein interactions through 

covalent bond formation with electrophilic or photocrosslinking groups. The zebrafish is a well-
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established model organism for human development and disease, and we anticipate that the 

ability to genetically encode a 21st amino acid will become a powerful tool to manipulate and study 

protein function in animals. 

 

Experimental 

Materials 

The zebrafish experiments were performed according to a protocol approved by the Institutional 

Animal Care and Use Committee (IACUC) at the University of Pittsburgh. The AB* strain was 

maintained under standard conditions at the University of Pittsburgh School of Medicine in 

accordance with Institutional and Federal guidelines. Unnatural amino acid 1 was purchased from 

Chem-Impex International. Unnatural amino acids 2 to 4, ONBY, and NPY were synthesized as 

described previously.18b, 22, 60-61, 66 

 

Statistical methods 

Error bars represent s.e.m. for the N numbers shown in figures. Sample sizes were chosen 

because preliminary experiments suggested that it would be sufficient to indicate incorporation of 

unnatural amino acid. No statistical methods were used to predetermine sample size. Unpaired t-

tests were used to calculate statistical significance.  

 

Plasmid construction 

The Renilla luciferase (Rluc) gene was amplified from pGL4.7 (Promega) using primers P1 and 

P2 (for sequence information see Table 5.1), and was cloned into BamHI and XbaI sites of the 

pCS2+ plasmid through an in-fusion cloning kit (Clontech). The L95TAG mutation was introduced 

into pCS2-Rluc by QuikChange site-directed mutagenesis (Agilent) using P3 and P4. PylRS 

(WTRS, HCKRS, OABKRS, and ONBYRS) was amplified using P5 and P6, and was cloned into 

the pCS2+ plasmid as described above. The firefly luciferase (Fluc) gene was amplified from 
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pGL3 (Promega) using P7 and P8, and was cloned into the pCS2+ plasmid. The K206TAG 

mutation was introduced into pCS2-Fluc using P9 and P10. pCS2-Fluc-K206TAG-Rluc was 

assembled from two overlapping fragments, pCS2-Fluc-K206TAG (amplified with P11 and P12) 

and Rluc (amplified with P13 and P14), using the Gibson assembly method. Maltose binding 

protein (MBP) tagged MEK1 gene (MBP-MEK1) was amplified from Addgene plasmid # 68300,207 

using primers P15 and P16, and was cloned into NcoI and AseI sites of the pBAD-pylT plasmid. 

The K97TAG mutation was introduced using P17 and P18. Constitutively active caMEK1 

(containing S218D and S222D mutations) and MEK1-K97TAG were amplified using P19 and P20, 

and were cloned into the pCS2+ plasmid as described above. All plasmids were confirmed by 

Sanger sequencing. For map of newly constructed plasmid, see Appendix B. 
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P1 tctttttgcaggatccatggcttccaaggtgtacgacc 

P2 tcactatagttctagatcattactgctcgttcttcagcacg 

P3 ggaatggctcatatcgcctctaggatcactacaagtacctcacc 

P4 ggtgaggtacttgtagtgatcctagaggcgatatgagccattcc 

P5 tctttttgcaggatccatggactacaaggacgacg 

P6 tcactatagttctagatcacaggttggtgctgatg 

P7 tctttttgcaggatccatggaagacgccaaaaacataaag 

P8 tcactatagttctagatcattacacggcgatctttccg 

P9 ggatctactggtctgccttagggtgtcgctctgcctcatag 

P10 ctatgaggcagagcgacaccctaaggcagaccagtagatcc 

P11 gcgtgctgaagaacgagcagtacccatacgatgttccagattacgcttaatgatctagaactatagtg 

P12 ggtcgtacaccttggaagcgccggagcccacggcgatctttccgccc 

P13 gggcggaaagatcgccgtgggctccggcgcttccaaggtgtacgacc 

P14 cactatagttctagatcattaagcgtaatctggaacatcgtatgggtactgctcgttcttcagcacgc 

P15 tctttttgcaggatccatgcccaagaagaagccgacgccc 

P16 tcactatagttctagattatcattaagcgtaatctggaacatcgtatgggtacatgacgccagcagcatg
ggttggtgtg 

P17 taatacgactcactatagga 

P18 cggaaaccccgggaatctaa 

PylT oligo (without CCA) TAATACGACTCACTATAGgaaacctgatcatgtagatcgaacggactctaaatccgttca
gccgggttagattcccggggtttccg 

PylT oligo (with CCA) TAATACGACTCACTATAGgaaacctgatcatgtagatcgaacggactctaaatccgttca
gccgggttagattcccggggtttccgcca 

Chemically synthesized 
PylT RNA sequence 

GGAAACCUGAUCAUGUAGAUCGAACGGACUCUAAAUCCGUUCAGC
CGGGUUAGAUUCCCGGGGUUUCCGCCA 

Table 5.1. Primer list used in this study. 

 

Protein expression 

pBAD-MBP-MEK1-K97TAG-pylT was co-transformed with pBK-HCKRS into E. coli Top10 cells. 

A single colony was grown in LB media overnight, and the entire culture (250 μl) was added to 

LB media (25 ml) supplemented with 3 (1 mM), Tet (25 μg ml−1), and Kan (50 μg ml−1). Cells were 

grown at 37 ºC, 250 rpm, and protein expression was induced with arabinose (0.1 %) when OD600 
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reached 0.4. After overnight expression at 27 ºC, cells were pelleted and resuspended in 

phosphate lysis buffer (pH 8.0, 50 mM, 6 ml). Triton X-100 (60 μl, 10%) was added to the mixture. 

The lysate was incubated on ice for 1 h, sonicated, and then centrifuged (13,000 g) at 4 ºC for 10 

min. The supernatant was transferred to a 15 ml conical tube and Ni-NTA resin (Qiagen, 100 μl) 

was added. The mixture was incubated at 4 ºC for 2 h with mild shaking. The resin was then 

collected by centrifugation (1,000 g, 10 min), and washed with lysis buffer (800 μl) and wash 

buffer (800 μl) containing imidazole (20 mM). The protein was eluted with elution buffer (200 μl) 

containing imidazole (250 mM). Expression of MBP-MEK1-K97TAG-3 was confirmed by SDS-

PAGE (8%). For protein decaging, purified proteins (20 μl) were irradiated in a PCR tube for 5 

min with a 365 nm UV transilluminator (8 mW/cm2). 

 

Protein MS/MS 

The non-irradiated and irradiated protein samples were analyzed by SDS-PAGE (8%), and 

stained with Coomassie Brilliant Blue. Regions corresponding to the expected molecular weight 

of MBP-MEK1 were excised and sent for LC-MS/MS analysis (MS Bioworks). The in-gel typsin 

digests were analyzed by nano LC-MS/MS with a Waters NanoAcquity HPLC system interfaced 

to a ThermoFisher Q Exactive. Peptides were loaded on a trapping column and eluted over a 75 

μm analytical column at 350 nL/min. The mass spectrometer was operated in data-dependent 

mode, with MS and MS/MS performed in the Orbitrap at 70,000 FWHM resolution and 17,500 

FWHM resolution, respectively. The fifteen most abundant ions were selected for MS/MS. The 

peptide mass tolerance was set as 10 ppm, and the fragment mass tolerance was set as 0.02 Da. 

Data were filtered using a minimum protein value of 90%, a minimum peptide value of 50% and 

requiring at least two unique peptides per protein. 
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mRNA synthesis  

The corresponding pCS2+ plasmid (10 µg) was linearized through NotI digestion (2 µl of NotI in 

40 µl reaction, 37 °C, overnight). The linearized product (40 µl) was mixed with water (10 µl) and 

phenol:choloform:isoamyl alcohol (PCIA, 50 µl), and centrifuged at maximum speed for 5 min. 

The top layer (~50 µl) was collected, and further mixed with NaOAc (5 µl, 3 M, pH 5.2) and 100% 

ethanol (125 µl). The mixture was centrifuged at maximum speed for 5 min. The pellet was 

washed with 70% ethanol (600 µl), and dissolved in 10 µl of water. The concentration of linear 

DNA was determined by Nanodrop. Linear DNA (1 μg) was used to generate mRNA in a 20 μl 

reaction (37 °C, 4 h) with the mMESSAGE mMACHINE SP6 Transcription Kit (Ambion). DNase 

(1 µl, provided by the kit) was then added to remove the linear DNA template (37 °C, 30 min). The 

reaction (20 µl) was mixed with water (30 µl) and PCIA (50 µl), and was centrifuged at maximum 

speed for 5 min. The top layer (~50 µl) was purified through a G-50 sephadex spin column (Roche, 

#11274015001) according to the product manual. The RNA solution (50 µl) was mixed with water 

(50 µl), NaOAc (10 µl, 3 M, pH 5.2), and 100% ethanol (300 µl). The mixture was placed at −20 °C 

freezer overnight, and was centrifuged at maximum speed for 15 min. The RNA pellet was washed 

with 70% ethanol, and dissolved in water (15 µl). The quality was verified by 1% agarose gel (run 

at 80 V for 45 min). 

 

PylT synthesis 

The PylT sequence contained a U25C mutation in order to increase incorporation efficiency.208 

The PylT DNA with a truncated T7 promoter was amplified by PCR from a PylT oligonucleotide 

(IDT gBlock), using P21 and P22. The PCR was performed with 10 µM PylT template (4 µl), 10 

mM dNTP (4 µl), 100 µM forward and reverse primers (2 µl each), 10x Taq PCR buffer (20 µl), 

Taq polymerase (2 µl), water (166 µl). The PCR product (100 µl) was mixed with 

phenol:choloform:isoamyl alcohol (PCIA, 100 µl), and centrifuged at maximum speed for 5 min. 

The top layer (~100 µl) was collected, and further mixed with NaOAc (10 µl, 3 M, pH 5.2) and 
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100% ethanol (250 µl). The mixture was centrifuged at maximum speed for 5 min. The pellet was 

washed with 70% ethanol (600 µl), and dissolved in 10 µl of water. The concentration of PylT 

DNA was obtained on a nanodrop. The pylT DNA (1.5 μg) was used as a template to generate 

PylT RNA in a 20 μl reaction (37 °C, 4 h), using the MEGAscript T7 Transcription Kit (Ambion). 

DNase (1 µl, provided by the kit) was then added to remove the linear DNA template (37 °C, 30 

min). The reaction (20 µl) was mixed with water (30 µl) and PCIA (50 µl), and was centrifuged at 

maximum speed for 5 min. The top layer (~50 µl) was mixed with water (50 µl), NaOAc (10 µl, 3 

M, pH 5.2), and 100% ethanol (300 µl). The mixture was placed at −20 °C freezer overnight, and 

was centrifuged at maximum speed for 15 min. The RNA pellet was washed with 70% ethanol 

(600 µl), and dissolved in 10 μl of water, and the quality was verified by 1.5% agarose gel. The 

PylT RNA without CCA was generated in a similar manner. Chemically synthesized PylT RNA 

(HPLC purified) was purchased from Integrated DNA Technologies (IDT). It was used directly 

without further purification. The PylT sequence is shown in Table 5.1. 

 

Microinjection of embryos 

For Rluc and Fluc experiment, the injection mixture (3 μl) was prepared as 50 ng/μl of reporter 

mRNA, 100 ng/μl of PylRS mRNA, and 1,000 ng/μl of PylT. For the unnatural amino acid 

incorporation, 0.15 μl of unnatural amino acid (100 mM stock) was added to 1.5 μl of injection 

mixture. Embryos from natural mating were obtained and microinjected at the 1 to 2 cell stage 

with 2 nL of the injection mixture using a World Precision Instruments Pneumatic PicoPump 

injector. For Fluc activation experiments, at 48 hpf the embryos were irradiated for 2 minutes with 

a 365 nm UV transilluminator (8 mW/cm2). For constitutively active MEK1 experiments, 2 nL of 

10 ng/μl caMEK1 mRNA was injected per embryo. For caged MEK1 experiments, the injection 

mixture was prepared as 50 ng/μl of MEK1-K97TAG mRNA, 100 ng/μl of HCKRS mRNA, 1,000 

ng/μl of PylT, and 2 nL of mixture were injected per embryo. The embryos were irradiated for 30 

seconds at 2 h, 5 h or 8 h post injection. Embryos were dechorinated and imaged at 10 hpf using 
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a stereomicroscope (Leica MZ 16 FA). Embryos irradiated after 5 h post injection were used for 

whole-mount RNA in situ hybridization. For all injections, zebrafish embryos with early mortality 

(< 6 hpf) were excluded from further analysis. Zebrafish embryos were randomly assigned to 

experimental groups during irradiation. Blinding was not used for scoring dorsalized embryos. 

 

Embryo toxicity assay 

For toxicity tests of unnatural amino acids, embryos were injected with 2 nL of injection solution 

(0.15 μl of 100 mM unnatural amino acid in DMSO or just DMSO (vehicle control), 0.75 μl of 

phenol red (0.5% in Dulbecco's phosphate-buffered saline), and 0.6 μl of water). Live 

(phenotypically normal) and dead embryos were counted at 24 hpf.  

