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Abstract 

A Novel Homeostatic Mechanism Tunes PI(4,5)P2-dependent Signaling at the Plasma 
Membrane 

 
Rachel Christine Wills, PhD 

 
University of Pittsburgh, 2022 

 
 
 
 

The lipid molecule phosphatidylinositol (4,5)-bisphosphate (PI(4,5)P2) controls virtually 

all aspects of plasma membrane (PM) function in animal cells. These functions range from cellular 

signaling to selective membrane permeability to the attachment of the cytoskeleton. Upon the 

reduction of PI(4,5)P2 these cellular functions are dysregulated. The majority of PI(4,5)P2 is 

synthesized by type 1 phosphatidylinositol 4-phosphate 5-kinase (PIP5K). However, the 

mechanism by which PIP5K localizes to the PM to access its substrate phosphoinositide 4-

phosphate (PI4P) is not well known. Therefore, understanding the regulation of this kinase is 

critical for determining how the cell maintains PI(4,5)P2 homeostasis. We observed PM 

localization of over-expressed PIP5K isoforms and endogenously tagged PIP5K1A to determine 

the potential mechanisms for PM association. After experimentally altering the phosphoinositide 

composition of the PM, we were able to observe the acute corresponding changes in PIP5K 

localization. PIP5K remained localized with the PM in the presence of PI4P and PI(4,5)P2. 

Furthermore, we determined that two basic residues in the C-terminal tail are necessary for this 

PM interaction. The crystal structure of PIP5K displays these two residues opposite the activation 

loop and near an unstructured insert loop. Ultimately, we believe that the insert loop functions as 

a PI(4,5)P2 binding pocket or confers allosteric regulation to reveal a cryptic PI(4,5)P2 binding site 

on PIP5K to facilitate its PM localization.  



 v 

On the other hand, increased levels of PI(4,5)P2 are also associated with a wide range of 

diseases. Yet, it remains unclear how cells sense and maintain PI(4,5)P2 levels without exceeding 

the basal level. Here, we show that the type 2 phosphatidylinositol 5-phosphate 4-kinase (PIP4K) 

family of enzymes, that synthesize PI(4,5)P2 via a minor pathway, also function as sensors of tonic 

PI(4,5)P2 levels. We show that PIP4K inhibits the synthesis of PI(4,5)P2 and that this is done 

through a direct interaction with PIP5K. Furthermore, PIP4K is recruited to the membrane to 

interact with PIP5K in a PI(4,5)P2 dependent manner. Perturbation of this simple homeostatic 

mechanism reveals differential sensitivity of PI(4,5)P2-dependent signaling to elevated PI(4,5)P2 

levels. We find that a subset of PI(4,5)P2 mediated functions may drive diseases associated with 

disrupted PI(4,5)P2 homeostasis. 

  



 vi 

Table of Contents 

Preface .......................................................................................................................................... xv 

1.0 Introduction ............................................................................................................................. 1 

1.1 Phospholipids and Phosphoinositides ........................................................................... 1 

1.2 Phosphoinositides ........................................................................................................... 1 

1.3 PI(4,5)P2 Metabolism ..................................................................................................... 2 

1.3.1 Synthesis ................................................................................................................2 

1.3.1.1 PIP4K ........................................................................................................ 4 

1.3.1.2 PIP5K ........................................................................................................ 6 

1.3.1.3 PTEN ....................................................................................................... 12 

1.3.2 Degradation ........................................................................................................12 

1.3.2.1 Phospholipases ....................................................................................... 13 

1.3.2.2 Class I PI3K ............................................................................................ 13 

1.3.2.3 Inositol 5-phosphatases ......................................................................... 14 

1.4 Phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) and PM identity ........................ 17 

1.4.1 Signaling and PI(4,5)P2 ......................................................................................18 

1.4.2 Transport, Trafficking, and PI(4,5)P2 ..............................................................22 

1.4.3 Cytoskeletal organization and PI(4,5)P2 ..........................................................26 

1.5 Summary ....................................................................................................................... 29 

2.0 Lipid detection and metabolism .......................................................................................... 30 

2.1 Overview ........................................................................................................................ 31 

2.2 Introduction .................................................................................................................. 31 



 vii 

2.2.1 Phospholipids ......................................................................................................31 

2.2.2 Detection of lipids in cells ..................................................................................32 

2.2.3 Genetically encoded lipid biosensors ................................................................32 

2.3 Results ............................................................................................................................ 33 

2.3.1 Genetically encoded biosensor visualization ....................................................33 

2.3.2 Quantification of biosensors in cells .................................................................35 

2.3.3 Manipulation of lipids and biosensor readouts ...............................................37 

2.3.3.1 Chemical dimerization .......................................................................... 37 

2.3.3.2 FKBP-FRB ............................................................................................. 38 

2.3.3.3 Rapamycin induced dimerization ........................................................ 39 

2.3.3.4 Acute lipid manipulation ....................................................................... 39 

2.3.4 Low or High affinity/avidity ..............................................................................41 

2.3.5 Treachery of images ...........................................................................................44 

2.4 Discussion ...................................................................................................................... 45 

2.5 Experimental Procedures ............................................................................................ 47 

2.5.1 Cell culture and lipofection ...............................................................................47 

2.5.2 Chemicals and reagents .....................................................................................47 

2.5.3 Plasmids and cloning .........................................................................................47 

2.5.4 Microscopy ..........................................................................................................48 

2.5.5 Image analysis ....................................................................................................49 

3.0 Determinants of PIP5K PM targeting ................................................................................. 53 

3.1 Overview ........................................................................................................................ 53 

3.2 Introduction .................................................................................................................. 54 



 viii 

3.3 Results ............................................................................................................................ 55 

3.3.1 PIP5K localization at the PM is regulated by C-terminal tail residues. .......55 

3.3.2 Overexpressed PIP5K1A maintains PM localization even after lipid 

recomposition. .............................................................................................................58 

3.3.3 Endogenous PIP5K1A is localized at the PM. .................................................60 

3.3.4 Endogenous PIP5K1A PM localization is mediated by PI4P and PI(4,5)P2. 61 

3.3.5 PM association of over-expressed PIP5K isoforms differ. .............................64 

3.3.6 The specificity / activation loop and insert loop play a role in PM localization.

 .......................................................................................................................................67 

3.4 Discussion ...................................................................................................................... 70 

3.5 Experimental Procedures ............................................................................................ 72 

3.5.1 Cell culture and lipofection ...............................................................................72 

3.5.2 Chemicals and reagents .....................................................................................72 

3.5.3 Plasmids and cloning .........................................................................................73 

3.5.4 Microscopy ..........................................................................................................73 

3.5.5 Image analysis ....................................................................................................75 

3.5.6 Single Molecule Analysis using Thunderstorm ...............................................76 

4.0 A novel negative feedback mechanism tempers PI(4,5)P2 synthesis at the PM .............. 79 

4.1 Overview ........................................................................................................................ 79 

4.2 Introduction .................................................................................................................. 79 

4.3 Results ............................................................................................................................ 81 

4.3.1 Reciprocal regulation of PM PI(4,5)P2 levels by PIP5K and PIP4K .............81 

4.3.2 PIP4K attenuates PIP5K kinase activity..........................................................84 



 ix 

4.3.3 Endogenous PIP4K2C is localized at the PM ..................................................87 

4.3.4 PI(4,5)P2 is required for membrane association of PIP4K2A ........................88 

4.3.5 PIP4KA binds cooperatively to PI(4,5)P2 containing membranes ................92 

4.3.6 PIP4K interacts with PIP5K for inhibition .....................................................94 

4.3.7 The N-terminus of PIP4K mediates the interaction with PIP5K ..................97 

4.3.8 Regulation of PIP5K by the low affinity PI(4,5)P2 interaction of PIP4K .....98 

4.3.9 PLC-mediated Ca2+ signals saturate at elevated PI(4,5)P2 levels ..................99 

4.3.10 PI3K mediated PI(3,4,5)P3 synthesis is linearly dependent on PI(4,5)P2 levels

 .....................................................................................................................................101 

4.4 Discussion .................................................................................................................... 104 

4.5 Experimental Procedures .......................................................................................... 106 

4.5.1 Cell culture and lipofection .............................................................................106 

4.5.2 Chemicals and reagents ...................................................................................107 

4.5.3 Plasmids and cloning .......................................................................................107 

4.5.4 Purification of PIP5K1A and Mss4 ................................................................108 

4.5.5 Purification of PIP4K2A .................................................................................110 

4.5.6 Purification of PH-PLCδ1 domain .................................................................111 

4.5.7 Purification of OCRL ......................................................................................112 

4.5.8 Sortase mediated peptide ligation ...................................................................113 

4.5.9 Preparation of small unilamellar vesicles ......................................................113 

4.5.10 Preparation of supported lipid bilayers .......................................................114 

4.5.11 Microscopy ......................................................................................................115 

4.5.12 Image analysis ................................................................................................117 



 x 

4.5.13 Single Molecule Analysis using Thunderstorm ...........................................118 

4.5.14 Kinetic measurements of PI(4,5)P2 production ...........................................118 

5.0 Discussion and Perspectives ............................................................................................... 122 

5.1 Study Synopses ............................................................................................................ 122 

5.1.1 PI(4,5)P2 detection and manipulation ............................................................122 

5.1.2 PI(4,5)P2 synthesis is rapidly re-initiated after stimulated depletion ..........123 

5.1.3 PI(4,5)P2 synthesis is negatively regulated .....................................................123 

5.1.4 Physiological impacts of aberrant PI(4,5)P2 homeostasis .............................124 

5.2 Perspectives ................................................................................................................. 124 

5.2.1 Potential PIP5K interactions ...........................................................................125 

5.2.2 Protein-lipid interactions .................................................................................127 

5.2.3 Health and disease ............................................................................................128 

Appendix A Quantification of genetically encoded lipid biosensors .................................... 132 

Appendix A.1 Materials ................................................................................................... 132 

Appendix A.1.1 Tissue Culture ................................................................................132 

Appendix A.1.2 Microscopy .....................................................................................133 

Appendix A.1.3 Imaging analysis ............................................................................133 

Appendix A.2 Methods ..................................................................................................... 133 

Appendix A.2.1 Seeding cells ...................................................................................133 

Appendix A.2.2 Splitting and seeding cells .............................................................134 

Appendix A.2.3 Transfect cells ................................................................................135 

Appendix A.3 Microscope set up and imaging .............................................................. 136 

Appendix A.3.1 TIRF microscopy ...........................................................................136 



 xi 

Appendix A.3.2 Confocal microscopy .....................................................................137 

Appendix A.3.3 Imaging 35-mm dishes ..................................................................137 

Appendix A.4 Data analysis ............................................................................................. 138 

Appendix A.5 Notes .......................................................................................................... 140 

Appendix B Induced dimerization tools to deplete specific phosphatidylinositol 

phosphates ............................................................................................................................. 143 

Appendix B.1 Materials ................................................................................................... 143 

Appendix B.1.1 Plasmids ..........................................................................................143 

Appendix B.1.2 Cell culture and transfection ........................................................144 

Appendix B.1.3 Live-cell imaging ............................................................................144 

Appendix B.1.4 Image analysis ................................................................................145 

Appendix B.2 Methods ..................................................................................................... 145 

Appendix B.2.1 Transfection ....................................................................................145 

Appendix B.2.2 Microscope setup ...........................................................................146 

Appendix B.2.3 Time-lapse imaging and rapamycin addition ..............................147 

Appendix B.3 Data Analysis ............................................................................................ 148 

Appendix B.3.1 Confocal microscopy .....................................................................148 

Appendix B.3.2 TIRF microscopy ...........................................................................149 

Appendix B.4 Notes .......................................................................................................... 149 

Bibliography .............................................................................................................................. 155 



 xii 

List of Tables 

Table 2.1 Current genetically encoded lipid biosensors for a variety of selective lipid species

........................................................................................................................................... 51 

Table 2.2 Plasmids used in this study ........................................................................................ 52 

Table 3.1 Plasmids used in this study ........................................................................................ 77 

Table 3.2 HDR sequence for PIP5K1A ..................................................................................... 78 

Table 4.1 Plasmids used in this study ...................................................................................... 119 

Table 4.2 HDR and gRNA sequences for PIP4K2C. ............................................................. 121 

Appendix Table 1.1 Suggested cell suspension volumes to seed cells for transfections. ..... 152 

Appendix Table 2.2 Representative phosphoinositide phosphatases. .................................. 153 

 

 



 xiii 

List of Figures 

Figure 1.1 PI and the Seven Phosphoinositides. ......................................................................... 4 

Figure 1.2 A comparison of the PIP4K and PIP5K structures. .............................................. 11 

Figure 2.1 Genetically encoded lipid biosensors localize with specific organelle membranes.