 

Luciferase assay 

Luciferase assays for zebrafish embryos were performed as described previously.209 Briefly, 4 

embryos were collected at 48 hpf, washed twice with 1 ml of phosphate-buffered saline (PBS), 

and were incubated with 50 μl of 1x passive lysis buffer (Promega) for 30 minutes. After incubation, 

the embryos were manually homogenized with pipette tips, and the extract was centrifuged for 3 

minutes at 13,000 rpm to remove cellular debris. For Rluc assays, 10 μl of lysate was mixed with 

10 μl of Renilla Luciferase Assay Reagent (Promega), and luminescence was read immediately 

on a microplate reader (Tecan M1000 PRO), with an integration time of 1,000 ms. For Fluc 

activation assays, a dual luciferase reporter assay system (Promega) was used. Fluc activity was 

measured by mixing 10 μl of lysate with 50 μl of LAR II reagent. Rluc activity was measured by 

adding 50 μL of Stop & Glo reagent. Luminescence was read on a Tecan M1000 PRO microplate 

reader.  
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Western blotting 

For detection of caged MEK1 expression, zebrafish embryos were collected at 6 h post injection 

and washed twice with Ringer's solution. For time-course analysis of MEK1 expression and ERK 

phosphorylation, zebrafish embryos were collected 30 min after UV irradiation at specified time 

points. The samples were incubated with 80 μl of 2% SDS buffer for 20 minutes, homogenized 

manually with pipette tips, heated at 95 ºC for 5 minutes, and centrifuged for 1 minute at 13,000 

rpm. The protein extract was analyzed by Western blot. Briefly, after gel electrophoresis and 

transfer to a nitrocellulose membrane (GE Healthcare), the membrane was blocked in Tris-

buffered saline with 0.1% Tween 20 and 5% milk powder for one hour. The blots were probed 

with an anti-phospho-ERK antibody (1:1,000 dilution, Cell Signaling, #9101S), an anti-ERK 

antibody (1:1,000 dilution, Sigma, #M-7431), an anti-HA antibody (1:1,000 dilution, Cell Signaling, 

#3724), or an anti-β-actin antibody (1:1,000 dilution, Santa Cruz, #81178) overnight at 4 ºC, 

followed by incubation with secondary antibodies (goat anti-rabbit IgG-HRP for phospho-ERK blot 

and HA blot, goat anti-mouse for ERK blot and β-actin blot, 1:20,000 dilution) conjugated to 

horseradish peroxidase (HRP) for 1 hour at room temperature. The blots were further incubated 

with the SuperSignal West Pico working solution (mixture of the Stable Peroxide Solution and the 

Luminol/Enhancer Solution, 500 μl each, Thermo Scientific) for 5 min at room temperature. The 

luminescence signal was detected by ChemiDoc (setting: Chemi Hi Sensitivity, exposure time: 10 

sec). 

 

Whole-mount RNA in situ hybridization 

Embryos collected at shield stage (6 hpf) or bud stage (10 hpf) were fixed overnight in 4% 

paraformaldehyde/PBS at 4 °C. Whole-mount in situ hybridization was performed with standard 

procedures, using described probes for ta and chd.210 Specifically, the fixed embryos were 

dehydrated in 100% methanol at room temperature for 10 min, followed by incubation with fresh 

100% methanol at −20 °C for 30 min. The embryos were then treated with acetone at −20 °C for 
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8 min, and rehydrated with the following reagents in sequence: 100% methanol for 5 min, 50% 

methanol (in PBTw, PBS with 0.1% Tween-20) for 5 min, 30% methanol (in PBTw) for 5 min, 

PBTw for 5 min. The embryos were incubated with hybridization buffer (HYB, 50% formaide, 5 x 

SSC, 5 mM EDTA, 0.1% Tween-20, 0.1% CHAPS) at 65 °C for 1 h, and then incubated with DIG 

labeled antisense RNA (2 µl RNA probe in 500 µl of HYB buffer) at 65 °C overnight. The embryos 

were then washed with the following reagents in sequence: 1) 50% formamide, 2 x SSC, 0.3% 

CHAPS, 65 °C for 30 min; 2) 2 x SSC, 0.3% CHAPS, 65 °C for 15 min; 3) 0.2 x SSC, 0.3% CHAPS, 

65 °C for 20 min; 4) MAB solution (0.1 M maleic acid, 150 mM NaCl), room temperature for 15 

min. The embryos were then transferred to the blocking solution (2% blocking reagent (Sigma, 

#11096176001), 5% lamb serum (Sigma, #S4877), filled with MAB to 50 ml), and were incubated 

at room temperature for 1 h. The embryos were incubated with anti-digoxigenin-AP (1:2,000 

dilution, Roche, #11093274910) for 4 hours at room temperature, and were stained in 500 μl of 

BM Purple alkaline phosphatase substrate (Roche #11442074001) for 1 hour at room 

temperature. The embryos were transferred into 1x PBS and imaged using a stereomicroscope 

(Leica MZ 16 FA). All stained zebrafish embryos were scored without blinding. 
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5.2 Optical Control of Alk5 Function in Mammalian Cells and Zebrafish 

 

The Transforming Growth Factor beta (TGF-β) pathway regulates a wide range of biological 

events, including cell differentiation, growth, and apoptosis.211 The dimeric  TGF-β molecule binds 

to a heterotetrameric complex, consisting of two TGF-β Type I receptors and two TGF-β Type II 

receptors. Upon ligand binding, the TGF-β Type II receptors are first autophosphorylated, and 

they further phosphorylate the TGF-β Type I receptors. The TGF-β Type I receptors then activate 

pathway-restricted Smad2 and Smad3 (Smads that are the substrates of specific receptor), which 

forms a complex with the common-mediator Smad4 (Smad that is involved in all TGF-β pathways). 

The Smad complex then functions as a transcription factor and regulates gene expressions.211a 

The  TGF-β pathway plays a critical role in establishing left-right asymmetry in early embryonic 

development.212 However, little is known about the importance of the spatiotemporal characteristic 

of the signal during the formation of asymmetry.213 To address the timing and positional 

restrictions on laterality in the zebrafish embryos, we are interested in activating the TGF-β 

pathway with precise spatial and temporal control. We hypothesized that this could be achieved 

through the generation of a photocaged, constitutively active Alk5 (containing a T206D 

mutation)214 in zebrafish embryos. Alk5 is a TGF-β Type I receptor, which harbors a crucial lysine 

residue (K324) in the active site that supports ATP anchoring.215 The T206D mutation is proposed 

to mimic the phosphorylation site and renders the kinase constitutively active.216 The caging group 

will block the Alk5 function, until its removal by light exposure. Light activation in defined regions 

in early zebrafish embryos will allow precise control of the TGF-β pathway. 
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Figure 5.14. Scheme of TGF-β mediated Alk5 signaling pathway. Activated Alk5 phosphorylates Smad2, 

which further forms the complex with Smad4. The Smad complex functions as transcription factor in 

the nucleus, regulating gene expressions. 

 

We first sought to confirm the light activation of Alk5 in mammalian cells. We reasoned 

that the incorporation of a photocaged lysine (HCK) at K234 position might block the activity of 

Alk5 kinase; identical to the approach we have taken to the optical control of MEK1 (see Chapter 

5.1). The removal of the caging group by light then restores the protein activity. We probed the 

phosphorylation level of Smad2, the downstream target of Alk5, as a readout for the activity. 

We first tested if overexpression of the Alk5 kinase increased phosphorylation level of 

Smad2. While the constitutively active Alk5 expressed well, no phosphorylated Smad2 was 

observed (Fig 5.15A). We speculated that this was due to the low level of endogenous Smad2 in 

cells, and increasing the level of Smad2 might facilitate detection. To this end, HEK 293T cells 

were co-transfected with pAlk5-Myc (a gift from Dr. Beth Roman at Pitt) and pFlag-Smad2 (2,000 

ng each). The cell lysate was collected at 48 h for Western blot analysis. This time, we observed 

elevated level of phosphorylated Smad2 in the presence of constitutively active Alk5 (Fig 5.15B). 

One caveat in this experiment is that overexpression of Smad2 alone could result in increased 

phosphorylated Smad2 levels. However, a previous report showed that overexpression of Smad2 
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by itself did not increase Smad2 phosphorylation in PC3 cells.217 Our findings are that the 

simultaneous overexpression of the constitutively active Alk5 kinase and the Smad2 is required 

for the detection of phosphorylated Smad2 in HEK293T cells. Thus endogenous Smad2 levels 

were not expressed at high enough levels for Western Blot detection.   

 

Figure 5.15. Simultaneous overexpression of Alk5 kinase and Smad2 enables detection of 

phosphorylated Smad2 in HEK 293T cells. (A) Overexpression of Alk5 kinase alone did not increase 

the phosphorylation level of Smad2. HEK 293T cells were transfected with pAlk5-Myc plasmid (2,000 

ng), and the cell lysate was collected at 48 h for western blot analysis (with anti-Myc and anti-pSmad2 

antibodies). 1, non-treated cells. 2, pAlk5-Myc transfected cells. (B) Simultaneous overexpression of 

Alk5 kinase and the Smad2 increases the phosphorylation level of Smad2. HEK 293T cells were 

transfected with pAlk5-Myc and pFlag-Smad2 plasmids (2,000 ng each), and the cell lysate was 

collected at 48 h for western blot analysis (with anti-Myc, anti-Flag, anti-pSmad2 and anti-GAPDH 

antibodies). 1, non-treated cells. 2, pAlk5-Myc and pFlag-Smad2 co-transfected cells. 

 

 A TAG mutation was inserted at the K234 position of the Alk5 kinase. HEK 293T cells 

were co-transfected with pAlk5-K234TAG-Myc, pFlag-Smad2 and pHCKRS-U6-PylT plasmids 

(1,500 ng each). The culture medium was supplemented with HCK (1 mM). At 42 h, the culture 

medium was changed to the serum-free DMEM. At 46 h, the cells were irradiated with UV light 

(365 nm, VWR) for 2 min and were incubated at 37 °C. After another 2 h, the cell lysate was 

collected for western blot analysis. We first confirmed the HCK-dependent expression of the full-
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length Alk5 protein (Fig 5.16A). An elevated phosphorylation level of Smad2 was observed in 

response to the UV irradiation (Fig 5.16B). The result suggested that optical activation of the Alk5 

function could be achieved through the incorporation of a photocaged lysine at the K234 position. 

However, we missed an important control experiment where cells in the absence of HCK were 

also irradiated. This control experiment will be performed in the future, to suggest that UV light 

itself does not trigger Smad2 phosphorylation.  

 

Figure 5.16. Optical activation of Alk5 activity with UV light. HEK 293T cells were co-transfected with 

pAlk5-K234TAG-Myc, pFlag-Smad2, pHCKRS-U6-PylT plasmids (1,500 ng each). The culture medium 

was supplemented with HCK (1 mM). At 42 h, the culture medium was changed to the serum-free 

DMEM (Dulbecco’s Modified Eagle Medium, Gibco). At 46 h, the cells were irradiated with UV light (365 

nm, VWR) for 2 min and were incubated at 37 °C. After another 2 h, the cell lysate was collected for 

western blot analysis (with anti-Myc, anti-Flag, anti-pSmad2 and anti-GAPDH antibodies). For panel A, 

the cell lysate without UV irradiation was used. For panel B, the cell lysate with or without UV irradiation 

was used. (A) Incorporation of HCK into the K234 position of Alk5. GAPDH was used as a loading 

control. (B) UV irradiation activated Alk5 and increased phosphorylation level of Smad2. 

 

 We then pursued other molecular readouts for Alk5 activation. Previously, a fluorescent 

reporter, EGFP-Smad2, was used for probing the activation of the TGF-β pathway.218 Upon TGF-

β induction, the EGFP-Smad2 will be phosphorylated and transported to the nucleus. We 

therefore constructed the same reporter (see experimental section for details). To test the 

translocation assay, HEK 293T cells were transfected with pEGFP-Smad2 (200 ng). After 20 h, 

the culture medium was changed to the serum-free DMEM. After another 4 h, TGF-β (2 ng/ml) 

was added to the culture medium, and the time-lapse imaging (every 10 min for a total of 80 min) 
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was performed for EGFP fluorescence (Zeiss Observer.Z1 Microscope). EGFP (expressed from 

the pEGFP-C2 plasmid) did not respond to TGF-β, and was used as a negative control. However, 

we did not observe the nuclear translocation upon TGF-β induction (Fig 5.17). To ensure that 

TGF-β (2 ng/ml) could activate the TGF-β pathway as expected, the phosphorylation of Smad2 

will need to be confirmed by western blot in the future. The expression of Smad2 might be tuned 

so that the EGFP is not dramatically overexpressed in the cytoplasm, potentially obscuring 

nuclear translocation events. Previously, the Smad2 translocation was observed in HaCaT cells 

that stably expressed the EGFP-Smad2.218 We might also test this cell line in the future, as HeCaT 

cells are frequently used in the study of the TGF-β pathway.219  

 

Figure 5.17. Overexpression of Alk5 did not lead to EGFP-Smad2 nuclear translocation in HEK 293T 

cells. The pEGFP-Smad2 plasmid (200 ng) was transfected into HEK 293T cells. After 20 h, the culture 

medium was changed to the serum-free DMEM. After another 4 h, TGF-β (2 ng/ml) was added to the 

culture medium, and the time-lapse imaging (every 10 min for a total of 80 min) was performed for 

EGFP fluorescence (Zeiss Observer.Z1 Microscope, 20x objective). Scale bar indicates 200 µm. EGFP 

did not respond to TGF-β, and was used as a negative control. 

 

 The TGF-β pathway undergoes highly complex and context-dependent crosstalk with 

other signaling pathways, resulting in synergistic or antagonistic effects and eventually desirable 

biological outcomes.220 For example, TGF-β can activate non-smad pathways, including the ERK 
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MAPK pathway.211c We used an ERK-KTR-Clover reporter to monitor the MEK/ERK signaling 

pathway, where the ERK-KTR-Clover will be transported out of the nucleus upon the pathway 

activation.221 While we observed the expected translocation between 20 and 30 min upon EGF 

(100 ng/ml) induction,148 no translocation was observed upon TGF-β induction (Fig 5.18). Since 

the kinetics of Erk phosphorylation induced by TGF-β varies with cell types and culture 

conditions,222 and the expression of TGF-β receptors differs in cells, the cell lines that present 

rapid Erk activation (5-10 min) upon TGF-β stimulation might be further pursued.223 

 

Figure 5.18. TGF-β did not activate MEK/ERK signaling pathway. HEK 293T cells were transfected with 

pKTR-Clover plasmid (200 ng). After 20 h, the culture medium was changed to the serum-free DMEM. 

After another 4 h, EGF or TGF-β was added to the culture medium, and the time-lapse imaging (every 

10 min for the total of 40 min) was performed for EGFP fluorescence (Zeiss Observer.Z1 Microscope). 

The scale bar indicates 40 µm. While EGF successfully activated MEK/ERK signaling pathway, TGF-β 

did not. 

 

 We then shifted our system to the zebrafish. It has been known that activation of the TGF-

β pathway in early zebrafish embryos leads to an elongated phenotype.224 We first prepared the 

constitutively active Alk5 (caAlk5, with T206D mutation) mRNA from the pCS2-caAlk5 plasmid 

(gift from Dr. Michael Tsang), and injected it into zebrafish embryos at the 1-2 cell stage. When 
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the embryos were imaged at 12 hpf, they showed a distinct elongated phenotype as previously 

reported.224 We therefore used this phenotypic assay for probing light-activation of Alk5 function. 

 

 

Figure 5.19. Expression of caAlk5 in zebrafish embryos activates the TGF-β pathway, leading to 

elongated embryos at 12 hpf. Zebrafish embryos were injected with caAlk5 (10 pg or 50 pg per embryo) 

at the 1-2 cell stage. Zebrafish were imaged at 12 hpf. 

 

 To this end, we generated a TAG mutation at the position K234 of caAlk5. Alk5-K234TAG 

mRNA, HCKRS mRNA, PylT, and HCK were injected into zebrafish embryos at the 1-2 cell stage. 

The RNA quality was confirmed by agarose gel (Fig 5.20). 

 

Figure 5.20. Agarose gel images confirming RNA quality. The lanes indicate: 1. 1 kb ladder, 2. Alk5-

K234TAG mRNA, 3. 1 kb ladder, 4. HCKRS mRNA, 5. PylT. 

 

Short UV irradiation (1 min or 2 min, 365 nm) was performed on live embryos at the 

indicated time points (2 h, 3.5 h or 6 h post injection). Normal and elongated embryos were 

counted at 12 hpf. While we observed that some embryos in the UV-irradiated group were 

elongated, there were some elongated embryos in the non-irradiated group as well (Fig 5.21). UV 
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light had no effect on the phenotype of non-injected embryos. To further study whether light 

treatment led to the Alk5 activation, we decided to detect the change in gene expression level. 

 

Figure 5.21. Phenotypic assay for probing light-activation of Alk5 function in zebrafish. Alk5-K234TAG 

mRNA, HCKRS mRNA, PylT, and HCK were injected into zebrafish embryos at the 1-2 cell stage. Short 

UV irradiation (1 min or 2 min, 365 nm) was performed on live embryos at the indicated time points (2 

h, 3.5 h or 6 h post injection). Normal and elongated embryos were counted at 12 hpf. N indicates the 

total number of embryos. 

 

 Using the standard in-situ hybridization technique,210 we probed expression of the 

goosecoid (gsc) gene and the brachyury homolog a (ta) gene, two well-known downstream 

targets of the TGF-β pathway.224-225 Zebrafish embryos were injected with caAlk5 mRNA at the 1-

2 cell stage. The embryos were fixed with 4% paraformaldehyde at 7 hpf, and the gene expression 

patterns were detected by in-situ hybridization. Basal expression of gsc gene was detected in 

non-injected embryos, and an ectopic lateral expression for gsc was observed in embryos injected 

with caAlk5 mRNA, as previously reported.226 The ta gene was expressed throughout the margin 

at the shield stage in non-injected embryos,227 and caAlk5 mRNA injection induced an expanded 

expression towards the animal pole (Fig 5.22), which is in agreement with a previous report.226 
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These results demonstrate that activation of TGF-β pathway by Alk5 induces elevated expression 

of gsc and ta genes in zebrafish embryos. 

 

Figure 5.22. Expression of caAlk5 in zebrafish embryos activates downstream targets, goosecoid (gsc) 

and brachyury homolog a (ta). Zebrafish embryos were injected with caAlk5 mRNA at the 1-2 cell stage. 

The embryos were fixed with 4% paraformaldehyde at 7 hpf. Gene expression patterns were detected 

by in-situ hybridization. Dorsal views for gsc, and animal pole views for ta. 

 

 We then studied the change of gene expression patterns with light activation of the 

photocaged Alk5. Zebrafish embryos were injected with Alk5-K234TAG mRNA, HCKRS mRNA, 

PylT, and HCK at the 1-2 cell stage. The embryos were irradiated with UV light (365 nm) for 1 min 

at 3.5 h post injection, and were further incubated at 28.5 °C. The irradiation time point was 

chosen as an initial single-point to study the gene expression upon optical Alk5 activation at 3.5 

h post injection. The embryos were fixed with 4% paraformaldehyde at 7 hpf, and the gene 

expression patterns (gsc and ta) were probed by in-situ hybridization. In the –HCK group, 

embryos presented basal expression of gsc and ta genes, either with or without UV irradiation 

(Fig 5.23). This result demonstrates that UV exposure (1 min, 365 nm) does not activate the TGF-

β pathway. In embryos expressing photocaged Alk5, we observed over-expression of both gsc 

and ta genes, either with or without UV treatment (Fig 5.23). Their expression patterns were 

similar to those of embryos injected with caAlk5 mRNA, indicating that the photocaged Alk5 was 
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active even without the UV irradiation. We speculated that this might also be the reason for 

elongated embryos in the non-irradiated group (Fig 5.21). 

 We then asked if tuning the expression level of the photocaged Alk5 could avoid light-

independent activation of the TGF-β pathway. One possibility is that the caged Alk5 dimerizes 

with the functional endogenous Alk5, thus activating the TGF-β pathway in the absence of light. 

To this end, we performed the injection and the in-situ hybridization as described above, except 

that we decreased the Alk5-K234TAG mRNA amount from 100 pg per embryo to 40 or 10 pg per 

embryo. However, over-expression of the gsc gene was still observed in both non-irradiated and 

irradiated embryos (Fig 5.23C). The test of even lower mRNA amount (for example, 1 pg) might 

be further pursued.  
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Figure 5.23. Photocaged Alk5 activates gene expression even without the UV irradiation. Zebrafish 

embryos were injected with Alk5-K234TAG mRNA (100 pg in A and B, 10 pg or 40 pg in C), HCKRS 

mRNA, PylT, and HCK at the 1-2 cell stage. The embryos were irradiated with UV light (365 nm) for 1 

min at 3.5 h post injection, and were further incubated at 27 °C. The embryos were fixed with 4% 

paraformaldehyde at 7 hpf. Gene expression patterns were probed by in-situ hybridization. (A) 

Expression of goosecoid (gsc) gene. Animal views with dorsal to the right. (B) Expression of brachyury 

homolog a (ta) gene. Animal views with dorsal to the right. (C) The expression pattern of the goosecoid 

(gsc) gene. N indicates the total number of embryos. The percentage of normal and over-expression 

was inferred by the number of zebrafish with corresponding expression patterns shown in A and B. 

 

 The light-independent activity of the photocaged Alk5 was unexpected, because 

experiments in mammalian cells indicated that phosphorylation of Smad2, the downstream target 

of Alk5, was only induced with light exposure. To rule out the possibility that the photocaged Alk5 
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was unintentionally decaged by ambient light during the experiment, we further incorporated Alloc 

Lys into the position K234 of Alk5, which should block the Alk5 function regardless of light. 

However, over-expression of the gsc gene was observed in embryos expressing the Alk5-

K234TAG-Alloc Lys (Fig 5.24). To determine whether inactive Alk5 could activate the TGF-β 

pathway, we further tested the activity of kinase-deficient Alk5 (with K234R mutation). Similar to 

the experiment in mammalian cells,228 Alk5-K234R was inactive in zebrafish embryos (Fig 5.24). 

The result rule out the possibility that inactive Alk5 could still activate the TGF-β pathway.  

In summary, we potentially achieved optical activation of Alk5 function in mammalian cells, 

through the genetic incorporation of a photocaged lysine, thus allowing for the control of TGF-β 

pathway with light. The experiments need to be repeated though and appropriate controls need 

to be included. We planned to test the nuclear translocation of Smad2 upon light activation, but 

the EGFP-based translocation assay was not successful and will need further characterization. 

We further shifted this system to zebrafish. However, we observed unexpected activation of the 

TGF-β pathway with the incorporation of HCK or Alloc-Lys at position K234 of Alk5. Surprisingly, 

the light-independent activation was not observed in mammalian cells. In the future, additional 

control experiment (e.g., effect of UV light alone on TGF-β activation) and more characterization 

(activity, decaging efficiency) of the photocaged Alk5 enzyme in mammalian cells will need to be 

performed. 
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Figure 5.24. Alk5 was active with the incorporation of Alloc Lys at the position K234, while Alk5-K234R 

mutant was inactive. For Alloc Lys incorporation, zebrafish embryos were injected with Alk5-K234TAG 

mRNA, WTRS mRNA, PylT, and Alloc Lys at the 1-2 cell stage. For Alk5-K234R mutant, zebrafish 

embryos were injected with Alk5-K234R mRNA at the 1-2 cell stage. The embryos were fixed with 4% 

paraformaldehyde at 7 hpf. Expression pattern of goosecoid (gsc) gene was probed by in-situ 

hybridization. N indicates the total number of embryos. Percentages of normal and over-expression 

patterns were calculated based on the counts. 

  

Experimental 

Plasmid construction 

The K234R mutation was introduced on pCS2-caAlk5 (gift from Dr. Michael Tsang) using site-

directed mutagenesis (Fwd: 5’-ggagaggaggtggcggtgcggatcttctcctccagagagg-3’, Rev: 5’-

cctctctggaggagaagatccgcaccgccacctcctctcc-3’, arginine mutation underlined). 

The pCS2-Alk5-Myc plasmid (constitutively active, with T206D mutation) was from Dr. 

Michael Tsang. Since TAG was used as the stop codon in the original plasmid, it was first mutated 

to TGA by site-directed mutagenesis (Fwd: 5’-cctctcgagcctctagaactatgatgagtcgtattacgtagatcc-3’, 

Rev: 5’-ggatctacgtaatacgactcatcatagttctagaggctcgagagg-3’, TGA mutation underlined). The TAG 
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mutation was then introduced at the K234 position by site-directed mutagenesis (Fwd: 5’-

ggagaggaggtggcggtgtagatcttctcctccagagagg-3’, Rev: 5’-

cctctctggaggagaagatctacaccgccacctcctctcc-3’, TAG mutation underlined). 

 The pFlag-Smad2 plasmid was from Addgene (#14042). To construct the pEGFP-Smad2 

plasmid, the pEGFP-C2 plasmid (8,000 ng, Clontech) was first digested with XhoI and PstI 

restriction enzymes, followed by gel purification of the band corresponding to the correct length 

of the backbone (~4,500 bp). Smad2 was amplified from the pFlag-Smad2 plasmid (Fwd: 5’-

atcgctcgagcttcgtccatcttgccatt-3’, Rev: 5’-acgtctgcagatgacatgcttgagcaacgcac-3’), and digested 

with XhoI and PstI restriction enzymes (37 °C, 2 h). The pEGFP-Smad2 plasmid was constructed 

by ligating the Smad2 fragment into the pEGFP-C2 backbone using the XhoI and PstI restriction 

sites (T4 ligase, 16 °C, overnight).  

 

Western blot 

For the wild type Alk5 activity assay, HEK 293T cells were transfected with pAlk5-Myc and pFlag-

Smad2 (2,000 ng each), and the cell lysate was collected at 48 h for western blot analysis. For 

the incorporation of HCK into the K234 position of Alk5, HEK 293T cells were co-transfected with 

pAlk5-K234TAG-Myc, pFlag-Smad2 and pHCKRS-U6-PylT plasmids (1,500 ng each). The 

culture medium was supplemented with HCK (1 mM). Branched polyethylene imine (bPEI, 15 μl, 

1 mg/ml) was used as the transfection reagent. At 42 h, the culture medium was changed to the 

serum-free DMEM. At 46 h, the cells were irradiated with UV light (365 nm, VWR) for 2 min, and 

were further incubated at 37 °C incubator. After another 2 h, the cell lysate was collected for 

western blot analysis. The cell lysates (in mammalian protein extraction buffer (250 μl, GE 

Healthcare)) were separated by 10% SDS-PAGE (run with 60V for 15 min, and 150 V for 45 min) 

and were transferred to a PVDF membrane (GE Healthcare). The membrane was blocked in tris-

buffer saline (TBS) with 0.1% Tween 20 and 5% milk for 1 h. The blots were probed with the 

primary antibody (1:1,000, anti-GAPDH (sc-25778, Santa Cruz), anti-Myc (sc-40, Santa Cruz), 
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anti-Flag (F1804-200UG, Sigma), anti-pSmad (3108P, Cell Signaling)) overnight at 4 °C, followed 

by incubation with secondary goat anti-rabbit IgG-HRP antibody (1:20,000, sc-2004, Santa Cruz) 

for 1 h at room temperature. The blots were further incubated with the SuperSignal West Pico 

working solution (mixture of the Stable Peroxide Solution and the Luminol/Enhancer Solution, 500 

μl each, Thermo Scientific) for 5 min at room temperature. The luminescence signal was detected 

by ChemiDoc (Chemi Hi Sensitivity setting, exposure time: 10 sec). 

 

Translocation assay in live cells  

For EGFP translocation assay, HEK 293T cells were transfected with pEGFP-Smad2 (200 ng). 