........................................................................................................................................... 34 

Figure 2.2 TIRF and confocal microscopy image analysis. ..................................................... 37 

Figure 2.3 Target localization at different cellular compartments. ....................................... 40 

Figure 2.4 Go high or go low (affinity and avidity). ................................................................ 43 

Figure 2.5 Ceci n'est pas une PIP (“This is not a PIP”). ......................................................... 45 

Figure 3.1 C-terminal tail residues are necessary for PIP5K1A localization at the PM. ..... 57 

Figure 3.2 Over-expressed PIP5K1A is not sensitive to changes in PM lipid composition. . 59 

Figure 3.3 Endogenously tagged PIP5K1A is associated with the PM. ................................. 61 

Figure 3.4 Endogenous PIP5K1A binds to PI4P and PI(4,5)P2 to maintain PM localization.

........................................................................................................................................... 63 

Figure 3.5 Over-expressed isoforms of PIP5K are sensitive to changes in PM lipid 

composition. ..................................................................................................................... 67 

Figure 3.6 PIP5K1C structural elements play a role in PM localization. .............................. 69 

Figure 4.1 Reciprocal regulation of PM PI(4,5)P2 levels by PIP5K and PIP4K. .................. 83 

Figure 4.2 The activity of PIP5K is blunted by PIP4K. .......................................................... 86 

Figure 4.3 Endogenously tagged PIP4K2C is partly associated with the PM. ...................... 88 

Figure 4.4 PI(4,5)P2 is necessary and sufficient for the PM localization of PIP4K. ............. 91 



 xiv 

Figure 4.6 PI(4,5)P2 is necessary and sufficient for membrane association of purified PIP4K.

........................................................................................................................................... 93 

Figure 4.7 PIP4K interacts with mammalian PIP5K for inhibition. ..................................... 96 

Figure 4.8 The N-terminus of PIP4K interacts with PIP5K. .................................................. 98 

Figure 4.9 PI3K, but not calcium signaling, are modulated across all concentration ranges of 

PI(4,5)P2. ........................................................................................................................ 103 

Appendix Figure 1 Rapamycin induces recruitment at different efficiencies of FRB-FKBP 

ratios. .......................................................................................................................................... 154 

 



 xv 

Preface 

The path to obtaining my PhD has certainly been long and can be quite eloquently 

summarized by Dr. Seuss.  

“You’ll start in a race down long wiggled roads at a break-necking pace and grind on for 

miles across weirdish wild space, headed, I fear, toward a most useless place. The Waiting Place… 

But on you will go though the weather be foul. On you will go though your enemies prowl… 

You’ll get mixed up, of course, as you already know. You’ll get mixed up with many strange birds 

as you go. So be sure when you step. Step with care and great tact and remember that Life’s a 

Great Balancing Act… And will you succeed? Yes! You will, indeed! (98 and ¾ percent 

guaranteed.)” 

The success that I have had is not mine alone and I would like to take the time to thank 

everyone who helped get me here. 

First and foremost, I want to thank Gerry Hammond, my advisor and mentor. Gerry, thank 

you for taking a risk and making the time to train a novice graduate student. Thank you for your 

advice, support, and patience during my time in your lab. You have mentored me into an excellent 

scientist, capable of planning, performing, and analyzing experiments with the best of them.  

I would also like to thank the Hammond lab, past and present. In particular, I must extend 

the greatest thanks to James Zewe and Colleen Doyle. James, thank you for teaching me and 

imparting a fragment of your scientific wisdom. Colleen, thank you for teaching me how to teach 

and allowing me to guide you through the wonders of research. Thank you both for being 

wonderful lab mates and life-long friends. 



 xvi 

The work presented here would have never been completed without the help of Scott 

Hansen. Thank you for your collaboration and for performing experiments that we could never 

have imagined running ourselves. I am deeply grateful for your trust in the story and for your 

insightful comments and suggestions.  

I must also thank my thesis committee. Marijn Ford, Adam Kwiatkowski, Ora Weisz, 

Guillermo Romero, and Linton Traub. Thank you for all your scientific inputs and 

recommendations for my projects. Additionally, thank you all for taking the time to assist me as a 

person, both scheduled meetings and impromptu hallway chats. Your mentorship and guidance 

have been truly invaluable in navigating the difficulties that are graduate school.  

This work was supported through various funding agencies. Thank you to the University 

of Pittsburgh School of Medicine Cell Biology Teaching Fellowship and the Ruth L. Kirschstein 

Pre-doctoral Fellowship from the National Cancer Institute.  

My scientific career humbly began at Thiel College. Thank you to the various professors 

that I had during my four years. I am deeply grateful to both Joyce Cuff and Kathryn Frantz. 

Without your mentorship, I would have never pursued a career in research.  

Thank you to the many friends that I have made during my time at the University of 

Pittsburgh. I am appreciative for the many, many conversations about science, graduate school, 

and life in general. I can never return the kindness and love you have all shown me. Thank you for 

always making space for me, even when you didn’t have space to spare. I could not have done this 

without each and every one of you. 

I cannot fully articulate the immense gratitude that I have for my family. To my wife, 

Chelsea, I am so deeply appreciative for you during this entire process, particularly the last three 



 xvii 

months. Thank you for listening to me rant and rave during every low and every high. I know it is 

my job to make the coffee but thank you for doing it when I could not.  

To my parents, I am eternally grateful for you teaching me the definition of hard work. I 

would have never been able to achieve any of what I have today without that lesson. Thank you 

endlessly for always buying me the K’NEX sets that I asked for and letting me take up the entire 

dining room table for months at a time. That truly allowed me to think both logically and creatively 

from such an early age. 



 1 

1.0 Introduction 

1.1 Phospholipids and Phosphoinositides 

Phospholipids, sphingolipids, and sterols are essential for the formation of cellular 

membranes and play a crucial role in regulating membrane fluidity, curvature, and the local 

recruitment of proteins (1–3). A large repertoire of lipid building blocks are used to generate 

unique membranes with exquisite spatio-temporal regulation of cellular processes (3, 4). 

Therefore, understanding the cellular distribution, function, and metabolism of these lipid species 

has become an increasingly important endeavor to uncover both homeostatic function and 

pathological mis-regulation (5–8). 

1.2 Phosphoinositides 

Phosphatidylinositol (PI) is a unique phospholipid possessing a myo-inositol headgroup 

which can be reversibly phosphorylated in up to three different positions, generating seven 

different polyphosphoinositides (PPIns) (9). The myo-inositol headgroup is linked to the 

diacylglycerol backbone at the D1 position, and phosphorylation can occur at positions 3, 4, or 5 

(9, 10). Also unique to this class of phospholipid, there is an increased prevalence of arachidonic 

acid at the sn-2 position of the glycerol backbone (9, 11). It has been hypothesized that these 

arachidonic acid containing lipids can be specifically targeted by enzymes involved in PPIns 

metabolism (9, 12). The most common tail at the sn-1 position is steric acid (9). PPIns function in 
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several essential and dynamic roles in cell biology. As such, a great deal of effort has gone into 

understanding their function, cellular distribution, and metabolism (8). 

Arguably, one of the important PPIns is the dually phosphorylated phosphatidylinositol 

4,5-bisphosphate (PI(4,5)P2). PI(4,5)P2 is found in the inner leaflet of the plasma membrane (PM) 

and orchestrates most of the cellular activities that occur here (9, 10). These functions will be 

discussed in detail below. The cellular levels of PI(4,5)P2 are held at a very tight baseline, though 

the exact mechanism behind this spatiotemporal regulation is poorly understood. 

1.3 PI(4,5)P2 Metabolism 

1.3.1 Synthesis 

The foundation to the generation of all PPIns is through the initial synthesis of PI in the 

endoplasmic reticulum (ER) (13–16). This process first starts with the metabolism of precursor 

phosphatidic acid (PA) to cytidine-diphosphate diacylglycerol (CDP-DAG) (13). This occurs 

through the enzymatic reaction between cytidine-triphosphate (CTP) and PA by CDP-DAG 

synthase (CDS) (15, 17). From here, CDP-DAG is conjugated with myo-inositol by the PI synthase 

(PIS) enzyme to form PI in the ER (13, 18). From here, PI is shuttled from the ER to the PM by 

the lipid transfer protein, Nir2 (19–22). Very little PI remains in the PM at any point in time (23, 

24), and it is quickly metabolized into phosphatidylinositol 4-phosphate (PI4P) (9, 25). This 

reaction is performed at the PM by phosphatidylinositol 4-kinase type III α (PI4Kα) (26, 27).  

Alternatively, PI in endomembranes (23, 24) can be metabolized to phosphatidylinositol 3-

phosphate (PI3P) by the class III phosphatidylinositol 3-kinase (PI3K) Vps34 (28). From here, 
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PI3P is further phosphorylated to phosphatidylinositol 3,5-bisphosphate (PI(3,5)P2 by PIKfyve, a 

PI3P 5-kinase (29). At this point, PI(3,5)P2 is degraded by myotubularin-related protein (MTMR), 

a 3-phosphatase, to produce phosphatidylinositol 5-phosphate (PI5P) (30, 31).  

PI(4,5)P2 can be synthesized via three independent routes. Two of these paths involve the 

secondary phosphorylation of either PI4P or PI5P (9). The third pathway involves the 

dephosphorylation of phosphatidylinositol 3,4,5-trisphosphate (PI(3,4,5)P3) to PI(4,5)P2 (9). An 

illustration of each of these pathways can be seen in Figure 1.1. Upon completed synthesis of 

PI(4,5)P2, this lipid molecule can be cleaved by phospholipase C (PLC) into diacylglycerol (DAG) 

and inositol 1,4,5-trisphosphate (IP3) (9, 32–36). From here, DAG is phosphorylated into PA 

which is transported to the ER by Nir2 (19–22). As previously mentioned, Nir2 is responsible for 

the transport of both PA from the PM to the ER and that of PI from the ER to the PM (19–22). In 

the ER, PA is then converted back into CDP-DAG (15, 17), and the PI cycle is free to continue 

again. 
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Figure 1.1 PI and the Seven Phosphoinositides. 

A schematic outlining the synthesis and degradation pathways involved in phosphoinositide metabolism. PPIns 

discussed in this work are shown with associated colors while those not discussed in detail are shown in grey. The 

enzymes discussed in this work are shown in red.  

1.3.1.1 PIP4K 

One kinase family is composed of phosphoinositide 5-phosphate 4-kinase (PIP4K). This 

kinase phosphorylates PI5P at the 4-OH position of the inositol ring (37–40). The crystal structure 

of PIP4K2B suggests that localization with membranes is likely based off non-specific 

electrostatic interactions (41). Furthermore, the unique flattened kinase domain allows for PIP4K 

to associate with membranes (41). For example, the activation loop, the G-loop, the insert loop, 

and the N-terminus all appear as unstructured regions in PIP4K structures. However, this differs 

from the activation loop in the related phosphoinositide 4-phosphate 5-kinase (PIP5K), which 
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organizes as an alpha helix when interacting with membranes (42). Furthermore, the G-loop is 

predicted to stabilize an ATP bound confirmation of the protein; the same function as in other 

structurally related protein kinases (41). Yet, the insert loop and the N-terminal region have no 

known structure or function. These unique structural components likely lead to further regulation 

of PIP4K.  