Branched polyethylene imine (bPEI, 1.5 μl, 1 mg/ml) was used as the transfection reagent. After 

20 h, the culture medium was changed to the serum-free DMEM. After another 4 h, TGF-β (2 

ng/ml, #NC0779906, Fisher) was added to the culture medium, and the time-lapse imaging (every 

10 min for a total of 80 min) was acquired on a Zeiss Observer Z1 microscope, with EGFP channel 

(filter set 38 HE; ex. BP470/40; em. BP525/50). 

 For KTR-Clover translocation assay, HEK 293T cells were transfected with ERK-KTR-

Clover reporter (gift from Dr. Markus Covert, 200 ng).221 Branched polyethylene imine (bPEI, 1.5 

μl, 1 mg/ml) was used as the transfection reagent. After incubation at 37 °C for 20 h, the culture 

medium was changed to the serum-free DMEM. After another 4 h of incubation, either TGF-β (2 

ng/ml) or EGF (100 ng/ml, #AF-100-15, PeproTech) was added to the culture medium, and the 

time-lapse imaging (every 10 min for a total of 80 min) was acquired on a Zeiss Observer Z1 

microscope, with EGFP channel (filter set 38 HE; ex. BP470/40; em. BP525/50). 

 

mRNA synthesis 

The caAlk5, Alk5-K234TAG, Alk5-K234R mRNA were generated as described in chapter 5.1, 

using the pCS2-caAlk5, pCS2-Alk5-K234TAG, pCS2-Alk5-K234R plasmids. 
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Microinjection of embryos 

For caAlk5 experiments, 2 nL of 5 ng/μl (or 25 ng/µl) caAlk5 mRNA was injected per embryo.229 

For caged Alk5 experiments, the injection mixture (3 μl) was prepared as 50 ng/μl (20 ng/µl or 5 

ng/µl for dose-response study) of Alk5-K234TAG mRNA, 100 ng/μl of HCKRS mRNA, and 1,000 

ng/μl of PylT. For the UAA incorporation, 0.15 μl of UAA (HCK or Alloc Lys, 100 mM stock in 100% 

DMSO) was added to 1.5 μl of injection mixture. Embryos from natural mating were obtained and 

microinjected at the 1 to 2 cell stage with 2 nL of the injection mixture using a World Precision 

Instruments Pneumatic PicoPump injector. For light activation experiments, the embryos were 

irradiated for either 1 min or 2 min with a 365 nm UV transilluminator (8 mW/cm2) at 2 h, 3.5 h, or 

6 h post injection. Embryos were dechorionated and imaged at 12 hpf using a stereomicroscope 

(Leica MZ 16 FA). Normal and elongated embryos were also counted. 

 

Whole-mount RNA in situ hybridization 

Embryos collected at 7 hpf were fixed overnight in 4% paraformaldehyde/PBS at 4 ºC. Whole-

mount in situ hybridization was performed with standard procedures (detailed experimental in 

chapter 5.1), using described probes for gsc and ta.210 The embryos were incubated with anti-

digoxigenin-AP (1:2,000 dilution, Roche  #11093274910) for 4 hours at room temperature, and 

were stained in 500 μl of BM Purple alkaline phosphatase substrate (Roche #11442074001) for 

1 hour at room temperature. The embryos were transferred into 1x PBS and imaged using a 

stereomicroscope (Leica MZ 16 FA). 
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5.3 Optical Control of Cre Recombinase Function in Zebrafish 

 

Besides temporal control of protein function in zebrafish embryos, as demonstrated by activation 

of photocaged MEK1, light also allows for spatial control in living animals. To explore the ability 

to control protein function in specific regions (or cells), we sought to generate a photocaged Cre 

recombinase in zebrafish. Previously, we have demonstrated that the incorporation of a 

photocaged lysine into Cre recombinase at the critical K201 position allows for light-activation of 

DNA recombination in mammalian cells.160 Moreover, the ubi:loxP-GFP-loxP-mCherry lineage 

tracer transgenic zebrafish, which provide strong reporter activity upon Cre exposure, have been 

established and widely used.230 The Cre-dependent DNA recombination switches the EGFP 

fluorescence to the mCherry fluorescence, by removing the EGFP gene from the genome, thereby 

functioning as an excellent reporter for spatial activity of Cre recombinase. Previously, both 

temporal231 and spatial232 control of Cre recombinase activity have been reported in zebrafish 

embryos, based on ligand-inducible CreERT2 fusion protein. A photoactivable Cre recombination 

system has been applied in live mice.233 However, no light-mediated spatiotemporal control of Cre 

recombinase activity has been achieved in zebrafish so far. Our method to expand the toolbox for 

conditional site-specific recombination in zebrafish will further facilitate the study of physiological 

processes in zebrafish. 

 To this end, we introduced the K201TAG mutation into the pCS2-Cre-WT plasmid, and 

prepared Cre-K201TAG mRNA. The RNA quality was confirmed by the agarose gel (Fig 5.25). 
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Figure 5.25. Agarose gel images confirming RNA quality. The lanes indicate: 1. 1 kb ladder, 2. Cre-

K201TAG mRNA. 

 

Transgenic zebrafish embryos (ubi:loxP-EGFP-loxP-mCherry)  were injected with Cre-

K201TAG mRNA, HCKRS mRNA, PylT, and HCK at the 1-2 cell stage. At 6 hpf (selected based 

on previous experience with caged MEK1), embryos were irradiated with UV light (365 nm) for 30 

sec, and were further incubated at 27 °C. At 24 hpf, embryos were imaged with EGFP, mCherry, 

and bright field channels. For non-injected fish, EGFP fluorescence, but not mCherry fluorescence, 

was detected, suggesting the correct functionality of the transgenic fish line (Fig 5.26). Injection 

of the wild type Cre mRNA switched the fluorescence from EGFP to mCherry, indicating that the 

Cre recombinase was active in zebrafish (Fig 5.26). The zebrafish did not develop normally, 

probably due to the high injection dose of the wild type Cre mRNA (200 pg per fish). Lower 

injection dose (50 pg per fish) will be tested in the future to obtain phenotypically normal zebrafish. 

Zebrafish embryos that were irradiated with UV light showed mCherry expression, while non-

irradiated zebrafish did not (Fig 5.26). This result suggested that global activation of the Cre 

recombinase activity could be achieved with UV light on zebrafish. In the future, we plan to 

perform local irradiation, and test the spatial control of Cre recombinase activity on zebrafish. 
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Figure 5.26. Light-activation of Cre recombinase activity in zebrafish. The Cre-K201TAG mRNA, 

HCKRS mRNA, PylT, and HCK were injected into the transgenic zebrafish embryos (ubi:loxP-EGFP-

loxP-mCherry) at the 1-2 cell stage. At 6 hpf, embryos were irradiated with UV light (365 nm) for 30 sec. 

At 24 hpf, embryos were imaged with EGFP, mCherry, and bright field channels. The wild type Cre 

(Cre-WT) was used as a positive control.  

 

Experimental 

Plasmid construction 

The pCS2-Cre-WT plasmid was generated by Jie Zhang in our lab. The K201TAG mutation was 

introduced on pCS2-Cre-WT using site-directed mutagenesis (Fwd: 5’-

gttaatccatattggcagaacgtagacgctggttagcaccgcagg-3’, Rev: 5’-

cctgcggtgctaaccagcgtctacgttctgccaatatggattaac-3’, TAG mutation underlined). 

 

 

 



219 

 

mRNA synthesis 

The Cre-WT, Cre-K201TAG mRNA were generated as described in Chapter 5.1, using the pCS2-

Cre-WT, and pCS2-Cre-K201TAG plasmids. 

 

Microinjection of embryos 

For Cre recombinase experiments we used the transgenic zebrafish lines (ubi:loxP-EGFP-loxP-

mCherry, from Dr. Donghun Shin).230 To express wild type Cre recombinase, 2 nL of 100 ng/μl 

Cre-WT mRNA was injected per embryo. To express photocaged Cre, the injection mixture (3 μl) 

was prepared as 50 ng/μl of Cre-K201TAG mRNA, 100 ng/μl of HCKRS mRNA, and 1,000 ng/μl 

of PylT. For the HCK incorporation, 0.15 μl of HCK (100 mM stock in 100% DMSO) was added to 

1.5 μl of injection mixture. Embryos from natural mating were obtained and microinjected at the 1 

to 2 cell stage with 2 nL of the injection mixture using a World Precision Instruments Pneumatic 

PicoPump injector. For light activation experiments, at 6 hpf the embryos were irradiated for 30 

sec (based on previous MEK1 results) with a 365 nm UV transilluminator (8 mW/cm2). At 24 hpf, 

the embryos were imaged with a Leica M205 FA microscope with EGFP, mCherry, and bright 

field channels, with a 0.63x objective. 

 
  



220 

 

 

5.4 Small Molecule Control of Protein Function in Zebrafish 

 

Small molecules have been widely applied as modulators of protein function in zebrafish.193, 234 

With successful generation of light-activatable proteins (MEK1, Cre, and luciferase) through UAA 

mutagenesis in zebrafish embryos, we asked if small molecule-induced protein activation could 

be achieved. The ability to control protein function with small molecules in zebrafish will greatly 

expand our toolbox to study zebrafish biology. Previously, several approaches for small molecule-

induced protein activation have been developed in mammalian cells, using UAA mutagenesis 

(discussed in detail in Chapter 3.5).61, 157b For example, our lab reported activation of protein 

function by a phosphine-mediated Staudinger reduction, through the genetic incorporation of an 

ortho-azidobenzyloxycarbonyl amino acid (OABK).61 With successful incorporation of OABK into 

proteins in zebrafish (discussed in Chapter 5.1), we decided to test phosphine-triggered protein 

activation in zebrafish. 

 We first tried Fluc activation assay using the Fluc-K206TAG-Rluc construct, as described 

in Chapter 5.1 for the activation of photocaged lysine (HCK). Zebrafish embryos were injected 

with Fluc-K206TAG-Rluc mRNA, OABKRS mRNA, PylT, and OABK at the 1-2 cell stage. At 24 

hpf, zebrafish embryos were transferred to fish E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM 

CaCl2, 0.33 mM MgSO4) containing 2DPBM (final concentration of 500 μM, from 100 mM stock 

solution dissolved in 100% DMSO). The zebrafish embryos were incubated for another 4 h at 

27 °C, before the fish lysates were collected for Fluc and Rluc activity assays. The Rluc activities 

were detected, indicating successful incorporation of OABK. However, no Fluc activity was 

observed in response to treatment with 2DPBM. We speculated that the penetration of 2DPBM 

into the zebrafish might be inefficient.  

In summary, we incorporated OABK into the K206TAG position of Fluc, but the activation 

of Fluc function was unsuccessful, presumably due to inefficient penetration of the phosphine. In 
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the future, we will first test the Fluc activation in zebrafish lysate, to avoid the possible penetration 

issue of 2DPBM. We will further test the Fluc activation in vivo by direct injection of the phosphine 

into the zebrafish yolk sack (as  demonstrated by Luis Angel Vázquez in our lab for an unrelated 

project). 

 

Figure 5.27. Fluc activation assay with the incorporation of OABK into Fluc-K206TAG-Rluc in zebrafish 

embryos. Zebrafish embryos were injected with Fluc-K206TAG-Rluc mRNA, OABKRS mRNA, PylT, 

and OABK at the 1-2 cell stage. At 24 hpf, zebrafish embryos were treated with fish E3 water containing 

2DPBM (500 μM) for 4 h. The fish lysates were collected for Fluc and Rluc activity assays. N indicates 

the number of pooled samples (4 embryos each). Statistical significance is indicated by ns: not 

significant (unpaired t-tests) 

 

Experimental 

Microinjection of embryos 

The injection mixture (3 μl) was prepared as 50 ng/μl of Fluc-K206TAG-Rluc mRNA, 100 ng/μl of 

OABKRS mRNA, and 1,000 ng/μl of PylT. For the OABK incorporation, 0.15 μl of OABK (100 mM 

stock in 100% DMSO) was added to 1.5 μl of injection mixture. Embryos from natural mating were 

obtained and microinjected at the 1 to 2 cell stage with 2 nL of the injection mixture using a World 

Precision Instruments Pneumatic PicoPump injector. At 24 hpf, zebrafish embryos were removed 
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to fish E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4) containing 

2DPBM (500 μM, dissolved in 100% DMSO). Zebrafish embryos were incubated for another 4 h 

at 27 °C. At 28 hpf, zebrafish lysates were collected, and Fluc and Rluc activities were measured 

as described in Chapter 5.1. 
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5.5 Optical Control of CRISPR/Cas9 Gene Editing in Zebrafish 

 

Many bacteria utilize clustered regularly interspaced short palindromic repeats (CRISPR)–

CRISPR-associated (Cas) systems to silence foreign nucleic acids.235 Bacterial type II CRISPR 

systems have been adapted to create a single guide RNA (gRNA),236 and have further been 

applied for direct site-specific DNA cleavage in cultured cells237 and animals.238 Optical regulation 

of Cas9 activity allows spatial and temporal control of gene editing. For example, photoactivable 

Cas9 was generated by splitting Cas9 into two fragments and attaching each of them to a 

photoinducible dimerization domain.239 Our lab also created a light-activatable Cas9 through 

genetic incorporation of a photocaged lysine at a critical lysine residue on Cas9.240 The caging 

group blocks the CRISPR/Cas9 function, which was later restored upon removal of the caging 

group by UV irradiation. By screening several lysine residues that were placed in close proximity 

to the gRNA nucleic acid binding sites, the K866 position was found to allow most efficient 

activation of Cas9 function upon UV irradiation.240 This method was further applied for optical 

deactivation of exogenous and endogenous gene function.240 

While optical control of gene editing in mammalian cells holds promise to facilitate the 

understanding of gene interactions and networks, expansion of this technology to animal models 

will create broader impact on the study of complex biological questions and human-related 

diseases. We therefore asked if optical control of gene editing could be adapted to the zebrafish 

system. While CRISPR/Cas9 has become a powerful tool for the induction of genetic 

modifications in zebrafish embryos,238b no optical control of this process has been reported to 

date. We first sought to confirm the genome modification of zebrafish embryos with the Cas9 

mRNA injection. We utilized an enzyme digestion-based method (developed by Manush Sayd 

Mohammed in Dr. Michael Tsang lab) to detect Cas9 function. Briefly, the gRNA was designed to 

target a NotI restriction site within the endogenous centrosomal protein 290 (cep290) gene in 
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zebrafish.241 If Cas9 efficiently modifies the NotI site, the PCR-amplified cep290 DNA will be 

resistant to NotI digestion. Otherwise, the cep290 DNA will be digested into two fragments by 

NotI. 

To this end, Cas9 mRNA was generated through in vitro transcription. Cep290 gRNA was 

generated by Manush Sayd Mohammed. Zebrafish embryos were injected with the wild-type Cas9 

mRNA (200 pg per embryo), cep290 gRNA (200 pg or 500 pg per embryo) at the 1-cell stage. 

Zebrafish embryos were collected (three fish) at 48 hpf. The Cep290 region was amplified from 

genomic DNA, followed by digestion with NotI restriction enzyme (3 h, 37 °C). The digestion 

products were analyzed on a 2% agarose gel. In non-injected zebrafish embryos, the cep290 

region was successfully amplified (281 bp). Two fragments (174 bp and 107 bp) were generated 

upon NotI digestion, suggesting that the NotI recognition site was unmodified and was digested 

by NotI (Fig 5.28). In zebrafish embryos injected with wild-type Cas9 mRNA and cep290 gRNA, 

a distinct undigested product was present with NotI treatment (Fig 5.28). This result demonstrated 

successful genome modification with the Cas9 mRNA injection in zebrafish embryos. 
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Figure 5.28. Genome modification with the Cas9 mRNA injection in zebrafish embryos. Zebrafish 

embryos were injected with wild-type Cas9 mRNA (200 pg per embryo), cep290 gRNA (200 pg or 500 

pg per embryo) at the 1-cell stage. Zebrafish embryos were collected (three fish) at 48 hpf. The Cep290 

region was amplified from genomic DNA, followed by digestion with NotI restriction enzyme. The 

digestion products were analyzed on a 2% agarose gel. CRISPR/Cas9 modified the NotI recognition 

site, thus resulting in undigested product with NotI treatment.  

 

 Using the UAA mutagenesis in zebrafish (discussed in Chapter 5.1), we incorporated a 

photocaged lysine (HCK) into the K866 position of Cas9. Zebrafish embryos were injected with 

Cas9-K866TAG mRNA, HCKRS mRNA, PylT, cep290 gRNA and HCK at the 1-cell stage. At 6 

hpf, zebrafish embryos were irradiated with UV light (365 nm, 30 sec), and were further incubated 

at 27 °C. At 48 hpf, zebrafish embryos were collected (three fish) for Cas9 activity assay described 

above. However, for UV-irradiated zebrafish samples, we did not observe undigested product with 

NotI treatment (Fig 5.29). The result suggested that no functional CRISPR/Cas9 was generated 

upon UV irradiation, presumably because of low expression levels of photocaged Cas9. However, 

a Western blot analysis of caged Cas9 expression was not conducted. We therefore further 

pursued the direct injection of Cas9/gRNA ribonucleoprotein complexes (Cas9 RNPs), followed 

by light activation. 
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Figure 5.29. Light activation of Cas9 function through the genetic incorporation of a photocaged lysine 

(HCK). Zebrafish embryos were injected with Cas9-K866TAG mRNA, HCKRS mRNA, PylT, cep290 

gRNA and HCK at the 1-cell stage. At 6 hpf, zebrafish embryos were irradiated with UV light (365 nm, 

30 sec), and were further incubated at 27 °C. At 48 hpf, zebrafish embryos were collected (three fish) 

for activity assay as described above. Zebrafish embryos injected with wild-type Cas9 mRNA and 

cep290 gRNA were used as the positive control. 

 

 Cas9 RNPs, consisting of purified Cas9 protein in complex with a gRNA, are capable of 

gene editing with similar efficiency as compared to plasmid-based expression of Cas9/gRNA.242 

Direct injection of Cas9 RNPs has shown efficient genome modifications in zebrafish embryos, 

and in some cases, even higher modification efficiency compared to the Cas9 mRNA injection.243 

We tested the efficacy of two Cas9 proteins: NLS-Cas9, expressed recombinantly from E. coli 

(experiment performed by Wenyuan Zhou in our lab), and NLS-Cas9-NLS, purchased from NEB 

(# M0646T). Both Cas9 proteins were fused with a nuclear localization signal (NLS) at the N-

terminus, but the protein from NEB also contained another NLS at the C-terminus. The Cas9 

protein (250 ng/µl) was mixed with the cep290 gRNA (100 ng/µl) in vitro for 10 min. Zebrafish 

embryos were injected with the Cas9/gRNA ribonucleoproteins (RNPs) at the 1-cell stage. At 48 

hpf, zebrafish embryos were collected (three fish per tube) for activity assay as described above. 

Gratifyingly, we observed almost 100% undigested PCR product with NotI treatment (Fig 5.30). 
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This result indicated efficient genome modification with the injection of Cas9 RNPs in zebrafish 

embryos. The efficiency was higher than that of Cas9 mRNA injection, which is in agreement with 

a previous report.244 

 

Figure 5.30. Genome modification of zebrafish embryos with Cas9 RNPs injection. NLS-Cas9 was 

recombinantly expressed from E. coli. NLS-Cas9-NLS was purchased from NEB. The Cas9 protein 

(250 ng/µl) was mixed with the cep290 gRNA (100 ng/µl) in vitro for 10 min. Zebrafish embryos were 

injected with Cas9/gRNA Ribonucleoproteins (RNPs) at the 1-cell stage. At 48 hpf, zebrafish embryos 

were collected (three fish per tube) for activity assay as described above. Two samples were analyzed 

for each NLS-Cas9 and NLS-Cas9-NLS group. 

 

 We then prepared recombinantly expressed, caged NLS-Cas9-K866TAG-HCK protein 

from E. coli (experiment performed by Wenyuan Zhou in our lab). The concentration of the protein 

sample was determined by the intensity of protein band on SDS-PAGE, using BSA as the 

standard (ImageJ). The protein (250 ng/µl) was incubated with the cep290 gRNA (100 ng/µl) in 

vitro for 10 min. The NLS-Cas9-K866TAG-HCK/gRNA ribonucleoproteins were irradiated in an 

Eppendorf tube with UV light (365 nm, 8 mW/cm2) for 1 min. Zebrafish injections and activity 

assays were performed as described above. Cas9 activities were detected in all three UV-

irradiated samples (Fig 5.31). Among them, two samples (#1 and #2) showed almost 100% 

undigested PCR product, while one sample (#3) showed ~20% undigested PCR product. While 
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the variations between different samples would need to be minimized in the future, the efficiency 

of photoactivated Cas9 RNPS showed promises to be equal to that of the wild-type Cas9 RNPs. 

For non-irradiated samples, one out of two presented Cas9 activity (Fig 5.31), which might due to 

the undesired photo-decaging during microinjection or incubation. This in vitro irradiation test 

showed promises for light-activation of Cas9 activity in zebrafish.  

 

Figure 5.31. Optical control of genome modification with photocaged Cas9 RNPs injection. WT NLS-

Cas9 and NLS-Cas9-K866TAG-HCK were recombinantly expressed from E. coli. The Cas9 protein 

(250 ng/µl) was mixed with the cep290 gRNA (100 ng/µl) in vitro for 10 min. The NLS-Cas9-K866TAG-

HCK/gRNA ribonucleoproteins were irradiated in an eppendorf tube with UV light (365 nm, 8 mW/cm2) 

for 1 min. Zebrafish embryos were injected with Cas9/gRNA ribonucleoproteins (RNPs) at the 1-cell 

stage. At 48 hpf, zebrafish embryos were collected (three fish per tube) for activity assays as described 

above. Three samples were analyzed for UV-irradiated group, and two samples were analyzed for non-

irradiated group. WT (wild-type) NLS-Cas9 was used as a positive control. 

 

 In summary, we confirmed successful genome modification on zebrafish through the 

injection of either Cas9 mRNA or Cas9 protein – in conjunction with the corresponding gRNA. 

The light activation of Cas9 function through in vivo incorporation of photocaged lysine was not 

successful, probably due to low incorporation efficiency (not confirmed by Western blot). However, 

the light activation of Cas9/gRNA RNPs showed some promising results. In the future, we are 
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going to inject the NLS-Cas9-K866TAG-HCK/gRNA ribonucleoproteins into zebrafish embryos, 

and perform UV irradiation on live zebrafish embryos. 

 

Experimental 

Plasmid construction 

The K866TAG mutation was introduced on pCS2-Cas9-WT by site-directed mutagenesis (Fwd: 

5’-caaaaacagaggatagtcagataatgtccctagtgaggaagtgg-3’, Rev: 5’-

cattatctgactatcctctgtttttgtcggacctggtcagc-3’, TAG mutations underlined). 

 

mRNA synthesis 

The pCS2-Cas9-WT plasmid was a gift from Dr. Michael Tsang. The Cas9-WT mRNA was 

generated as described in Chapter 5.1. Cep290 gRNA was generated through in vitro 

transcription (provided by Manush Sayd Mohammed; Tsang lab). 

 

Microinjection of embryos 

To confirm the Cas9-mediated genome modification in zebrafish, 2 nL of injection mixture 

containing wild-type Cas9 mRNA (100 ng/µl) and cep290 gRNA (100 ng/µl or 250 ng/µl) was 

injected per embryo. To express photocaged Cas9, the injection mixture (3 μl) was prepared as 

100 ng/μl of Cas9-K866TAG mRNA, 100 ng/μl of HCKRS mRNA, 1,000 ng/μl of PylT, and cep290 

gRNA (100 ng/µl). For the UAA incorporation, 0.15 μl of HCK (100 mM stock in 100% DMSO) 

was added to 1.5 μl of injection mixture. Embryos from natural mating were obtained and 

microinjected at the 1 to 2 cell stage using a World Precision Instruments Pneumatic PicoPump 

injector. For light activation experiments, at 6 hpf the embryos were irradiated for 30 sec with a 

365 nm UV transilluminator (8 mW/cm2). At 48 hpf, zebrafish embryos were collected (3 fish per 

PCR tube) for NotI digestion assays. 
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 For injection of Cas9 RNPs, the Cas9 protein (250 ng/µl) was mixed with the cep290 gRNA 

(100 ng/µl) in vitro for 10 min at room temperature.244 Zebrafish embryos were injected with the 

Cas9/gRNA ribonucleoproteins (RNPs) at 1-cell stage. At 48 hpf, zebrafish embryos were 

collected (3 fish per PCR tube) for NotI digestion assays. 

 

NotI digestion assay for Cas9 genome editing 

The zebrafish embryos in each PCR tube were digested in 20 µl of NaOH (60 mM) at 95 °C for 

20 min. The fish lysate was neutralized to pH 8 with ~2.2 µl of Tris-HCl (1 M), and was centrifuged 

at max speed for 5 min. The supernatant (2 µl) was used as the template for amplifying the cep290 

region through PCR (20 µl reaction, 0.3 µl of 10 mM dNTPs, 0.4 µl of 5 µM forward and reverse 

primers, 0.2 µl of Taq polymerase, in Taq polymerase buffer, Fwd: 5’-actcttttgtgctgtgacggta-3’, 

Rev: 5’-tgcctcaaacgtgtcagcttaccatt-3’, primers provided by Manush Sayd Mohammed). The PCR 

program was set as: 95 °C for 4 min, 30 cycles of (95 °C for 30 sec, 53 °C for 30 sec, 72 °C for 

30 sec), 72 °C  for 5 min. Half of the PCR product (10 µl) was digested with NotI restriction enzyme 

(NEB, # R3189S, 0.2 µl) at 37 °C for 3 h (in CutSmart buffer provided by NEB). Both non-treated 

and NotI-treated samples were analyzed on a 2% agarose gel (run at 80 V for 45 min). 
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5.6 Generation of Stable Fishline for Genetic Code Expansion 

 

With the successful incorporation of UAAs into proteins through transient mRNA injection into 

zebrafish embryos, our next goal was to generate transgenic fish lines that stably express PylRS 

and its cognate PylT. The transgenic fish lines will allow sustained expression of necessary 

components (PylRS and PylT) for UAA mutagenesis, thus possibly increasing the incorporation 

efficiency. Moreover, the transgenic fish lines could be conveniently shared with the scientific 

community, allowing for broader applications in zebrafish studies. 

 We first constructed a pCS2-WTRS-2A-CFP plasmid. A cyan fluorescent protein (CFP) 

was fused to the WTRS (wild-type PylRS) through a 2A peptide, to indicate WTRS expression in 

zebrafish. The 2A peptide is a short, self-cleaving peptide that produces equal amount of proteins 

from the same mRNA transcript.245 The 2A peptide was used to ensure that the WTRS function 

is not affected by the CFP. We confirmed the CFP expression in mammalian cells (Fig 5.32A), 

and in zebrafish embryos (Fig 5.32B). The successful incorporation of Alloc Lys, based on a Rluc-

L95TAG reporter, further indicated functional WTRS expression in zebrafish embryos (Fig 5.32C). 

We then cloned the WTRS-2A-CFP fragment into the pISceI plasmid, under an Ubiquitin promoter. 