The PIP4K family is made up of three isoforms, A, B, and C with varying cellular 

concentrations and catalytic activities. All isoforms of PIP4K are reported to show a primarily 

cytosolic localization (43–45). Additionally, PIP4K2A can localize with the PM (43), PIP4K2B is 

found in the nucleus (44), and PIP4K2C shows intracellular membrane localization (45). Of the 

three isoforms, PIP4K2A is the most active (45–48), followed by PIP4K2B (46–48), and PIP4K2C 

is the least active (45, 48). There is extensive variability in catalytic activity between the three 

isoforms of PIP4K; PIP4K2C displays little to no catalytic activity when compared to PIP4K2A 

and PIP4K2A is 10,000-fold more active than PIP4K2B (45–48). Furthermore, both PIP4K2A and 

PIP4K2C use ATP to phosphorylate PI5P but PIP4K2B preferentially utilizes GTP (49, 50). 

Interestingly, the activity levels of the PIP4K isoforms are inversely related to their cellular 

concentrations. PIP4K2A universally has the lowest copy number, while PIP4K2B has the highest 

concentration in multiple tissues (45) and PIP4K2C is found most abundantly in HeLa and 

HEK293A cells (51, 52). The presence of various isoforms with differing activity and cellular 

abundance further indicates that PIP4K is highly regulated.  

To further complicate the cellular functionality of PIP4K, these proteins exist as obligate 

dimers in cells (41). Furthermore, PIP4K isoforms may either homo- (41) or heterodimerize (45–

47). As such, it has been proposed that the more abundant, but less active, isoforms of PIP4K may 

be responsible for targeting the cellular localization of other PIP4K isoforms (45–47). Thus, less 
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abundant isoforms of PIP4K can undergo acute spatiotemporal regulation, adding further 

regulation to PIP4K function.  

The proposed functions of this kinase range from PI(4,5)P2 synthesis (39, 40) to depletion 

of PI5P (53–55) to inhibiting the activity of PIP5K (56) to impacting insulin signaling (53, 56). 

Overall, it is not thought that PIP4K is the main route of PI(4,5)P2 synthesis, as PI5P comprises a 

minor portion of the PPIns pool (9, 40, 57). However, the ultimate physiological role of PIP4K has 

not yet been elucidated, and is still heavily debated (53, 58–61).  

1.3.1.2 PIP5K 

The PIP5K is a second type of PPIns kinase which phosphorylates PI4P on the 5-OH 

position of the inositol headgroup (62–65). PIP5K is expected to produce the bulk of PI(4,5)P2, 

specifically in the inner leaflet of the PM. However, the mechanism of regulation of the 

mammalian PIP5K remains elusive. In comparison, the yeast homolog of PIP5K, Mss4, has a well 

characterized regulatory mechanism (66, 67). Mss4 localizes to the PM in a cluster or oligomeric 

patch, which allows for the rapid and continued production of PI(4,5)P2 (67). Moreover, this PM 

association of Mss4 is dependent on PI4P (67); this substrate mediated localization is a potential 

mechanism of regulation of the kinase. As PI(4,5)P2 is produced, a low affinity PI(4,5)P2 binding 

protein, Opy1, is recruited to the PM (67). Upon recruitment to the PM, Opy1 interacts with and 

inhibits further activity of Mss4 (67). Thus, Opy1 acts as a coincidence detector to interact with 

both PI(4,5)P2 and Mss4 to negatively regulate PI(4,5)P2 synthesis at the PM in yeast (67).  

Structurally, PIP5K is composed of a catalytic kinase core, an unstructured N-terminus, 

and a longer unstructured C-terminal tail (64, 65, 68, 69) (Figure 1.2). The kinase domain of 

PIP5K shares similarity with that of both PIP4K2B and protein kinase A (PKA) (70). PIP5K1A, 

like PIP4K2B, has a net positive charge around the active site of the protein, away from the 
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dimerization interface (70). This could likely indicate that PIP5K membrane association is due to 

electrostatic interactions (70, 71). The kinase domain of PIP5K also contains an activation loop, 

an insert loop, and a G-loop (70). It is speculated that the G-loop interacts with ATP and stabilizes 

the ATP-bound conformation, as in other protein kinases (41). However, this loop remained 

unstructured when ATP was soaked into the crystals, so this functionality is still up for debate 

(72). The activation loop of PIP5K serves two purposes. First, the activation loop regulates 

substrate specificity and the ability of PIP5K to interact with PI4P at the PM (73). Second, this 

unstructured segment organizes as an alpha helix when interacting with membranes, allowing for 

membrane sensing and interaction (42). As with PIP4K, neither the insert loop or the N-terminal 

region have any known structure or function. Again, it is likely that these unstructured features of 

PIP5K allow for further regulation of catalytic activity or subcellular localization.   

There are three isoforms of PIP5K, A, B, and C (64, 65, 68, 74). The A and B isoforms 

were discovered around the same time by two different groups in either mouse (64) or human (68). 

These two isoforms were named reciprocally between these two organisms, ie mouse A is human 

B and vice versa. As with most manuscripts, we will use human nomenclature here. The PIP5K1C 

is unique among the isoforms as six splice variants have been identified, giving rise to more variety 

in the PIP5K family  (65, 74–76). Each of these isoforms and splice variants has a unique C-

terminal tail which may be responsible for specialized protein-protein interactions and 

spatiotemporal regulation at the PM.  

Each of the PIP5K isoforms are found localized generally at the PM of cells (9, 77). PIP5K 

can interact with several proteins, reviewed here: (9, 77–79). In brief, PIP5K seems to interact with 

and be stimulated by the small GTPases Rho, Rac, and ADP-ribosylation factors 1 and 6 (ARF1 

and ARF6). Additionally, the interaction of PIP5K with Dishevelled, via its DIX domain, also 
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stimulates the activity (70, 79). In terms of protein interactions to simply direct subcellular 

localization, PIP5K can bind with Bruton’s tyrosine kinase (BTK) to assist in recruiting PIP5K to 

the PM where it can subsequently produce PI(4,5)P2 for further production of PI(3,4,5)P3 and 

downstream calcium signaling (79). Furthermore, the scaffolding protein IQ motif containing 

GTPase activating protein 1 (IQGAP1) has been shown to recruit both PIP5K and PI3K to the PM 

to establish signaling platforms (80–82). Other than the PM, PIP5K has also been found in the 

nucleus (75). Here, PIP5K can interact with both pRB (79) and p53 (83). In terms of isoform 

specific interactions, PIP5K1A is localized specifically at membrane ruffles (84) and PIP5K1B to 

the apical surface of polarized cells (85). PIP5K1C-v1 and v-6 seem to be the only two splice 

variants localized primarily to the inner leaflet of the PM (65, 76). PIP5K1C-v2 has been found to 

specifically localize with either AP-2 (86, 87) or with talin (88, 89). And PIP5K1C-v3 and -v5 

have been shown to localize with unique and yet unidentified cytoplasmic domains (75, 90). 

Finally, PIP5K1C-v4 has been found localized to the nucleus of both HeLa and MCF10A cells 

(75). These isoform specific differences further showcase the unique ways which PIP5K is 

regulated cellularly. 

As with the PIP4Ks, the PIP5K isoforms have differing concentrations and catalytic 

activities (77). PIP5K1A is the most abundant in HEK293A and HeLa cells (51, 52). This isoform 

also was very abundant in most tissues, particularly skeletal muscle (68). PIP5K1B is the least 

abundant isoform in tissues, except for the heart where it is highly expressed (68). It is also least 

abundant isoform in HEK293A cells (52) and not even detected in HeLa cells (51). PIP5K1C is 

the most abundant isoform in brain tissue (65, 74) but is less abundant than PIP5K1A in both 

HEK293A and HeLa cells (52). In terms of catalytic activity, PIP5K1A is the highest of the three 

and PIP5K1B has the lowest catalytic activity (65, 91). There is much less difference in catalytic 
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activity between the three PIP5K isoforms; the difference between the most active PIP5K1A and 

the least active PIP5K1B differs by only ~3-fold (65). Again, this is uniquely opposite to the 

expression levels of the PIP5K isoforms. These variations in isoform specific PIP5K expression 

and catalytic activity likely allow for specific and regulated tuning of PI(4,5)P2 synthesis. 

Another similarity between the PIP4K and PIP5K family is the ability of these molecules 

to dimerize. However, unlike PIP4K, PIP5K seems to exist in solution as both a monomer and as 

a dimer (70, 92). Though, the activity of PIP5K is regulated by dimerization (70). The dimer 

interface of PIP5K is also slightly different than the head-to-head arrangement of PIP4K (41). 

PIP5K forms a side-to-side dimer which is held together due to both hydrophobic contact points 

and electrostatic interactions (70). The electrostatic interactions are made up of a double aspartate 

(D) and an arginine (R) salt bridge formed between two molecules (70). Dimerization does not 

seem to be necessary for the ability of PIP5K to interact with membranes, but it increases kinase 

activity (70). Furthermore, dimerization appears to allosterically regulate the catalytic activity in 

a yet unknown way (92). Little work has been done, to date, to assess whether the PIP5K isoforms 

can heterodimerize and whether this would further impact the activity or localization of various 

isoforms.  

The catalytic activity of PIP5K seems to be regulated by phospholipids. For example, all 

three isoforms of PIP5K are stimulated by PA (93, 94). Furthermore, PIP5K can interact directly 

with phospholipase D (PLD), an enzyme responsible for PA production (95). PIP5K1C displays 

the most robust increase in activity when stimulated by PA, though PIP5K1A and PIP5K1B are 

both stimulated to a lesser degree (65). This PA stimulation is unique to the PIP5K family of 

PI(4,5)P2 producing enzymes, and was historically used to determine the difference between the 

PIP4K and PIP5K enzymes (65). PIP5K can also be inhibited by its product, PI(4,5)P2 (64, 69), an 



 10 

interaction which may be competition within the active site (73). Finally, more than just the lipid 

headgroup may influence the activity of PIP5K. The PM of mammals is predominately made up 

of lipids with one saturated and one unsaturated acyl chain, primarily in the inner leaflet (96). 

Furthermore, the unsaturated fatty acid is polyunsaturated in 67% of the PM lipids (96). Previous 

research has shown that PIP5K has a preference in the acyl chain of lipids it interacts with (91), a 

feature also demonstrated by DAG kinase (DGK) (97). All three isoforms were activated most by 

1-stearoyl-2-oleoyl PI4P but 1-stearoyl-2arachidonoyl PI4P also stimulated activity, when 

compared with 1,2-dipalmitoyl PI4P (91). Moreover, PIP5K stimulation was not dependent on the 

fatty acid tails that make up PA (91), suggesting that this stimulation may be the result of the head 

group interaction only. Overall, this selectivity of PIP5K for certain substrates may allow for 

specific pools of PI4P to be metabolized preferentially, which may further aid in PIP5K feedback.  

PIP5K is regulated in multiple means from protein-protein interactions to PTMs to PPIns 

interactions. This myriad of mechanisms available for positive and negative regulation of PIP5K 

underscores the overall importance of maintaining PI(4,5)P2 homeostasis.  
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Figure 1.2 A comparison of the PIP4K and PIP5K structures. 

(A) The linear structure of the PIP4K enzyme. Regions of interest and discussion are delineated with different colors. 

(B) The tertiary structure of PIP4K2C. This structure was adapted from AlphaFold predictions. The highlighted 

regions in the structure correspond to the regions of interest in the linear structure. These regions of interest include 

the N-terminus (black), kinase domain (blue), activation loop (grey), and insert loop (magenta). (C) Two tertiary 

PIP4K2B molecules as a dimer. Molecule A (blue) and molecule B (cyan) dimerize in a head-to-head fashion. This 

structure was taken from the Protein Data Bank: 1BO1. (D) The linear structure of the PIP5K enzyme. Regions of 

interest and discussion are delineated with different colors, similar to PIP4K. (E) The tertiary structure of PIP5K1A. 

This structure was adapted from AlphaFold predictions. The highlighted regions in the structure correspond to the 

regions of interest in the linear structure. These regions of interest include the N-terminus (black), kinase domain 



 12 

(green), activation loop (grey), insert loop (magenta), and C-terminus (black). (F) Two PIP5K1A molecules as a 

dimer. The zebra fish structure of molecule A (dark green / top) and molecule B (light green / bottom) dimerize in a 

side-to-side manner, different than that of the PIP4K molecules. This structure was taken from the Protein Data Bank: 

4TZ7. 

1.3.1.3 PTEN 

PI(4,5)P2 can also be synthesized by the degradation of PPIns. In particular, phosphatase 

and tensin homolog on chromosome 10 (PTEN) acts as a 3-phosphatase to generate PI(4,5)P2 from 

PI(3,4,5)P3. To function, PTEN must target the PM, and this can be done in two main ways. First, 

PTEN contains a C2 domain which allows for the interaction with the PM either through non-

specific electrostatic interactions or via a direct interaction with phosphatidylserine (PS) (98). 

Second, PTEN has a PI(4,5)P2 binding motif (PBM) (98) which targets the phosphatase to the PM. 

Specifically, PTEN seems to negatively regulate the cellular levels of PI(3,4,5)P3 and directly 

competes with class I PI3Ks (see below) (9). As such, this pathway is not likely to contribute to 

the bulk of PI(4,5)P2 production in cells but is rather a mechanism to control the flux between 

PI(4,5)P2 and PI(3,4,5)P3 (99, 100). 

1.3.2 Degradation 

Broadly, PI(4,5)P2 can be removed from the PM in two main ways. First, PI(4,5)P2 can be 

degraded into different lipid based products, such as IP3 and DAG. Or secondly, PI(4,5)P2 can be 

transformation into another PPIns, via dephosphorylation or phosphorylation. 
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1.3.2.1 Phospholipases 

The PLC family of phospholipases use PI(4,5)P2 as a substrate to produce DAG and IP3, 

and have been reviewed extensively (9, 33). Presently, there are 13 isoforms of PLC which have 

been divided into six different families (9). Some common features of these families, that pertain 

to this work include a PH domain, the catalytic regions, and a C2 domain (9, 33). The PH-domain 

from PLCδ1 has been used as a PI(4,5)P2 biosensor, and this domain is recruited to the PM in a 

PI(4,5)P2 dependent manner (9). Additionally, the C2 domain is responsible for its PM localization 

and association, via in interaction with phosphatidylserine (PS) (9, 33, 101). PLCβ3 is an 

abundantly expressed isoform and is present in multiple tissues (9, 33). Furthermore, PLCβ3 is 

readily activated by G protein-coupled receptors (GPCRs), specifically, via an interaction with the 

Gαq subunit (9, 33). Here, PLCβ3 interacts with PM targeted Gαq via the C2 domain, and can 

therefore hydrolyze its substrate, PI(4,5)P2 at the PM. However, the interaction of PLC with 

GPCRs and the associated G protein subunits is extensive and highly detailed (33). Moreover, the 

general regulation of PLC enzymes is very complex and is certainly beyond the scope of this work.  

1.3.2.2 Class I PI3K 

Class I phosphoinositide-3-kinases (PI3Ks) are responsible for the production of 

PI(3,4,5)P3 by phosphorylating PI(4,5)P2 at the 3-OH position of the inositol ring (102). Class I 

PI3Ks exist as dimers made up of a single p110 catalytic subunit (one of p110α, p110β, p110δ) 

and a single regulatory subunit (one of p85α, p85β, p55α, p55γ, p50α) (103).  Upon activation of 

receptor tyrosine kinases (RTKs) or GPCRs, PI3K is recruited to the PM. This occurs through a 

direct interaction with Ras and with phosphorylated Tyr (pY) on adaptors or RTKs (104). The 

regulatory subunit possesses an SH2 domain that interacts with RTKs via their phosphorylated 

tyrosine kinase; this interaction breaks the autoinhibitory complex formed between the catalytic 



 14 

and regulatory subunits to activate PI3K (104). There are multiple oncogenic activating mutations 

which are present in PI3Kα (103, 104); E542K, E545K, and H1047R are all present in the p110α 

subunit (104). E542 and E545 mediate the autoinhibitory interaction with SH2, thus activating 

PI3Ka (104). H1047R increases the binding affinity for PI(4,5)P2 at the PM and takes over the Ras 

binding activation, again increasing activity of PI3Kα (104). Overall, this pathway seems to 

provide the physiologically required amount of the potent signaling lipid PI(3,4,5)P3, but this 

pathway is tightly controlled by the antagonizing activity of PTEN. However, the impact of basally 

elevated PI(4,5)P2 levels on PI3K mediated PI(3,4,5)P3 production is unknown.  

1.3.2.3 Inositol 5-phosphatases 

Inositol 5-phosphatase family of enzymes functions to dephosphorylate the 5 position of 

the inositol headgroup of PPIns (9). There are three types (II-IV) of enzymes which act to catalyze 

this reaction; historically, there are four types of 5-phosphatases, however, the type I enzyme does 

not act on PPIns (9). The type II and type IV inositol-5-phosphatases can all act on PI(4,5)P2 (9, 

105–107). The type II family is made up of synaptojanin-1 (SYNJ1), SYNJ2, oculocerebrorenal 

syndrome of Lowe (OCRL), inositol polyphosphate-5-phosphatase B (INPP5B), INPP5J, and 

INPP5K (9, 105–107). Finally, there is a single type IV 5-phosphatase, INPP5E (9, 106). The type 

III inositol-5-phosphatases are SH2-domain containing inositol 5-phosphatase (SHIP1 or INPP5D) 

and SHIP2 (also known as INPPL1) (9, 108). These enzymes are thought to primarily use 

PI(3,4,5)P3 as a substrate to generate PI(3,4)P2. Though, SHIP2 has been shown to also utilize 

PI(4,5)P2 as a substrate to produce PI4P (108). Each of these proteins contains a 5-phosphatase 

domain which hydrolyzes PI(4,5)P2 and/or PI(3,4,5)P3, primarily on the inner leaflet of the PM 

(109–111). The inositol 5-phosphatases are found at several subcellular localizations, but to 

dephosphorylate their substrates the inositol 5-phosphatases must localize to the PM. Similar to 
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PTEN, it has been proposed that the role of these inositol 5-phosphatases negatively regulate 

PI(4,5)P2 at other organelles (112). Each inositol 5-phosphatase has any number of domains which 

may further influence basal sub-cellular localization and allow for PM targeting (9, 105). 

Uniquely, SYNJ1 and SYNJ2 both contain a 5-phosphatase domain and a Sac1 domain (a 

4-phosphatase) which can act synergistically to degrade PI(4,5)P2 to PI (9, 105, 113). Both SYNJ1 

and SYNJ2 are found primarily at the PM (9). This association is dependent on protein-protein 

interactions between SYNJ and endocytic machinery such as amphiphysin (9). SYNJ1 and 

SYNJ2B contain a proline-rich (PR) domain(s) (9, 105) which localize to membranes via a 

hydrophobic interaction (114). The PR domain can also associate with src homology 3 (SH3) 

domains, which are found in several PM-associated proteins, and this can further direct these 

phosphatases (114).  

OCRL is primarily a Golgi localized protein with some additional localization at the trans 

Golgi network (9). INPP5B is found at both the ER and the Golgi (9).  OCRL and INPP5B share 

a similar linear structure, with similar domains to mediate membrane binding (9, 105). These 

proteins each possess a PH domain and a RhoGAP domain. The PH domain mediates interactions 

with PPIns (9, 101, 105). The RhoGAP domain interacts with both Rac and Cdc42 to facilitate PM 

localization (105).   

Both INPP5J and INPP5K have alternative names. INPP5J is alternatively known as 

proline-rich inositol-polyphosphate 5-phosphatase (PIPP) and INPP5K is known as skeletal 

muscle and kidney enriched inositol phosphatase (SKIP). INPP5J is often found at the PM, 

however its main functionality here is to metabolize PI(3,4,5)P3 and not PI(4,5)P2 (9). INPP5K is 

found at either the ER, the Golgi, or the PM (9, 115). Furthermore, both INPP5J and INPP5K 

contain a SKIP carboxyl homology (SKICH) domain (9, 105). This SKICH domain is essential to 
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direct localization of these 5-phosphatases specifically to membrane ruffles (116). INPP5J 

contains two PR domains, which again mediate membrane specific protein-protein interactions. 

Finally, INPP5E is found primarily at the Golgi, but can also be seen at the PM (9). INPP5E 

localizes to the PM due to a PR domain (9, 105, 106), which mediates protein-protein interactions, 

as discussed previously (114).  

SHIP1 and SHIP2 are primarily localized in the cytosol of cells, but they can localize to 

the PM via protein-protein interactions (9, 117). These two proteins contain SH2, C2, and PR 

domains (9, 105). SH2 domains interact with phospho-tyrosine (pTyr) residues, prevalent in 

activated RTKs at the PM (118). SH2 domains can also display specificity in PPIns binding, 

specifically the SHIP1-SH2 domain displays a high selectivity for PI(3,4,5)P3 and PI(4,5)P2 (119, 

120). Upon the phosphorylation and activation of RTKs and the production of PI(3,4,5)P3, SHIP1 

and SHIP2 are efficiently recruited to the PM. Furthermore, as discussed above, the C2 and PR 

domains also help to direct the SHIP proteins to the PM (9, 117). Evidence shows that SHIP2 

interacts with intersectin1, a PM scaffolding protein, which further mediates the localization of 

these enzymes (117). In total, these enzymes are all able to further assist in the complex regulation 

of PI(4,5)P2 levels in cells. 

The multitude of enzymes that are involved in both the synthesis and the degradation of 

PI(4,5)P2 highlights the importance of this essential lipid in cellular function. A variety of methods 

have emerged with which to quantify lipid levels and to observe the enzymes responsible for their 

metabolism (9, 121–125). 
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1.4 Phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) and PM identity 

When compared to the overall lipid levels in cells, PPIns exist at relatively low molar 

percentages. However, each PPIn seems to have a specific distribution among distinct organelles 

(126). Furthermore, the local enrichment of lipid species within a specific organelle can result in 

a much higher local concentration of that lipid. For example, PI(4,5)P2 makes up approximately 

~1.4 molar percentage (mol%) of total cellular phospholipids, compared to that of the 

phosphatidylcholine (PC) which comprises ~25.4 mol% (127–130). However, virtually all of the 

PI(4,5)P2 is found at the inner leaflet of the PM, while PC is found throughout organellar 

membranes, and in both the cytosolic and the exoplasmic leaflets (9, 123, 127, 128, 131, 132).  

How much PI(4,5)P2 is in the inner leaflet of the PM? Assuming that the average leaflet of 

the bilayer can hold ~1.5x106 phospholipids/µm2 (11, 128) and that 60% of that space is not 

occupied by membrane proteins (11) there is space for a total of ~900,000 phospholipids/µm2 in 

the inner leaflet of the PM. Various PI(4,5)P2 densities have been experimentally determined and 

range from 4,000 molecules/µm2 in a neuroblastoma cell line (133) to 34,000 molecules/µm2 in 

adult rat pinealocytes (11), resulting in an average of ~20,000 PI(4,5)P2 molecules/µm2 (134). As 

a total percentage of the inner leaflet of the PM, PI(4,5)P2 makes up anywhere from ~0.4 – 4% of 

the lipid density, resulting in an average of ~2.2% of the inner leaflet PM is PI(4,5)P2 (96, 128, 

135). Furthermore, accounting for the surface area of the PM at ~2000µm2 (129, 130), it can be 

determined that there are anywhere between 8x106 and 6.8x107 PI(4,5)P2 molecules in the inner 

leaflet of the PM at any given time.  