The pISceI plasmid contains an I-SceI endonuclease sequence, which increases the efficiency of 

transgene integration.246 The Ubiquitin promoter drives the expression of WTRS throughout the 

whole animal. 
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Figure 5.32. Functionality tests for the pCS2-WTRS-2A-CFP construct. (A) Expression of CFP in 

mammalian cells. HEK 293T cells were transfected with pCS2-WTRS-2A-CFP (200 ng). After 24 h, 

cells were imaged with CFP and bright field channels. Scale bar indicates 200 µm. (B) Expression of 

CFP in zebrafish embryos. The WTRS-2A-CFP mRNA, Rluc-L95TAG mRNA, PylT, and Alloc Lys were 

injected into zebrafish embryos at the 1-2 cell stage. At 24 hpf, zebrafish embryos were imaged with a 

Leica M205 FA microscope with CFP and bright field channels. (C) Incorporation of Alloc Lys in 

zebrafish embryos. The fish lysates from the above experiment were collected at 24 hpf, and the Rluc 

activities were measured. N indicates the number of pooled samples (4 embryos each). Statistical 

significance is indicated by *** p < 0.001 (unpaired t-tests) 

 

 The pISceI-WTRS-2A-CFP plasmid (50 ng/µl) was injected into zebrafish embryos at the 

1-cell stage. The embryos were raised to adulthood, and F0 adults (4 pairs) were crossed. 

However, no CFP expression was observed from the offsprings (~100 embryos) at 24 hpf, 

indicating that the WTRS-2A-CFP cassette was not incorporated into the F0 fish genome. Further 

effort to screen more F0 adults will be needed. We also constructed the pISceI-HCKRS-2A-CFP 

in the same way. The pISceI-HCKRS-2A-CFP plasmid (50 ng/µl) were injected to zebrafish 

embryos at the 1-cell stage. The zebrafish were raised to adult, and the offsprings from F0 adults 

will be screened for CFP expression. It should be noted that the polyA sequence was not present 
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in either plasmids. Current effort to construct the plasmid containing polyA signal is under way, 

and the new plasmid will be used for generating stable fishline. 

 Future work also includes generating a transgenic vector for PylT expression, as well as 

inserting the PylT expression cassette into our current pISceI-Ubb-PylRS-2A-CFP vector. In a 

recent study of transgenic fish line generation for UAA mutagenesis, four copies of U6-promoter 

driven tRNAs were designed in the transgene construct.247 U6 promoter has also been used for 

stable expression of small RNAs in zebrafish.248 Therefore, we plan to place four copies of PylT 

(driven by four separate U6 promoters) into our current vector. The final construct will be injected 

into the zebrafish embryos at 1-cell stage. The embryos will be raised to adulthood, and the 

offsprings from F0 adults will be screened for CFP expression at 24 hpf. CFP-positive embryos, 

which indicates successful insertion of the transgene vector, will be raised to adults. To validate 

the functionality of the engineered PylRS/PylT transgenic fish line, embryos from the transgenic 

fish line will be injected with Rluc-L95TAG mRNA and corresponding UAA at the 1-2 cell stage. 

At 48 hpf the fish lysate will be collected for the luciferase assay (discussed in Chapter 5.1). The 

Rluc activity will be indicative of the PylRS/PylT functionality. 

 

Experimental 

Plasmid construction 

To generate the pCS2-WTRS-2A-CFP plasmid, the pCS2-Cyto-CFP plasmid (8,000 ng, gift from 

Dr. Michael Tsang)249 was digested with NcoI and AgeI restriction enzymes, followed by gel 

purification of the band corresponding to the correct length of the backbone (~5,000 bp). The 

WTRS-2A fragment was amplified from the pCS2-WTRS plasmid (construction described in 

Chapter 5.1, Fwd: 5’-tgaccatggactacaaggacgacgacg-3’, Rev: 5’-

gaaccggtaggaccggggttttcttccacgtctcctgcttgctttaacagagagaagttcgtggctccggatcccaggttggtgctgatg-

3’, 2A peptide sequence underlined). The 2A peptide sequence, encoding 

GSGATNFSLLKQAGDVEENPGP, was designed on the reverse primer. The PCR product was 
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digested with NcoI and AgeI restriction enzymes (37 °C, 2 h). The pCS2-WTRS-2A-CFP plasmid 

was constructed by ligating the WTRS-2A fragment into the pCS2-CFP backbone using NcoI and 

AgeI restriction sites (T4 ligase, 16 °C, overnight). The pCS2-HCKRS-2A-CFP plasmid was also 

constructed in the same way. 

To generate the pISceI-WTRS-2A-CFP plasmid, the pISceI plasmid (8,000 ng, gift from Dr. 

Michael Tsang) was digested with SpeI and NotI restriction enzymes, followed by gel purification 

of the band corresponding to the correct length of the backbone (~6,500 bp). The WTRS-2A-CFP 

fragment was amplified from the pCS2-WTRS-2A-CFP plasmid (Fwd: 5’- 

gtccactagtatggactacaaggacgacgacg-3’, Rev: 5’-tactgcggccgcttacttgtacagctcgtccatgc-3’). The 

PCR product was digested with SpeI and NotI restrictioin enzymes (37 °C, 2 h). The pISceI-

WTRS-2A-CFP plasmid was constructed by ligating the WTRS-2A-CFP fragment into the pISceI 

backbone using SpeI and NotI restriction sites (T4 ligase, 16 °C, overnight). The pISceI-HCKRS-

2A-CFP plasmid was also constructed in the same way. It should be noted that the polyA 

sequence was not present in either plasmids. Current effort to construct the plasmid containing 

polyA signal is under way. 

 

Expression of WTRS-2A-CFP in mammalian cells 

HEK 293T cells were transfected with pCS2-WTRS-2A-CFP (200 ng) in a 96-well plate. Branched 

polyethylene imine (bPEI, 1.5 μl, 1 mg/ml) was used as the transfection reagent. At 24 h, cells 

were imaged on a Zeiss Observer Z1 microscope with CFP channel. 

 

Microinjection of embryos 

The WTRS-2A-CFP mRNA was generated as described in Chapter 5.1, using the pCS2-WTRS-

2A-CFP plasmid. The injection mixture (3 μl) was prepared as 50 ng/μl of Rluc-L95TAG mRNA, 

100 ng/μl of WTRS-2A-CFP mRNA, and 1,000 ng/μl of PylT. For the UAA incorporation, 0.15 μl 

of Alloc Lys (100 mM stock in 100% DMSO) was added to 1.5 μl of injection mixture. Embryos 
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from natural mating were obtained and microinjected at the 1- to 2-cell stage with 2 nL of the 

injection mixture using a World Precision Instruments Pneumatic PicoPump injector. At 24 hpf, 

zebrafish embryos were imaged with a Leica M205 FA microscope with CFP and bright field 

channels. The fish lysates were further collected, and the Rluc activity assays were performed as 

described in Chapter 5.1. 

 

Generation of transgenic fish line 

To generate the transgenic fish line expressing wild-type PylRS, the pISceI-WTRS-2A-CFP 

plasmid (50 ng/µl) was injected into zebrafish embryos at the 1-cell stage. The embryos were 

raised to adulthood (takes ~3 months), and F0 adults (4 pairs, one male and one female for each 

pair) were crossed in separate tanks. At 24 hpf, zebrafish embryos were imaged with a Leica 

M205 FA microscope with CFP and bright field channels. 
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Appendix A. Optical control of other biomolecules in zebrafish 

 

A1. Optical control of circular morpholino function in zebrafish 

 

Morpholino oligomers (MOs) are the most frequently used gene-silencing reagents in the study 

of zebrafish embryos.250 MOs, usually around 25 base pairs, bind to mRNA and silence protein 

translation. In a typical experimental setting, MO that targets gene of interest is synthesized and 

injected into zebrafish embryos at the 1-2 cell stage. Observation of any phenotypic defects would 

indicate critical role of the target gene for embryonic development. Therefore, MOs provide a 

versatile method to study gene function in zebrafish embryos. 

One disadvantage of the MO injection, however, is the lack of spatiotemporal control on 

gene regulation. Once MO is injected into an embryo, it will distribute throughout the whole 

embryo, thus inhibiting translation of the protein of interest globally. However, gene expression 

patterns are spatially and temporally defined during embryonic development.251 A tool to 

selectively control MO activities within a defined time and space will allow us to study the 

mechanisms of complicated gene networks, which cannot be easily achieved with traditional MO 

injections. 

Several strategies have been applied to achieve the spatiotemporal control of MO 

activity.252 Recently, circular morpholinos were generated with a photocleavable oligonucleotide 

linker.194d, 253 Due to the steric constraint, the circular morpholino does not bind to mRNA and thus 

does not inhibit protein translation. The linker is cleaved with the light exposure, generating a 

linear, functional morpholino. MOs can also be cyclized with different caging groups that are 

responsive to wavelength-selective light, thus allowing for selective silencing of multiples target 



237 

 

genes with sequential light exposure.253b This strategy has been applied to selectively control 

gene expression of flatting head (flh) and spadetail (spt) in live zebrafish embryos.253b 

Previously, morpholinos have also been applied to inhibit miRNA function in zebrafish.254 

miRNA is a 22 nucleotide non-coding RNA that plays important roles in gene regulation.255 To 

enable spatiotemporal control of miRNA function in zebrafish, We asked if a photocleavable 

morpholino that targets miRNA could be generated. We first chose to target miR-125b, because 

injection of morpholino targeting miR-125b (5’-UCCCUGAGACCCUAACUUGUGA-3’) has led to 

dramatic phenotypic defects (severe cell death in the brain, dorsalized embryo) at 24 hpf.256 To 

this end, different amount of scrambled morpholino (targeting a random sequence) or miR-125b 

morpholino were injected into zebrafish embryos at the 1-2 cell stage. In agreement with the 

previous study, phenotypic defects (dorsalized embryo, cell death in the brain, as demonstrated 

by opaque tissues next to the zebrafish eyes) were observed in miR-125b morpholino injected 

embryos, but not scrambled morpholino-injected embryos (Fig A1).  

 

Figure A1. Phenotypic defects of the embryos injected with miR-125b morpholino (10 ng). (A) 

Dorsalized embryos. (B) Severe cell death in the brain. Arrows indicate positions of the cell death. 

Images were taken at 24 hpf. 
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We further counted the normal and defective embryos at 24 hpf. miR-125b morpholino (10 

ng or 15 ng) led to phenotypic defects on 90% of the embryos (Fig A2). A lower amount of miR-

125b morpholino (6 ng) showed milder effect (53%). Scrambled morpholino showed no effect on 

phenotype, suggesting that the phenotypic defects were caused by targeting miR-125b. Taken 

together, these data suggest that miR-125b morpholino injection (10 ng or 15 ng) leads to distinct 

loss-of-function embryo morphology. Luis Angel Vazquez in the Deiters lab further pursued the 

synthesis of circular miR-125b morpholino. However, the synthesis failed after several attempts. 

 

Figure A2. Injection of miR-125b morpholino led to phenotypic defects. Different amount (6 ng, 10 ng, 

15 ng) of scrambled morpholino (targeting random sequences) or miR-125b morpholino were injected 

into zebrafish embryos at the 1-2 cell stage. Normal and defected embryos were counted at 24 hpf. N 

represents number of embryos observed. 

 

We therefore looked to target another microRNA, miR-30, which is involved in the 

regulation of Hedgehog signaling pathway.257 Injection of miR-30 morpholino leads to elevated 

expression of Ptc1, an Hedgehog ligand receptor that is activated by Hedgehog signaling.257 We 

are currently confirming the expression of Ptc1 by in-situ hybridization. 
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A2. Optical control of peptide nucleic acid (PNA) in zebrafish 

 

 Peptide nucleic acids (PNAs) are synthetic homologs of nucleic acids, in which the 

phosphate–sugar polynucleotide backbone is replaced by a flexible pseudo-peptide polymer.258 

PNA oligomers show great specificity in binding to complementary DNAs or RNAs. PNAs are also 

resistance to DNAses and proteinases, making them an ideal molecular tool for a range of 

biological research,259 as well as gene therapies.260 For example, PNAs were used for targeted 

gene knockdown in zebrafish embryos.261 Light-activatable PNAs have also been developed for 

conditional downregulation of gene expression in zebrafish.261b 

 We are interested in developing methods for optochemical gene activation in live animals. 

For example, a caged promoter strategy was applied for light-activation of gene expression in 

zebrafish.262 However, this method requires incorporation of caged oligonucleotides into double-

stranded circular DNA. The injection of plasmid into the zebrafish also suffers from the mosaic 

expression.263 Alternatively, an antisense photo-morpholinos could be designed to optically 

activate gene function.264 The antisense photo-morpholino contains a photocleavable group in the 

middle. It first binds the target RNA and inhibits its function. Upon UV light irradiation, it is cleaved 

into two fragments, liberating RNA function. Recently, γ-modified peptide nucleic acids (γPNAs) 

were used to control protein translation in vitro.265 The γPNA blocks protein translation through 

targeting one of the two mRNA sites, the 5′-terminal end of the mRNA, or the Kozak initiation 

sequence.266 We therefore hypothesized that a photoactivable γPNA could be used to control 

protein translation, a similar strategy that was applied to antisense reagents.267  

 To this end, we first optimized the Kozak sequence of our Rluc expression construct (from 

GGATCCATGG to GCAAACATGG, start codon underlined), to ensure maximum translation 

efficiency in zebrafish.268 We then designed γPNA sequences that target the 5’-terminal end, or 

the Kozak initiation sequence. The γPNA (100 nM or 100 µM) was incubated with Rluc mRNA 
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(100 ng/µl, or 3 µM) at 37 °C for 1 h, condition used in a previous report.265 The mixture was then 

injected into zebrafish embryos at the 1-2 cell stage. At 24 hpf, fish lysates were collected for Rluc 

activity assays. However, we did not observe any decrease of luciferase activity with the γPNA 

treatment (Fig A3). Since 100 nM (concentration of γPNA) is much lower than 3 µM (concentration 

of Rluc mRNA), and thus efficient inhibition is not expected, this condition should not be tested 

experimentally. We did not observe efficient inhibition when γPNA was in excess (100 µM) though.  