The enriched concentration of PI(4,5)P2 allows for the targeting of proteins to the PM to 

specifically carry out membrane traffic, cytoskeletal arrangement, and cell signaling (132). Unlike 

PI(4,5)P2, PI4P is found at multiple organelles, such as the Golgi, the PM, and endosomes (127, 
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128). PI4P binding proteins can then distinguish the PM from the Golgi by the presence or absence 

of various lipid species (4, 9, 128, 129). The specific lipid makeup of membranes provides unique 

identities to various organelles, and this results in exquisite spatial and temporal regulation of 

cellular processes (4, 8, 9).  

1.4.1 Signaling and PI(4,5)P2 

In addition to their function as markers of organelle identity, specific lipid species and their 

metabolites can function as second messengers within cells. PI(4,5)P2 is a substrate for the PLC 

family of enzymes (9, 32, 33). PLC can be stimulated through G-protein coupled receptors 

(GPCRs) (33). Specifically, it was found that the stimulation of cells with acetylcholine or 

carbachol – known agonists of GPCRs - resulted in an activation of GPCRs, PLC, and subsequent 

degradation of PI4P and PI(4,5)P2 (32, 33). The breakdown of PI(4,5)P2 generates two products, 

DAG and inositol 1,4,5-trisphosphate IP3 (9, 32–36). IP3 interacts with receptors (IP3R) in the 

endoplasmic reticulum (ER) to allow for the intracellular release of Ca2+ stores (9, 136, 137). The 

depletion of the intracellular Ca2+ triggers the refilling of the ER via a process called store operated 

Ca2+ entry (SOCE) (9, 136, 138, 139). In brief, this process involves the recruitment of the ER 

Ca2+ sensitive protein, STIM1, and the PM Ca2+ channel, Orai1, to ER-PM contact sites (9, 136, 

138, 139). The C-terminus of STIM1 directly binds to PI(4,5)P2 and allows for the stabilization of 

these ER-PM contacts (136, 138, 140, 141). Once Ca2+ is moved into the cytosol via STIM1 and 

Orai1, sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) pumps Ca2+ back into the ER to refill 

intracellular stores (136, 142–144).  

After the initial release of intracellular Ca2+ into the cytosol, channels in the PM open to 

allow for continued extracellular Ca2+ influx (9, 145, 146). In response to membrane 
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depolarization, voltage gated Ca2+ (Cav) channels are able to open to allow for further influx of 

Ca2+ through the PM (146–149). However, PI(4,5)P2 is also required for the channels to open fully 

(150–152). It has been proposed that Cav channels have two different PI(4,5)P2 binding sites with 

different affinities for PI(4,5)P2 (150, 152). Transient receptor potential (TRP) channels are also 

found in the PM and allow for influx of Ca2+ (148, 149, 153). TRP channels can be regulated by 

factors such as voltage, mechanical stimuli, pH, and temperature (148, 149, 153). These TRP 

channels are additionally regulated by PI(4,5)P2 (148, 149, 153, 154). Both Cav and TRP channels 

require PI(4,5)P2 to open and allow for the influx of extracellular Ca2+ into the cytosol.  

Upon completion of Ca2+ induced cellular signaling, this ion must be removed from the 

cytosol. This occurs through two separate processes. First, the Ca2+ ions can be transported to the 

extracellular space by pumps in the PM. Two of these include the PM Ca2+ ATPase (PMCA) (155) 

and the Na+/Ca2+ exchanger (NCX) (156). PMCA is known as a low-capacity Ca2+ transporter and 

has a high affinity for this ion (157, 158). PMCA only requires ATP and PI(4,5)P2 to efficiently 

pump Ca2+ across the PM, against its concentration gradient (155). NCX exchanges three Na+ ions 

for one Ca2+ ion and it has a low affinity for Ca2+ but is a high-capacity transporter (157, 158). 

Additionally, NCX function relies on the electrochemical gradient of Na+ to pump Ca2+ against its 

concentration gradient (157, 158). NCX also relies on PI(4,5)P2 to pump Ca2+ into the extracellular 

space quickly and efficiently (157, 158). The second route by which cells clear the cytosolic Ca2+ 

is by pumping it into the ER using the SERCA pump, as discussed above (136, 142–144, 155). 

Uniquely, each of these stages of intracellular Ca2+ regulation, from release to refilling, require 

PI(4,5)P2.  

After PLC cleavage of PI(4,5)P2, the synthesis of DAG results in the activation of either 

classical or novel protein kinase C (PKC), which can subsequently phosphorylate a plethora of 
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proteins, continuing the signaling cascade (9, 35, 136, 159). DAG itself binds to C1 domains to 

facilitate the recruitment of proteins (160–163), such as Munc13, PKC, and DAG kinase (DGK) 

(160, 164). Munc13 is an effector protein for vesicular exocytosis and will be discussed further 

below. PKCs are a family of protein serine/threonine kinases (9, 160, 163). PKCs phosphorylate 

and activate many cellular processes ranging from Golgi function (165) to muscle contraction 

(166, 167) to T cell activation (168). DGK is a lipid kinase which uses DAG as a substrate to 

produce PA (9, 160). PA itself stimulates the phosphorylation of NADPH oxidase components 

(169), recruits Raf-1 to the PM for MAPK signaling (170), and recruits KSR1 to the PM for ERK 

signaling (171). For these reasons, PI(4,5)P2 is an essential component of PLC signaling.   

In addition to being cleaved by PLC, PI(4,5)P2 can be further phosphorylated by the class 

I phosphatidylinositol 3-kinase (PI3K) (9). PI3K phosphorylates the 3-OH position to produce 

phosphatidylinositol 3,4,5-trisphosphate (PI(3,4,5)P3), which acts a potent growth and survival-

promoting second messenger (172–174). The production of PI(3,4,5)P3 can result in the 

recruitment and subsequent activation of enzymes such as protein kinase B (PKB/AKT) and 

Brunton’s tyrosine kinase (BTK) (9, 111). PI3K signaling can trigger cellular processes which 

include insulin signaling (175) and cell migration (176–178). Aberrant regulation of PI3K and 

PI(3,4,5)P3 production can lead to prolonged inflammation (111) or cancer (177, 179–181).  

GPCRs regulate most physiological processes in humans (182–184). GPCRs all share 

similar structural components: an extracellular N-terminus, seven transmembrane helices which 

are connected by six cytosolic loops, and an intracellular C-terminus (182–185). The 

heterotrimeric G proteins, which interact with GPCRs, function as the downstream activators 

(182–184, 186). The Gα subunit is inactive when bound to GDP and in this inactivated state it 

interacts with the Gβγ subunit (182–184). When a GPCR binds a ligand, the trimeric Gαβγ 
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interacts with the cytosolically facing C-terminal tail and loops of the GPCR (182–184). Upon 

binding, the Gα subunit undergoes a confirmational change and exchanges GDP for GTP, thereby 

activating the Gα subunit and separating it from the Gβγ subunit, again (182–184). From here, 

both the Gα and Gβγ subunits interact with downstream partners to initiate a myriad of signaling 

cascades (182–184). Finally, Gα hydrolyzes GTP back to GDP and the cycle continues (182–184).  

Three class A GPCRs have been shown to bind to PI(4,5)P2 with high specificity, including 

adenosine A2A, β1 adrenergic receptor, and neurotensin receptor 1 (187). Furthermore, the 

PI(4,5)P2 interacting residues of GPCRs were mapped to the cytosolic loops which link specific 

transmembrane helices together (187). Moreover, this interaction with PI(4,5)P2 is responsible for 

coupling the GPCR to the heterotrimeric Gαsβγ (187). The binding to PI(4,5)P2 stabilizes the G-

coupled GPCR and stimulates GTP hydrolysis (187). Further work has shown that PI(4,5)P2 can 

stabilize the oligomeric state of adenosine A2A, which may lead to a multi-output signaling 

complexes (188).  

GPCR signaling can be attenuated in two different ways: 1) receptor molecules can be 

internalized thereby slowing or stopping further ligand binding and the resulting cell signaling 

(189) or 2) the binding to G-proteins can be inhibited (189). Both of these steps can be 

accomplished by arrestins (189) Arrestins bind to GPCRs and inhibit their interaction with G-

proteins as well as mediate their internalization (189). Recent work has shown that β-arrestin 

interacts with neurotensin receptor 1 (190). Furthermore, this interaction is facilitated by a 

PI(4,5)P2 specific interaction with the C-lobe of β-arrestin and the transmembrane cytosolic loops 

(190). Other work has expanded on this and shown that the β-arrestin GPCR complex requires 

PI(4,5)P2 to be fully stabilized (191).   Additionally, the β-arrestin interaction with the PM may 

actually increase PI(4,5)P2 levels to further facilitate GPCR internalization (192). PI(4,5)P2 is 
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involved in both the stabilization of the GPCR-G-protein signaling complex as well as the GPCR-

β-arrestin signaling termination complex. In these ways PI(4,5)P2 is absolutely essential to the 

entire process of GPCR signaling. 

1.4.2 Transport, Trafficking, and PI(4,5)P2 

Ion channels allow for the rapid flux of ions across the PM and allows for electrical 

excitability in nervous and muscular tissue (147, 193, 194). As previously discussed, several Ca2+ 

channels are regulated by PI(4,5)P2. The Cav channel is voltage gated and opens in response to 

changes in voltage but is further opened and stabilized by binding to PI(4,5)P2 (146–149). TRP 

channels were also previously discussed as Ca2+ channels, however they function overall as non-

selective cation channels (148, 149, 153). Again, TRP channels are regulated by many external 

factors, including mechanical stimulation and temperature (148, 149, 153). Furthermore, many of 

the TRP channel family members are regulated by PI(4,5)P2 via an interaction with positively 

charged residues in the cytosolic regions of the channel (148, 149, 153, 154). The TRP channels 

have been shown to be either positively (149, 195–199) or negatively regulated by their interaction 

with PI(4,5)P2 (200, 201).  The P2X class of purinergic receptors are non-selective ATP-gated 

cation channels (202, 203). These channels are a trimeric assembly of homologous subunits and 

allow for the movement of Ca2+, Na+, and K+ (202, 203). There are seven individual subunits, and 

it has been shown that PI(4,5)P2 is necessary for the regulation of all seven (202, 203). Specifically, 

it seems that PI(4,5)P2 binds to a polybasic stretch of Arg and Lys residues in the C-terminal tail 

of P2X (202, 203).  

The epithelial Na+ channel (ENaC) is a trimeric protein composed of three different 

subunits, α, β, and γ, which come together to form the channel structure (204). Each of these 
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subunits has a hairpin-like structure that contains a Gating Relief of Inhibition by Proteolysis 

(GRIP) domain and the α and γ GRIP domains are known to gate the channel and prevent ion flow 

(204). Upon proteolysis, these GRIP domains are cleaved, and the channel opens and can allow 

for the movement of Na+ (204). Further opening of ENaC is regulated by PI(4,5)P2 (205–207). 

Specifically, increased PI(4,5)P2 increases ENaC activity via increased Na+ transport and a 

decrease in PI(4,5)P2 decreases ENaC activity (205–207). Furthermore, both the β and γ subunits 

possess several basic residues, clustered to one side of the amphipathic helices in their cytosolic 

tails, which mediate the specific interaction between ENaC and PI(4,5)P2 (206, 207).  

Voltage gated K+ (Kv) channels are tetramers made up of a transmembrane pore that is 

flanked by four voltage sensor domains (146, 194, 208, 209). Following membrane depolarization, 

the movement of the voltage sensor domain initiates conformation changes which allow for the 

opening of the Kv channels (146, 194, 208, 209). Crystallization of Kv revealed that the channel 

interacts with lipids in the PM (210, 211) and further work went to show that the lipid is PI(4,5)P2 

(212). PI(4,5)P2 specifically interacts with the voltage sensor domain and regulates its movement 

in response to depolarization (212). Inward rectifying K+ channels (Kir) allow K+ ions to move 

across the PM into the cytosolic space to establish the resting membrane potential (213). These 

channels are tetrameric and are comprised of a transmembrane domain, which is K+ selective, and 

a large cytosolic domain (210, 211, 214–222). It has been shown that all Kir channels are activated 

by PI(4,5)P2 and this specific interaction has been mapped to Arg and Lys residues in the 

transmembrane helices and in the cytosolic domain (210, 211, 214–222). The binding to PI(4,5)P2 

both initiates and stabilizes an interaction between the cytosolic domain and the transmembrane 

domain which allows for the channel to open (210, 211, 214–222). 
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Cells also utilize active transport for the movement of ions. As previously discussed, 

PMCA and NCX are involved in transporting Ca2+ ions to the extracellular space (155, 156). Both 

PMCA and NCX pump Ca2+ across the PM, against its concentration gradient, and both require 

ATP and PI(4,5)P2 to do so (156–158). While PMCA functions to move only Ca2+, NCX 

exchanges three Na+ ions for one Ca2+ ion (157, 158). There are two similar pumps that are 

responsible for further movement of Na+ from the extracellular space to the intracellular space in 

exchange for other cations (158). First is the Na+/H+ exchanger (NHE) and second is a Na+/Mg2+ 

exchanger of unknown identity (158). Both the NHE (223, 224) and the Na+/Mg2+ exchanger of 

unknown identity (225) require PI(4,5)P2 to function for active cation transport. In the case of 

many ion transporters, passive or active and voltage-gated or not, PI(4,5)P2 is an important 

regulator.  

Intracellular trafficking of more than ions also requires PI(4,5)P2 to recruit proteins to the 

PM for the initiation and regulation of both exo- and endocytosis (9, 226–228). Exocytosis is a 

highly regulated process that leads to the release of intracellular components through the PM to 

the extracellular space (226–229). The three basic steps for exocytosis are vesicular docking, 

priming, and fusion (229). Docking involves the recruitment of vesicles and their tethering to the 

inner leaflet of the PM (229). The exocyst complex of proteins is essential for this tethering process 

of vesicles to the soluble N-ethylmaleimide-sensitive factor attachment protein receptors 

(SNAREs) (230, 231). The exocyst complex is comprised of two independent subcomplexes; 

subcomplex-1 is made up of Exoc1-4 and subcomplex-2 is made up of Exoc5-8. A majority of the 

exocyst complex is present on the vesicular surface, and when in proximity to the PM this complex 

interacts with Exoc1 (Sec3 in yeast) to form the full exocyst complex (230). Exoc1 interacts with 

the PM initially due to an interaction with PI(4,5)P2 and a PM anchored SNARE protein (230–
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232). After this initial interaction, another exocyst protein, Exoc7 (Exo70 in yeast), is now able to 

interact with PI(4,5)P2 at the PM as well, stabilizing the interaction of the vesicle with the PM and 

inducing membrane curvature (229–231). The next step, priming, is responsible for the maturation 

of PM tethered vesicles (229). Munc13 and Ca2+-dependent activator protein for secretion (CAPS) 

are both required for the transition between docking and priming of vesicles (229, 231). 

Specifically, Munc13 and CAPS are involved in the formation and stabilization of the SNARE 

complex once they are localized with the PM (229, 231). Munc13 is recruited to the PM in a Ca2+ 

dependent manner, but once at the PM it interacts with and is stabilized by PI(4,5)P2 (229, 231, 

233, 234). CAPS contains a PI(4,5)P2 binding PH domain which allows for its recruitment to the 

PM (229, 231, 233, 235). Finally, fusion allows for the vesicle to merge with the PM to release 

contents (229, 231). Components of the SNARE complex include syntaxin-1 and synaptosomal-

association protein of 25 kDa (SNAP-25). Syntaxin-1 is a transmembrane (TM) protein localized 

to the PM due to a hydrophobic C-terminal domain (229, 231, 236, 237). SNAP-25, on the other 

hand, initially localizes with the PM due to a palmitoylation motif (229, 231, 236). Moreover, 

SNAP-25 has a polybasic stretch which is involved in stabilizing the interaction with PI(4,5)P2 

and other negatively charged phospholipids at the PM (4, 237, 238). Moreover, the loss of 

PI(4,5)P2 at the PM results in dysregulation of exocytosis, hindering this process at all steps (154, 

228, 239–241). 

Opposite of exocytosis, endocytosis is the process of moving cargo from the extracellular 

surface into the interior of the cell (226, 227). Clathrin-mediated endocytosis (CME) is the best 

characterized mechanism of endocytosis (226, 227, 229, 242). The recruitment of clathrin to the 

PM is an essential step of CME; clathrin assembles into structures at the PM upon interaction with 

adaptor proteins (242, 243). These adaptors include the AP-2 complex, Epsin, AP180, and 
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dynamin (226, 242, 243). Initially, AP-2 binds with PI(4,5)P2 at the PM, after which clathrin is 

then recruited to initiate the formation of clathrin-labeled structures (226, 242–245). After the 

initial formation of these AP-2 and clathrin labeled structures, AP180 and epsin are recruited to 

the PM to interact with AP-2, clathrin, and PI(4,5)P2 to facilitate the further concentration of 

clathrin on the PM (246, 247). The next stage of CME is invagination, and this is initiated by the 

Bin / amphiphysin / Rvs (BAR) domain containing proteins which induce curvature in the PM 

(226, 242, 243). Specifically, FCHo1/2 are BAR domain containing proteins that are recruited 

exclusively to the PM and initiate curvature in an AP-2, clathrin, and PI(4,5)P2 dependent manner 

(248, 249). Finally, the clathrin-coated pit can be separated from the PM via the constriction of the 

neck due to the action of dynamin (226, 242, 243). In this final stage of endocytosis, dynamin is 

recruited to the PM due its interaction with PI(4,5)P2 (250). Loss of PI(4,5)P2 hinders the ability 

for endocytosis to occur, again demonstrating the importance of this lipid in essential cellular 

processes (154, 228, 239–241). 

1.4.3 Cytoskeletal organization and PI(4,5)P2 

The actin cytoskeleton regulates cellular processes ranging from endocytosis to cell 

motility to cytokinesis (251, 252). Furthermore, the actin cytoskeleton undergoes many changes 

during these various activities (251, 252). These cytoskeletal changes include actin filament 

assembly / disassembly, membrane association, and cell adhesion (251, 252).  

Actin filaments can be capped, at barbed ends, by the capping protein CapZ (253–255) to 

prevent both actin assembly and disassembly (251, 252). CapZ can be removed from actin 

filaments due to an interaction with PI(4,5)P2, thus allowing for either actin assembly or 

disassembly to occur, specifically at the PM (253–255). During endocytosis, the neuronal Wiskot-
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Aldrich Syndrome protein (N-WASP) is recruited to the PM via an electrostatic interaction 

between the negatively charged inner leaflet, due in part to PI(4,5)P2 (4), and a polybasic domain 

in N-WASP (256). Once localized at the PM, N-WASP activates the Actin related protein 2/3 

(Arp2/3) complex (257, 258). Upon activation, Arp2/3 is then able to nucleate new daughter 

filaments off of existing mother filaments to facilitate branching of actin, a necessary step for the 

endocytic process (251, 259, 260). Another protein involved in actin filament dynamics is profilin 

(251, 252). In situations of low cellular PI(4,5)P2, profilin is found bound to ATP-bound actin 

monomers, promoting actin nucleation (261, 262). Profilin also binds to and regulates other actin-

binding proteins, including Arp2/3, formins, and the Ena/VASP proteins. In this way profilin acts 

to assist in actin nucleation and F-actin assembly (251, 252, 263). In cases of high PI(4,5)P2, 

profilin is recruited to the PM due to an interaction with PI(4,5)P2, sequestering it away from 

monomeric actin (261, 262). This interaction then negatively regulates the actin assembly. Finally, 

two proteins, gelsolin and cofilin act as actin severing or depolymerizing proteins (251, 252). 

Again, the localization and therefore activity of both gelsolin (264–266) and cofilin (267–269) are 

regulated by PI(4,5)P2. It is through these interactions that PI(4,5)P2 can regulate both actin 

filament assembly and disassembly. 

The actin cytoskeleton is linked to the PM due to interactions with several proteins (251, 

252). One such protein family involved in linking actin and microtubules to the PM are septins 

(252, 270). Septins have been shown to interact with PI(4,5)P2 via a polybasic domain that is 

separate from the actin / microtubule binding N-terminal domains (270, 271). Spectrins are another 

family of proteins which similarly interact with actin and the PM (251, 252). Specifically, β-

spectrins contain a PH domain which has been shown in interact with PI(4,5)P2, allowing for PM 

association (272–274). Furthermore, recent evidence suggests that both septins and spectrins may 
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be able to form PI(4,5)P2 diffusion barriers; this essentially forms lipid corrals to limit lipid 

diffusion, potentially promoting further PI(4,5)P2 linkage by both proteins (275). Finally, the ezrin, 

radixin, moesin family of (ERM) proteins function to link the actin cytoskeleton directly to the 

PM. The ERM proteins all contain a FERM domain, which has been shown to bind to PI(4,5)P2 

(276–279). The binding of the FERM domain to PI(4,5)P2 allows for the unmasking of other 

binding sites in the ERM proteins which allow them to interact with other proteins of interest, such 

as F-actin or intracellular adhesion molecules (ICAMs) (276–279). These specific interactions 

only begin to highlight some of the mechanisms by which PI(4,5)P2 regulates the linkage between 

actin and the PM.  

Cellular adhesion to the extracellular matrix (ECM) is a pivotal functionality. Focal 

adhesions (FAs) are made up of a complex network of proteins that link the actin cytoskeleton to 

the ECM. The physical interaction with the ECM is facilitated by the extracellular portion of 

integrins (280). The intracellular portion of integrins then generates the integrin signaling layer 

(280). This layer contains integrins, paxillin, focal adhesion kinase (FAK), and talin (280). The 

force transduction layer is composed of talin, VASP, and vinculin (280). And finally, the actin 

regulatory layer is made up of VASP and α-actinin. Each of these layers contains at least one 

PI(4,5)P2 interacting protein: FAK (280–282), talin (276, 277, 283–285), vinculin (283, 286–289), 

and α-actinin (286). PI(4,5)P2 is known to function, directly or indirectly, as either an activator or 

a stabilizer for each of these proteins in each layer of the FA. Aberrant PI(4,5)P2 levels can lead to 

many changes in the organization or regulation of the actin cytoskeleton (65, 73, 290–293), again 

this exemplifies the importance of proper maintenance of PI(4,5)P2 in cells. Furthermore, 

mutations in enzymes regulating these lipid-signaling pathways can lead to aberrant regulation of 
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the previously mentioned cellular processes and can lead to diseases, ranging from 

neurodegeneration to cancer (8). 