 

Figure A3. γPNAs targeting either kozak sequence or 5’-terminal end did not inhibit Rluc translation. 

(A) Sequences of γPNAs used in this study. (B) The Rluc mRNA (100 ng/µl, or 3 µM) was mixed with 

the γPNA targeting kozak sequence (kozak PNA) or the γPNA targeting 5’-terminal end (5’ PNA). The 

mixture was incubated at 37 °C for 1 h, and was injected into zebrafish embryos at the 1-2 cell stage. 

At 24 hpf, fish lysates were collected for Rluc activity assays. N indicates the number of pooled samples 

(4 embryos each). Standard error of mean (SEM) was indicated. 
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We further tested in vitro translation of Rluc. But the γPNA treatment still did not inhibit 

Rluc translation (Fig A4, experiment performed by rotation student, Sara Whitlock). In some cases 

(kozak PNA at 100 nM or 10 µM), a surprising increase of translation level was even observed. 

Altogether, the tested γPNAs could not inhibit Rluc mRNA translation. 

 

Figure A4. γPNA that targets the 5’-terminal end (term PNA) or kozak sequence (start PNA) of Rluc did 

not inhibit Rluc translation. The sequences of γPNAs are shown in the previous figure. The Rluc mRNA 

(3 µM) was mixed with the γPNA targeting the 5’-terminal end or kozak sequence of Rluc. The mixture 

was incubated at 37 °C for 1 h, and the in vitro inhibition assays were performed. The error bars 

indicated standard deviation, with N = 3 (technical replicates). 

 

 We then decided to test the inhibition of Fluc translation, which has been successfully 

targeted with a γPNA in test tube experiments.265 A 10-mer or 12-mer γPNA targeting the 5’-

terminal end of Fluc (gifts from Dr. Bruce Armitage) was used. The 10-mer or 12-mer γPNA (7.5 

µM or 15 µM) was incubated with the Fluc mRNA (3 µM) at 37 °C for 1 h. The mixture was injected 

into zebrafish embryos at the 1-2 cell stage. At 24 hpf, fish lysates were collected for Fluc activity 
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assays (Fig A5). Gratifyingly, we observed a 75% reduction of Fluc activity with the treatment of 

γPNA (10-mer or 12-mer, 15 µM). In the future, we plan to further test the inhibition efficiency with 

longer γPNAs (14-mer and 16-mer), and the best γPNA will be used for light-activation of Fluc 

translation assay. 

 

Figure A5. γPNA that targets the 5’-terminal end of Fluc inhibits Fluc translation. (A) Sequences of 

γPNAs used in this study. (B) The Fluc mRNA (3 µM) was mixed with the γPNA targeting the 5’-terminal 

end (12-mer or 15-mer). The mixture was incubated at 37 °C for 1 h, and was then injected into 

zebrafish embryos at the 1-2 cell stage. At 24 hpf, fish lysates were collected for Fluc activity assays. 

N indicates the number of pooled samples (4 embryos each). Standard error of mean (SEM) was 

indicated. 

 

 In summary, we confirmed the phenotypical effect of miR-125b inhibition in zebrafish. 

Furthermore, we also sought to block protein translation through targeting mRNA sequence with 

γ-modified peptide nucleic acids (γPNAs). We observed inhibition of firefly luciferase expression 
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by γPNA (10-mer or 12-mer), targeting 5’-terminal end of the mRNA, with the most efficiency at 

the concentration of 15 μM. In the future, since the circular miR-125b morpholino cannot be 

generated, we will confirm the phenotypic effect of another microRNA target, miR-30, and 

generate a circular miR-30 morpholino for optical control of microRNA function in 

zebrafishembryos. For γPNA, we will test the inhibition efficiency of γPNAs with different length, 

and further generate photocaged γPNAs for optical control of mRNA function in zebrafish.  

 

Experimental 

Plasmid construction 

The kozak sequence of pCS2-Rluc plasmid (construction described in chapter 5.1) was first 

optimized to ensure maximum translation efficiency in zebrafish, using the site-directed 

mutagenesis (Fwd: 5’-ctttttgcagcaaacatggcttccaaggtgtacgaccccgag-3’, Rev: 5’-

ggaagccatgtttgctgcaaaaagaacaagtagcttgtattc-3’, mutations on kozak sequence were underlined). 

γPNAs targeting the Rluc (Ac-TAGCTTGTATTC-LysNH2, targeting kozak sequence 5’-

GAAUACAAGCUA-3’; Ac-ATGTTTGCTGCA-LysNH2, targeting 5’-terminal sequence 5’-

UGCAGCAAACAU-3’) were purchased from PNA Innovations, and 100 µM stock solutions were 

made with water. The pT7-Fluc plasmid and γPNAs targeting the Fluc (12-mer: Ac-

AAGCTTGGGTCT-LysNH2, 10-mer: Ac-GCTTGGGTCT-LysNH2, both targeting 5’-

AGACCCAAGCUUUCA-3’) were gifts from Dr. Bruce Armitage.265  

 

mRNA synthesis 

The generation of Rluc mRNA was performed following the protocol described in Chapter 5.1, 

except using the kozak sequence-optimized pCS2-Rluc plasmid (construction method described 

in the above paragraph) as the template.  

The pT7-Fluc plasmid (7.5 µg, gift from Dr. Bruce Armitage) was linearized through ApaL1 

digestion (1 µl of ApaL1 in 30 µl reaction, in CutSmart buffer provided by NEB, 37 °C, overnight). 
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The linearized product (30 µl) was mixed with water (20 µl) and phenol:choloform:isoamyl alcohol 

(PCIA, 50 µl), and centrifuged at maximum speed for 5 min. The top layer (~50 µl) was collected, 

and further mixed with NaOAc (5 µl, 3 M, pH 5.2, pH adjusted with acetic acid) and 100% ethanol 

(125 µl). The mixture was centrifuged at maximum speed for 5 min. The pellet was washed with 

70% ethanol (600 µl), and dissolved in 10 µl of water. The concentration of the linear DNA was 

determined by Nanodrop. Linear DNA (1 μg) was used to generate capped mRNA in a 20 μl 

reaction (37 °C, 4 h) with the T7 Megascript Transcription Kit (Ambion), together with the cap 

analog (3 µl of 40 mM stock) (m7G(5')ppp(5')G) (Fisher). DNase (1 µl, provided by the kit) was 

then added to remove the linear DNA template (37 °C, 30 min). The reaction (20 µl) was mixed 

with water (30 µl) and PCIA (50 µl), and was centrifuged at maximum speed for 5 min. The top 

layer (~50 µl) was purified through a G-50 sephadex spin column (Roche, #11274015001, column 

buffered with 10 mM Tris-HCl, pH 7.5; 1 mM EDTA; 100 mM NaCl) according to the product 

manual. The RNA solution (50 µl) was mixed with water (50 µl), NaOAc (10 µl, 3 M, pH 5.2), and 

100% ethanol (300 µl). The mixture was placed at −20 °C freezer overnight, and was centrifuged 

at maximum speed for 15 min. The RNA pellet was washed with 70% ethanol, and dissolved in 

water (10 µl). The quality was verified by running 0.5 µl of the RNA (in 10 µl of water) on a 1% 

agarose gel (run at 80 V for 45 min). The RNA concentration following this protocol is normally 

around 1 µg/µl. 

 

Microinjection of embryos 

The miR-125b morpholino (3 µg/µl, 5 µg/µl, or 7.5 µg/µl, in water) was injected into zebrafish 

embryos (2 nL) at the 1-2 cell stage. Scrambled morpholino of the same concentration was used 

as the negative control. At 24 hpf, the embryos were imaged using a stereomicroscope (Leica MZ 

16 FA). Normal and defective embryos were counted.  

 For in vivo Rluc inhibition assay, the injection mixture was prepared as γPNA (100 nM or 

100 µM) and Rluc mRNA (3 µM) in water. For in vivo Fluc inhibition assay, the injection mixture 
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was prepared as γPNA (7.5 µM or 15 µM) and Fluc mRNA (3 µM) in water. In both experiments, 

the mixture was incubated at 37 °C for 1 h to facilitate duplex formation. Embryos from natural 

mating were obtained and microinjected at the 1 to 2 cell stage with 2 nL of the injection mixture 

using a World Precision Instruments Pneumatic PicoPump injector. At 24 hpf, fish lysates (4 

embryos per pooled sample, homogenized in 50 µl of 1x passive lysis buffer (Promega)) were 

collected and the luciferase assays were performed as described in Chapter 5.1. 

 

in vitro inhibition assay 

The Rluc mRNA (3 µM) was mixed with γPNA (100 nM, or 1 µM, or 10 µM) in water, and the 

mixture was incubated at 37 °C for 1 h to facilitate duplex formation. The Rluc mRNA (either with 

or without incubation with γPNA) was translated with the Promega Rabbit Reticulocyte Lysate kit 

(#L4960) following the kit recommended conditions at 37 °C for 2 h. Then 3 µl of the translation 

product was mixed with 30 µl of Renilla Luciferase Assay Reagent (Promega), and luminescence 

was read immediately on a microplate reader (Tecan M1000 PRO), with an integration time of 

1000 ms. 
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Appendix B. ESI-MS spectrum, plasmid map, general protocol, buffer composition 

 

ESI-MS spectrum 

A 

 

B 

 

Figure A6. ESI-MS analysis for sfGFP-Y151TAG-DK. (A) spectrum displayed with range from 25000 to 

30000 Da. (B) spectrum displayed with range from 28150 to 28600 Da. 
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A 

 

B 

 

Figure A7. ESI-MS analysis for (A) sfGFP-Y151TAG-AzEK and (B) sfGFP-Y151TAG-AzMK. 
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A 

 

B 

 

C 

 

Figure A8. ESI-MS analysis for (A) sfGFP-Y151TAG-MNPY, (B) sfGFP-Y151TAG-NPY, (C) sfGFP-

Y151TAG-NPEY. 
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B 

 

Figure A9. ESI-MS analysis of sfGFP-Y151TAG-ONBSY (A) before and (B) after UV irradiation. 
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B 

 

Figure A10. ESI-MS analysis of sfGFP-Y151TAG-ONBAY (A) before and (B) after UV irradiation. 
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Figure A11. ESI-MS analysis of sfGFP-Y66TAG-ONBAY after UV irradiation. 

 

A 

 

B 

 

Figure A12. ESI-MS analysis for genetic incorporation of alkene lysine (A) 7 and (B) 9 into Myo4TAG. 
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A 

 

 

B 

 

Figure A13. ESI-MS analysis of (A) sfGFP-Y151TAG-BPK and (B) Myo-4TAG-BPK. 

 

 

Figure A14. ESI-MS analysis of sfGFP-Y151TAG-AzoF. 
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B 

 

Figure A15. ESI-MS analysis of sfGFP-Y151TAG-BAOK (A) before and (B) after TFA deprotection. 
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B 

 

Figure A16. ESI-MS analysis of sfGFP-Y151TAG-PAOK (A) before and (B) after UV irradiation. 
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Figure A17. ESI-MS analysis of oxime ligation product of decaged sfGFP-PAOK with coumarin 

aldehyde (CA). 

 

 

Figure A18. ESI-MS analysis of ligation product of decaged Myo-4TAG-PAOK with coumarin aldehyde 

(CA). 
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Plasmid maps 

 

 

Figure A19. Newly constructed plasmids in Chapter 2. 
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Figure A20. Newly constructed plasmids in Chapter 3. 

 

 

 

Figure A21. Newly constructed plasmids in Chapter 4. 
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Figure A22. Newly constructed plasmids in Chapter 5. 
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General protocol 

 

Restriction enzyme-based cloning 

1. Digest the parent plasmid with restriction enzymes, using the protocol below. Incubate at 37 °C 

for 2 h, heat-inactivate at 75 °C for 30 min. 

 

 Volumn (μl) 

DNA 80 

Enzyme A 2 

Enzyme B 2 

10xCutSmart Buffer 20 

H2O 96 

Total 200 

 

2. Add 2 µl of Antarctic Phosphatase (NEB), 20 µl of 10x AP buffer to the digestion solution. 

Incubate at 37 °C for 1 h, run on 0.8% agarose gel (80 V for 45 min), extract the band 

corresponding to the backbone using the gel extraction kit (Omega). Elute with 30 µl of water. 

 

3. Perform PCR for the target fragment (25 µl reaction). Purify the PCR product using the PCR 

cycle pure kit (Omega). Elute with 30 µl of water. Concentration should be around 30 ng/µl. Digest 

the elution product with 0.3 µl of enzyme A and 0.3 µl of enzyme B in a 30 µl reaction. 

 

4. Calculate the volume of backbone (B) and insert (I): c(B)*volume(B)/length(B)*3= 

c(I)*volume(I)/length(I). The total backbone DNA is 50 ng. 

 

5. Set up ligation reaction with 10x T4 ligase buffer (1 µl), T4 ligase buffer (0.2 µl). Fill up with 

water to 10 µl. Incubate at 16 °C overnight. Transform ligation reaction (3 µl) to the chemical 

competent cells (50 µl) the next day. 

 

PCR reaction 

1. Set up the PCR reaction according to the protocol below. 
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 Volume (μl) Final Concentration 

Plasmid (adjust to 5 ng/μl) 0.5  

Forward Primer (10 μM) 0.625 0.25 μM 

Reverse Primer (10 μM) 0.625 0.25 μM 

10 mM dNTP 0.5 20 μM 

5xBuffer 5  

dd H2O 17.5  

Polymerase (Fusion) 0.25  

Total 25  

 

2. Run PCR reaction according to the program below. Adjust the annealing temperature if the 

PCR amplification is not successful. 