1.5 Summary 

In summary, we reviewed the following: PI(4,5)P2 is generated in the inner leaflet of the 

plasma membrane by PIP4K and PIP5K, PI(4,5)P2 serves as substrate for new PPIns or metabolites 

function as second messengers, and the vital function in regulating key cellular processes, from 

signaling to intracellular transport to cytoskeletal dynamics. At the core of every essential cellular 

mechanism lies the correct mass of PI(4,5)P2 molecules to control the fate of cells, tissues, and 

organs. Tightly controlling such a key coordinator requires the ability to sense, upregulate, and 

downregulate its production to meet cellular demands. While this crucial fact is known and widely 

respected, the mechanism by which the cells regulate PI(4,5)P2 has remained elusive. Throughout 

the course of these studies, we aim to demonstrate that the enzymes necessary for PI(4,5)P2 

production – PIP4K and PIP5K – cooperate in a beautifully orchestrated fashion to sense and 

regulate levels of PI(4,5)P2 in order to maintain homeostasis and change PI(4,5)P2 levels in 

response to physiological cues. In doing so, we propose a mechanism that can be interrogated and 

perturbed to adjust PI(4,5)P2 levels, alter cellular processes, and effect disease progression. 
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2.0 Lipid detection and metabolism 

This text has been pulled from a combination of reviews accepted by Molecular Biology 

of the Cell and book chapters published in Phosphoinositides, Methods and Protocols by Springer 

Protocols: 

R.C. Wills, B.D. Goulden & G.R.V. Hammond. Genetically encoded lipid biosensors. Mol Biol 

Cell 29, 1526–1532 (2018).  

G.R.V. Hammond, M.M.C. Ricci, C.C. Weckerly, & R.C. Wills. An update on genetically encoded 

lipid biosensors. Mol Biol Cell 33, tp2 (2022).  

R.C. Wills, J. Pacheco, G.R.V. Hammond. Quantification of Genetically Encoded Lipid 

Biosensors. New York (NY): Springer Nature. Ch 4. (2021).  

J. Pacheco, R.C. Wills, G.R.V. Hammond. Induced Dimerization Tools to Deplete Specific 

Phosphatidylinositol Phosphates New York (NY): Springer Nature. Ch 7. (2021).   

 

Additionally, work on the PI(3,4)P2 biosensor was published in the Journal of Cell Biology 

by previous Hammond Lab Member, Brady Goulden. 

B.D. Goulden, J. Pacheco, A. Dull, J.P. Zewe, A. Deiters, G.R.V. Hammond. A high-avidity 

biosensor reveals plasma membrane PI(3,4)P2 is predominantly a class I PI3K signaling product. 

J Cell Biology 218, 1066–1079 (2019).  
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2.1 Overview 

Lipids convey both structural and functional properties to eukaryotic membranes. 

Understanding the basic lipid composition and the dynamics of these important molecules, in the 

context of cellular membranes, can shed light on signaling, metabolism, trafficking, and even 

membrane identity. The development of genetically encoded lipid biosensors has allowed for the 

visualization of specific lipids inside individual, living cells. However, several caveats and 

considerations have emerged with the overexpression of these biosensors. Here, we provide a 

current list of available genetically encoded lipid biosensors. These tools are given along with 

criteria that are used to determine their reliability. We also provide some suggestions for the 

optimal utilization of these biosensors when both designing experiments and interpreting results. 

2.2 Introduction 

2.2.1 Phospholipids 

Lipids are a central molecule in cellular biology and serve critical roles in energy storage, 

cellular membrane formation, and messengers for cellular activities (131). There are a variety of 

lipid species which provide discrete and functional properties to membranes (126, 131). 

Phosphatidylinositol (PI) is a unique phospholipid possessing a myo-inositol headgroup which can 

be reversibly phosphorylated in up to three different positions, generating seven distinct 

phosphoinositides (PPIns) (9). The specific lipid makeup of membranes provides unique identities 

to various organelles, and this results in exquisite spatial and temporal regulation of cellular 
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processes (4, 9). Understanding the cellular distribution and metabolism of various lipids has 

become a major focus of cellular biology (8). Mutations or expression differences in enzymes 

regulating these lipid-signaling pathways can lead to several diseases, such as neurodegeneration, 

cancer, diabetes, and others (8). As a result, there is an increased prevalence in methods aiming to 

quantify lipid levels and impact their metabolism (9, 121–125). 

2.2.2 Detection of lipids in cells 

Historically, lipid species have been detected and quantified in cells using several labor-

intensive methodologies, such as: mass spectroscopy (MS) (57, 294, 295), high-performance liquid 

chromatography (HPLC) (296), and thin-layer chromatography (TLC) (297–299). However, these 

measurements were obtained from a population of cells at a single time point, and therefore do not 

provide dynamic, temporal information. Microscopy techniques, on the other hand, allow for the 

real-time visualization of lipid dynamics. These approaches include total internal fluorescence 

microscopy (TIRFM), confocal microscopy, and super resolution imaging techniques. 

Additionally, microscopy allows for the observation of single cell dynamics over time, thus 

providing both spatial and temporal resolution (122).  

2.2.3  Genetically encoded lipid biosensors 

Using microscopy to visualize lipids presents a set of unique challenges. Proteins can be 

detected in cells using specific antibodies in immunocytochemistry or immunofluorescent assays. 

However, using antibodies for the labeling and detection of lipid species is challenging as typical 

protocols necessitate the fixation and permeabilization, or overall breakdown, of the lipid 
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containing membranes of interest (109). Proteins can also be detected by generating fusions with 

fluorescent proteins, such as GFP or mCherry (123, 125, 300–303). Fusing a lipid with a 

fluorophore has not provided an ultimate solution as there are still some issues with this method. 

But a unique approach has proven effective in the visualization of lipids. Some proteins possess 

specialized lipid-binding domains, known to associate with their cognate lipids (302–304). 

Additionally, bacterial effector proteins and toxins, namely those that target host membranes, have 

also proven to be efficient at binding unique lipid species (304). These proteins can be expressed 

as fluorescently conjugated fusions in living ces to allow for the visualization of specific lipids 

(Figure 2.1A). These fusion proteins have been termed biosensors, and this chapter will focus on 

qualitatively and quantitatively observing lipids via genetically encoded lipid biosensors.  

2.3 Results 

2.3.1 Genetically encoded biosensor visualization 

The use of biosensors allows for the visualization of lipids in living cells and in real time. 

However, biosensors are not to be used as a binary means of determining lipid localization or 

definitive lipid amounts. Our group has developed three crucial criteria which should be 

considered when determining the validity of a biosensor (123). First, is the biosensor specific for 

the target lipid? Second, is the localization of the biosensor dependent on that lipid? Third, if 

dependent, is the lipid alone sufficient to localize the biosensor? Table 2.1 provides a list of lipid-

binding domains and illustrates whether each sensor meets the previously mentioned criteria. 
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Table 2.1 has been used as a guide for selecting appropriate biosensors for specific lipids, and we 

utilized this table to select the appropriate biosensors throughout this work. 

The method of performing these biosensor experiments involves the transfection of 

plasmid DNA, containing the biosensor of interest, into cells. Living cells can then be visualized 

in real-time to determine the quiescent localization of lipids or, lipid levels can be perturbed using 

enzymes, growth factors, or other chemical treatments to mimic an array of cellular processes. To 

illustrate this point, we can express either GFP, PH-PLCδ1, or P4M, in HeLa cells to visualize the 

difference in localization of the fluorescent tag or biosensors (Figure 2.1B). GFP appears localized 

throughout the cytosol of the cell, as expected (Figure 2.1B). This is in stark contrast to the 

expression of the PI(4,5)P2 biosensor PH-PLCδ1, which appears tightly localized with the PM 

(Figure 2.1B). Finally, the PI4P biosensor, P4M, can be seen at the PM, the Golgi, and endosomes 

(Figure 2.1B). This demonstrates how the localization of different lipid species can differentially 

localize the appropriate biosensor. 

 

 

 

Figure 2.1 Genetically encoded lipid biosensors localize with specific organelle membranes. 

(A) Domain structure of full-length PLCδ1 protein, along with the mCherry-PH domain from PLCδ1. (B) Confocal 

sections of cells expressing enzyme (green), PH-PLCδ1 (orange), and P4M (cyan), scale bar is 10 µm. 
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2.3.2 Quantification of biosensors in cells 

The use and visualization of lipid biosensors via microscopy provides a real-time single-

cell approach to monitor changes in fluorescence intensity. Images themselves are not able to be 

used as statistical data, but that does not mean the images cannot be used to obtain this type of 

quantitative data. The relative fluorescence intensity of a biosensor at a specific membrane directly 

corresponds to the amount of sensor bound and can indicate the relative amount of lipid in an 

organelle. For example, using a PI(4,5)P2 probe would result in a high level of fluorescence at the 

plasma membrane (PM), visualized by either TIRFM or confocal microcopy (Figure 2.2A). Using 

tools (see below) to deplete PI(4,5)P2 levels would result in a much lower membrane-associated 

fluorescence. The quantification of fluorescent images has been done in several ways. Our lab 

performs analysis on data collected from TIRFM and from confocal microscopy. TIRFM is a 

particularly efficient method of measuring changes in lipid level at the PM due to selective 

illumination of the bottom most ~100 nm of the cell. Confocal microscopy has been utilized for 

assaying lipid levels at various membrane compartments, including the PM. For TIRFM analysis, 

the fluorescence intensity is measured within the cell over time, and then the average pixel intensity 

of each frame is normalized to the average pixel intensity before treatment (Ft/Fpre) (Figure 2.2A). 

For confocal microscopy, the organelle of interest is used to generate a mask in which the biosensor 

intensity can be measured (Figure 2.2B). Once the mask is generated, the biosensor pixel intensity 

is measured in the mask relative to the intensity in the rest of a region of interest (ROI) that 

encompasses the whole cell, giving an organelle/cell ratio. Similarly, this can be done by 

measuring the intensity within the mask relative to a secondary ROI drawn in the cytoplasm 

yielding an organelle/cytosol ratio (Figure 2.2C). 
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Figure 2.2 TIRF and confocal microscopy image analysis. 

(A) Analysis of PI(4,5)P2 biosensor in TIRF microscopy. The fluorescence intensity is measured in the first five frames 

before the addition of rapamycin to recruit a PI(4,5)P2 degrading enzyme. The resulting intensity is averaged and 

generates FPre. The subsequent images (here t=60 and 300 sec) have their fluorescence intensity measured. These time 

points can be compared (as a ratio) to the baseline fluorescence as Ft/FPre. (B) Generation of a binary PM mask. Step 

1 illustrates a ROI applied to the original image (I0). Images I1–I3 have had the Gaussian blur filter applied at 

increasing radii (In x pfs). Step 2 shows the generation of thresholded wavelets (W1–W3) from each pair of smoothed 

(I0–I3) images. Step three shows the final wavelet decomposition to generate the binary mask with the background 

cleared to reduce noise. (C) Analysis of PI(4,5)P2 biosensor distribution with the aid of a binary mask. A PM stain, 

CellMask deep red, is used to generate a mask of the PM signal, as shown in Fig. 1. The cell is also expressing a low-

affinity PI(4,5)P2 biosensor, TubbyC
R332H. This low-affinity biosensor is barely enriched at the PM (see inset in 

TubbyC
R332H image). Applying the binary mask allows the intensity of the biosensor to be easily measured at the PM 

and compared (as an intensity ratio) with the average intensity across the whole cell’s optical section, or else a region 

of cytosol (Cyt). 

2.3.3 Manipulation of lipids and biosensor readouts 

2.3.3.1 Chemical dimerization 

Dissecting PPIn function requires either traditional molecular genetic tools to manipulate 

protein expression of lipid metabolizing enzymes or modulating the lipids themselves in a 

chemically driven capacity (Appendix Table 1.2). Both approaches have proven challenging. 

PPIns can be sequestered by overexpressing PPIn-binding proteins, though this is often harder than 

typically realized (305). Alternatively, enzymes that synthesize or degrade the lipids can be 

overexpressed or knocked-down, though this causes chronic effects over several hours. Chemically 

induced dimerization (CID) approaches (and the more recent photoinduced dimerization) provide 

a powerful approach to induce rapid removal of lipids from precise intracellular locations, allowing 
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acute effects on downstream biology to be interrogated (306, 307). In this chapter, we describe 

such an approach using the FKBP/FRB rapamycin inducible dimerization system. 

2.3.3.2 FKBP-FRB 

The origins of chemical dimerization systems come from pioneering work from Dr. 