  30 cycles   

Temp (°C) 98 98 58 72 72 12 

Time 30 s 10 s 30 s 30 s/kb 10 min hold 

 

Site directed mutagenesis 

Note: The protocol is based on Agilent Quikchange Site-Directed Mutagenesis Kit: 

http://www.agilent.com/cs/library/usermanuals/Public/210513.pdf 

Primer design:  

For the forward primer, at the 5’ end and 3’ end of the desired mutations, 18 bp of the original 

sequences adjacent to the target mutation site are designed. Both ends are further extended until 

a C/G is met. The reverse primer is the reverse complimentary sequence of the forward primer. 

Experimental: 

1. Make stock solution of primers, to the final concentration of 1 µg/µl. 

2. Make working solution of primers, with the final concentration of 0.1 µg/µl. 

3. Set up the PCR reaction according to the protocol below. 

 Volume (μl) 

H2O 11.6 

5x Phusion Buffer 4 

Fwd Primer 0.5 

Rev Primer 0.5 

100% DMSO 0.6 

5 ng/µl DNA 2 

10 mM dNTP 0.4 

Phusion Polymerase 0.4 

Total 20 

 

4. Run PCR reaction according to the program below.  
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  18 cycles   

Temp (°C) 95 95 58 68 68 12 

Time 2 min 20 s 10 s 30 s/kb 5 min hold 

 

5. Add 0.4 µl of DpnI (NEB) enzyme to the PCR reaction. Incubate at 37 °C for 10 min. Transform 

3 µl of the final product to chemical competent cells (50 µl). 

 

Gibson assembly 

Note: The protocol is from Miller lab: http://miller-lab.net/MillerLab/protocols/molecular-biology-

and-cloning/gibson-assembly/ 

Primer design: 

The fragments for Gibson assembly are first defined (and could be designed on vector NTI in 

silico). The Gibson assembly primers are typically 60 bp in length (30 bp of vector and 30 bp of 

insert). If the primers are not completely complimentary to each other, the overlap sequence 

needs to be at least 40 bp.  

Experimental: 

1. Make 5x ISO reaction buffer according to the protocol below. 

 Volume Final Concentration 

1M Tris-HCl, pH 7.5 100 μl 500 mM 

1M MgCl2 10 μl 50 mM 

10 mM dNTP 20 μl 1 mM 

1M DTT 10 μl 50 mM 

PEG-8000 50 mg 25% 

50 mM NAD 20 μl 5 mM 

H2O adjusted  

Total 200 μl  

 

2. Make enzyme reaction master mix according to the protocol below. Aliquot in PCR tubes (15 

µl each), and store at −20 °C fridge. 

 Volume 

5xISO reaction buffer 40 μl 

10 U/µl T5 exo 0.1 μl 

2 U/µl Phusion polymerase 2.5 μl 

40 U/µl Taq ligase 20 μl 

H2O 87.4 μl 

Total 150 μl 

 

http://miller-lab.net/MillerLab/protocols/molecular-biology-and-cloning/gibson-assembly/
http://miller-lab.net/MillerLab/protocols/molecular-biology-and-cloning/gibson-assembly/
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3. Prepare DNA mixture, with 50 ng of backbone, and 100 ng of each DNA fragments. Fill up with 

water to 5 µl. 

 

4. Add DNA mixture (5 µl) to enzyme reaction master mix (15 µl). Incubate at 50 °C for 1 h. 

Transform the product (3 µl) to chemical competent cells (50 µl). 

 

Making chemical competent cells 

Note: The protocol below (including transformation) was written and used by Hank Chou (former 

postdoc at Deiters group). A standard protocol could be found on NEB: 

https://www.neb.com/protocols/2012/06/21/making-your-own-chemically-competent-cells. 

1. Inoculate a single colony into LB medium (3 ml) with proper antibiotic. Grow overnight at 37 °C 

shaker. 

2. The next morning, add 1 ml of overnight culture to 50 ml of LB medium (with no antibiotics). 

Grow at 37 °C shaker, until OD600 reaches 0.4~0.5. 

IMPORTANT: frequently check OD after 2h. OD could not be higher than 0.5. 

3. Chill the flask on the ice for 20 min. 

4. Centrifuge the culture at 3,200 rpm in 50 ml tube, 10 min at 4 °C. 

5. Prepare 10 ml of TSS (Transformation and Storage Solution): 8.5 ml of water, 0.212 g of LB 

broth, 1 g of PEG (MW: 5,600 - 8,000), 0.5 ml of 100% DMSO, 0.1 g of MgCl2. 

6. Resuspend the cells in N ml of ice-cold TSS. N = 10 * OD600 

7. Aliquot (50 µl each) into prechilled 1.7ml tubes. Flash freezing in isopropanol/dry ice bath. Store 

in −80 °C freezer. 

 

Testing the competency of chemical competent cells 

1. Add DNA (< 5 µl) to 50 µl of chemical competent cells. Incubate on ice for 30 min. Heat shock 

at 42 °C for 30 s. Add 500 µl of SOC medium. Shake at 37 °C for 1 h. Plate 100 µl culture on LB 

agar. Incubate at 37 °C overnight. 

2. Calculate the competency based on colony count the next day: 

Competency = colony count * 5 / amount of DNA (µg) 

 

Making electrocompetent cells 

Note: The protocol below (including transformation) is based on the NEB protocol, with some 

modifications: https://www.neb.com/protocols/2012/06/21/making-your-own-electrocompetent-

cells. 
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1. Inoculate a single colony into LB medium (3 ml) with proper antibiotic. Grow overnight at 37 °C 

shaker. 

2. The next morning, add 2 ml of overnight culture to 200 ml of LB medium (with no antibiotics). 

Grow at 37 °C shaker, until OD600 reaches 0.4~0.5. 

IMPORTANT: frequently check OD after 2h. OD could not be higher than 0.5. 

3. Chill the flask on the ice for 20 min. 

IMPORTANT: Prepare ice cold H2O, cold 10% glycerol, chilled pipette tips and 50 ml tubes 

beforehand. All subsequence procedures should be performed on ice. 

4. Centrifuge the culture at 4,000 rpm in 50 ml tube, 15 min at 4 °C. 

5. Decant the supernatant, and resuspend the pellet in 50 ml of ice cold H2O. 

6. Centrifuge again using the same condition as above. 

7. Decant the supernatant, and resuspend the pellet in 50 ml of ice cold H2O. 

8. Centrifuge again using the same condition as above. 

9. Decant the supernatant, and resuspend the pellet in 40 ml of 10% cold glycerol. 

10. Centrifuge again using the same condition as above. 

11. Decant the supernatant, and add 500 μl of 10% cold glycerol. Resuspend. 

IMPORTANT: slowly decant supernatant, as pellets lose adherence in 10% glycerol. Carefully 

aspirate the remaining supernatant with pipette. 

12. Aliquot (50 µl each) into prechilled 1.7ml tubes. Flash freezing in isopropanol/dry ice bath. 

Store in −80 °C freezer. 

 

Testing the competency of electrocompetent cells 

1. Add 1 μl of DNA (1 ng/µl) to 50 µl of electrocompetent cells. 

2. Set the electroporator to 1800 V. 

3. Transfer electrocompetent cells to a prechilled 1 mm cuvette (VWR), tap on countertop twice, 

wipe moisture from the cuvette, and insert the cuvette into the electroporator. 

4. Select the pre-programmed electroporation protocol for 1 mm cuvette. 

5. Immediately add 1 ml of SOC medium to the cells, and transfer all to a sterile culture tube. 

Shake for 1.5 h at 37 °C. 

6. Make 10x, 100x, 1000x dilution of the culture. Plate 100 µl of the diluted culture on LB plates 

containing the appropriate antibiotics. Grow overnight at 37 °C. 

7. Calculate the competency using the following equation. 

 Competency (CFU/µg) = colonies / 0.001 µg * total volume (1050 µl) / volume plated 

 For 100x dilution: volume plated = 1 µl 
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 For 10x dilution: volume plated = 10 µl 

  

Transfection in mammalian cells 

Human embryonic kidney (HEK) 293T cells (ATCC, #CRL-11268) were grown in 200 μl of DMEM 

(Dulbecco’s Modified Eagle Medium) supplemented with 10% FBS, 1% Pen-Strep, and glutamine 

(2 mM) in 96-well plates in a humidified atmosphere with 5% CO2 at 37 °C. At ∼75% confluency, 

the culture medium were replaced with 180 μl of fresh DMEM. UAA (at the final concentration of 

1 mM concentration unless noted) was supplemented in the culture medium if needed. Branched 

polyethylene imine (BPEI, 1.5 μl, 1 mg/ml, transfection reagent) was mixed with the designated 

plasmids (normally 200 ng for each) in 20 μl of Opti-MEM. The mixture was incubated at room 

temperature for 10 min, and was then added to the culture medium. The cells were incubated in 

a humidified atmosphere with 5% CO2 at 37 °C, and they were analyzed after 24 h or 48 h. 

 

Western blot 

Human embryonic kidney (HEK) 293T cells (ATCC, #CRL-11268) were grown in 2 ml of DMEM 

(Dulbecco’s Modified Eagle Medium) supplemented with 10% FBS, 1% Pen-Strep, and glutamine 

(2 mM) in 6-well plates in a humidified atmosphere with 5% CO2 at 37 °C. At ∼75% confluency, 

HEK 293T cells were co-transfected with the designated plasmids (normally 2000 ng each). 

Branched polyethylene imine (BPEI, 15 μl, 1 mg/ml) was used as transfection reagent for each 

well, using the transfection protocol described above. After 48 h of incubation, the cells were 

washed with chilled phosphate-buffer saline (PBS, 1 ml), and lysed in mammalian protein 

extraction buffer (250 μl, GE Healthcare). The cell lysates were separated by 10% SDS-PAGE 

(run with 60V for 15 min, and 150 V for 45 min) and were transferred to a PVDF membrane (GE 

Healthcare). The membrane was blocked in tris-buffer saline (TBS) with 0.1% Tween 20 and 5% 

milk for 1 h. The blots were probed with the primary antibody (normally diluted as 1:1,000 in TBST) 

overnight at 4 °C, followed by incubation with secondary goat anti-rabbit IgG-HRP antibody 

(normally diluted as 1:20,000 in TBST) for 1 h at room temperature. The blots were further 

incubated with the SuperSignal West Pico working solution (mixture of the Stable Peroxide 

Solution and the Luminol/Enhancer Solution, 500 μl each, Thermo Scientific) for 5 min at room 

temperature. The luminescence signal was detected by ChemiDoc (Chemi Hi Sensitivity setting, 

manual exposure time: 10 sec). 
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Buffer composition 

 

SDS-PAGE: 

Separating/Running gel: 

Solution Volume 

40% acrylamide 1.25 ml 

1.5 M Tris (pH 8.8) 1.25 ml 

10% APS 50 μl 

                              10%SDS 50 μl 

TEMED 3 μl 

H2O 2.4 ml 

Total 5 ml 

 

Stacking gel: 

Solution Volume 

40% acrylamide 250 μl 

1 M Tris (pH 6.8) 250 μl 

10% APS 20 μl 

10% SDS 20 μl 

TEMED 2 μl 

H2O 1.46 ml 

Total 2 ml 

 

10x SDS running buffer 

a. dissolve 144 g of glycine and 30.2 g of Tris Base in 900 ml of DI H2O. 

b. add 10 g of SDS and mix. 

c. fill up to 1 L with DI H2O. 

 

SDS-PAGE staining buffer: 

a. add 100 ml of glacial acetic acid to 500 ml of DI H2O. 

b. add 400 ml of methanol and mix. 

c. add 1g of Coomassie R250 dye (Briliant Blue) and mix. 

 

SDS-PAGE destaining buffer: 

a. add 100 ml of glacial acetic acid to 700 ml of DI H2O. 

b. add 200 ml of methanol. 
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4x SDS loading buffer (10 ml) 

 8 ml of 50% glycerol 

 2.4 ml of 1M Tris/HCl, pH 6.8 

 0.8 g of SDS 

 4 mg of bromophenol blue 

 0.5 ml of beta-mercaptoethanol 

 

Phosphate-based buffer for protein purification 

Elution buffer 

 NaH2PO4    0.3 g 

 NaCl     0.877 g 

 Imidazole    0.85 g 

 10 M NaOH               107 μl 

Lysis buffer 

 3 M NaCl    4.8 ml 

 1M Na2HPO4               2.237 ml 

 1M NaH2PO4               0.163 ml 

 elution buffer               2 ml 

 10 M NaOH               13 μl 

Wash buffer 

 10 ml lysis buffer + 2.5 ml elution buffer 

 

DMEM (Dulbecco's Modified Eagle's medium) 

 5.89 g     DMEM 

 1.63 g     Sodium bicarbonate 

 0.145 g   L-glutamine 

 440 ml    H2O 

 Adjust pH to 7.4 (~500 μl of 1N HCl) 

Add 50 ml of 10x FBS (Fetal Bovine Serum), and 5 ml of 100x P/S (Penicillin/Streptomycin) 

solution 

 

Western blot 

Transfer buffer: 

 2.25 g   Tris base 
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 10.5 g   Glycine 

 1 g   SDS 

 200 ml  Methanol 

 Fill up to 1 L with DI H2O 

 

10x TBS (Tris-Buffer Saline) 

 24.2 g  Tris 

 84 g   NaCl 

 Adjust pH to 7.6 with 1N HCl 

 Fill up to 1 L with DI H2O 

 

1x TBST (Tris-Buffer Saline with 0.1% Tween 20) 

 To 500 ml of 1x TBS, add 0.5 ml of Tween 20 

 

Blocking buffer 

 To 10 ml of 1x TBST, add 0.5 g of nonfat dry milk powder 
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