Crabtree and colleagues, who rationalized that several receptors at the PM are activated when 

forming dimers. Crabtree’s group successfully activated T-cell signaling by forcing dimer 

formation of cytosolic portions of T-cell receptors fused to FKBP12, an immunophilin that binds 

immunosuppressant drugs such as cyclosporine A (CsA), rapamycin, or FK506 (which gave the 

name to these receptors: FK506-Binding Protein) (308). The extended use of immunophilins as a 

heterodimerization system was adopted thanks to Schreiber’s work, which showed that FKBP12 

interacts with a minimal portion of the mechanistic Target of Rapamycin (mTOR), called FKBP12 

Rapamycin-Binding (FRB) domain (309). The use of the FRB domain as an FKBP partner 

presented a major improvement in comparison with previous systems. FRB-tagged membrane 

anchors such as GiantinC129 (Golgi), LAMP1 (endolysosomes), AKAPN31 (mitochondria) (Figure 

2.3A), or the myristoylated and palmitoylated peptide from Lyn kinase, Lyn11 (PM) (Figure 2.3B) 

allow for the labeling of the associated organelles. The main advantages are the size since FRB 

comprises only 90 amino acid residues and 11 kDa instead of 2549 amino acid residues and 289 

kDa of the whole human mTOR (309). FRB also binds FKBP12 with nanomolar binding affinity 

when rapamycin is used as a dimerizing agent. FRB and FKBP12 do not interact in the absence of 

rapamycin, and FRB shows a modest interaction with rapamycin by itself (Kd ~26 μM) (310). 

Therefore, labeling an organelle with FRB and an enzyme with FKBP allows for the recruitment 

of that enzyme to that specific cellular location (Figure 2.3B).  



 39 

2.3.3.3 Rapamycin induced dimerization 

While many ligands can be used to induce dimerization, several key positive attributes 

should be considered: high permeability, low molecular weight, high affinity, high specificity, and 

minimal secondary effects. Selection of the best ligand must be based on the experimental design 

to contrast the advantages and disadvantages of available drugs. For example, rapamycin is the 

most used compound for experiments on live cells with measurable effects in short periods of time 

(311). It should be noted that rapamycin is a potent inhibitor of mTOR (312). The inhibition of 

mTOR can result in the loss of the ability to sense cellular stress or to carry out cell growth and 

associated signaling (312). Many of these pathways are downstream of PI(4,5)P2 and the use of 

rapamycin should be performed in the shortest time frame possible. Figure 2.3B shows the 

rapamycin induced recruitment of FKBP to the previously mentioned FRB-tethered organelles of 

interest. 

2.3.3.4 Acute lipid manipulation 

Generally speaking, acute lipid metabolism uses a dimerization system to target 

localization of a phosphatase to deplete a specific pool of PPIns. A PM-bound recruiter carrying 

an FRB domain (Lyn11) is used to target the enzyme fused with the FKBP domain, here FKBP-

INPP5E. Simultaneously, a lipid-binding domain fused to a fluorescent protein can be used to 

observe how lipid levels change at the specific cellular location. A prototypical protocol of 

depletion of PI(4,5)P2 from the PM is described here. We observe rapid recruitment of FKBP-

INPP5E from the cytosol to the PM, upon rapamycin addition (Figure 2.3B). Subsequently, we 

can observe the localization of the PI(4,5)P2 biosensor PH-PLCδ1 from the PM to the cytosol 

(Figure 2.3B). Ultimately, lipid biosensors, enzymes, and membrane recruiters are 

interchangeable according to the experimenter’s scope (Table 2.1 and Appendix Table 1.2). 
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Figure 2.3 Target localization at different cellular compartments. 

(A) Targeted recruitment of chimeric phosphatase PJ-Sac to specific subcellular localization. Giantin, Lamp1, and 

AKAP1 are membrane anchor proteins that target localization to the Golgi apparatus, lysosomes, and mitochondria, 

respectively. (B) Localized depletion of PI(4,5)P2 from the PM after addition of rapamycin. Lyn11-FRB-iRFP is used 

to drag the phosphatase INPP5E to the PM. Acute depletion of PI(4,5)P2 is registered simultaneously with the 

biosensor PH-PLCδ1-GFP, scale bar is 10 µm. 
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2.3.4 Low or High affinity/avidity 

Lipid binding proteins can have specific affinities for either individual or multiple lipid 

species (304, 313–315). In the case of P4M, a specific PI4P biosensor, the localization of this 

sensor specifically indicates the presence of PI4P (304). TubbyC is readily used as a PI(4,5)P2 

biosensor but, TubbyC also binds to PI(3,4)P2 and PI(3,4,5)P3 (315–317). However, the cellular 

concentration of PI(4,5)P2 is by far the highest of the three, so any changes seen in TubbyC 

localization are the result of changes in PI(4,5)P2 levels, compared with the other two lipids (99, 

100). 

Furthermore, biosensors can have modifications made to their lipid binding domains, 

generating sensors with higher or lower lipid binding affinity. The mutation of a single residue in 

TubbyC, to generate TubbyCR332H, lowers the affinity of this probe for PI(4,5)P2 (316). When 

deciding when to use a high or a low affinity probe, a few considerations can be taken. High-

affinity probes can be used to detect low concentrations of lipid. However, if a majority of the 

biosensor is already bound to a potentially abundant lipid, then further increases in the lipid will 

be much more difficult to observe. Low-affinity probes are very useful to use when assaying small 

increases in lipid levels, as they exist in complex with their lipid of interest for much shorter 

periods of time. At the same time, this renders these probes less useful when observing and 

quantifying decreases in lipid species at organelles of interest.  

To illustrate these examples the high- and low-affinity probes for PI(4,5)P2, TubbyC and 

TubbyCR332H (316) were used to detect acute perturbations in lipid levels (Figure 2.4A). To 

increase PI(4,5)P2 levels at the PM we utilized a recruitable mutant of PIP5K1C. To this effect, 

we generated a truncation of PIP5K1C which contained only the kinase domain as a homodimeric 

mutant PIP5K1C_KinaD101R/R304D (PIP5K1C-HD) (70). Using the CID system, we recruited 
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PIP5K1C-HD to the PM and, with confocal, observed a slight increase in PM association of 

TubbyC and an even more robust increase in TubbyCR332H, over time (Figure 2.4A). In an 

alternative approach we used the CID system to recruit INPP5E to the PM. Again, using confocal 

microscopy, we observed a rapid loss of the PI(4,5)P2 biosensors upon recruitment of INPP5E 

(Figure 2.4B). However, the loss of TubbyC, fluorescence was more robust than that of its low-

affinity counterpart (Figure 2.4B). 

Like affinity, avidity of biosensors can also be altered by generating monomers (TAPP1 

cPHx1) or multimers (TAPP1 cPHx3) to alter the binding potential of a sensor (318). The 

monomeric TAPP1 cPHx1 shows negligible localization with the PM (Figure 2.4C, adapted from 

(318)). However, a tandem dimer and trimer each show increasing PM association, due to their 

increased avidity (Figure 2.4C, adapted from (318)). Overall, these binding affinities and avidities 

result in transient, yet quantifiable, binding profiles. Furthermore, our lab often employs both high- 

and low-affinity or avidity biosensors dependent on the lipid species being studied and the assay 

being performed.   
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Figure 2.4 Go high or go low (affinity and avidity). 

(A and B) These HEK293A cells are expressing either a low affinity (TubbyC
R332H, top) or a high affinity (TubbyC, 

bottom) version of a PI(4,5)P2 biosensor. The images show the cells before and after activation of a (A) 5-kinase that 
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increases PI(4,5)P2 in the plasma membrane or a (B) 5-phosphatase that decreases PI(4,5)P2 in the plasma membrane. 

(A) The lower affinity biosensor is able to detect small changes in PI(4,5)P2 synthesis and relocalize to the PM, 

whereas the higher affinity probe is already saturated at the plasma membrane. (B) The higher affinity biosensor is 

able to detect greater changes in PI(4,5)P2 depletion and relocalize to the cytosol, whereas the lower affinity probe is 

already primarily localized in the cytosol. Scale bar for A and B is 10 µm. (C) cPHx2 and cPHx3 bind the PM in a 

PI(3,4)P2-dependent manner in COS-7 grown in 10% serum. Confocal sections are shown of cells expressing EGFP-

cPH plasmids and iRFP to mark the cytoplasm. Subtracting normalized iRFP signal from normalized EGFP reveals 

PM localization of cPHx2 and cPHx3. Scale bar is 20 µm. The box and whisker plots show median, interquartile 

range, and 10th–90th percentiles of 90–93 cells from three independent experiments, scale bar is 10 µm. 

2.3.5 Treachery of images 

User beware: increases in biosensor fluorescence do not always indicate that there is an 

increase in lipid. Cells expressing P4C show biosensor localization primarily at the Golgi and the 

PM (Figure 2.5A). Depletion of PM PI4P results in the loss of PM biosensor localization and the 

appearance of endosomal localization of the probe (305). This could be interpreted as the 

production of PI4P on the endosomal compartment (Figure 2.5B), however this observation is due 

only to the redistribution of the P4C sensor, which is now free to detect a smaller pool of PI4P, 

present on endosomes (305). The use of biosensors for the detection and observation of lipids 

presents various caveats (123). Utilizing this knowledge and Table 2.1, the best biosensor can be 

used for the experiment of interest.  
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Figure 2.5 Ceci n'est pas une PIP (“This is not a PIP”).  

(A) This COS-7 cell is expressing P4C, a PI4P biosensor, scale bar is 10 µm. The images show the cell before and 

after a treatment that induces relocalization of the probe. What do you suppose this treatment was? See B for a careful 

explanation of answers. (B) The fluorescence intensity can be measured on different organelles. Observing and 

quantifying P4C localization on endosomes (top) reveals an increase in fluorescence intensity at this organelle. 

Conversely, quantifying the P4C localization at the PM (bottom) reveals a decrease in fluorescence intensity, scale 

bar is 2.5 µm. 

2.4 Discussion 

Genetically encoded lipid biosensors continue to be a powerful and convenient tool to study 

lipid dynamics and function in cell biology. In these works, we have discussed methods by which 

to visualize phosphoinositides with biosensors, acutely manipulate their cellular metabolism, and 
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quantify the resulting images. Brief considerations involving the proper selection of biosensors 

with differing affinities and avidities have also been discussed. Finally, we showed and discussed 

some potential caveats in terms of the interpretation of results obtained from using biosensors. As 

a whole, these considerations remind us of Rick Sanchez, the fictitious mad scientist from the sci-

fi cartoon “Rick and Morty,” who once quipped: “Ok... well, sometimes science is more art than 

science... A lot of people don't get that.” Although biosensors may exhibit some limitations, when 

the experiments are properly controlled, quantified, and interpreted the probes provide invaluable 

information regarding lipid dynamics. 
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2.5 Experimental Procedures 

2.5.1 Cell culture and lipofection 

HeLa (ATCC CCL-2), Cos7 (ATCC CRL-1651), and HEK293A (ThermoFisher R705-07) 

cells were cultured in DMEM (low glucose; Life Technologies 10567022) supplemented with 10% 

heat-inactivated fetal bovine serum (Life Technologies 10438-034), 100 units/ml penicillin, 

100µg/ml streptomycin (Life Technologies 15140122), and 1:1,000 chemically defined lipid 

supplement (Life Technologies 11905031) at 37˚C with a humidified atmosphere with 5% CO2. 

Cells were passaged twice per week by diluting cells 1 in 5 after dissociation in TrpLE (Life 

Technologies 12604039). 

2.5.2 Chemicals and reagents 

Rapamycin (ThermoFisher BP2963-1) was dissolved in DMSO at 1 mM and stored as a 

stock at -20˚C, it was used in cells at 1 µM. 

2.5.3 Plasmids and cloning 

The EGFP (Aequorea victoria GFP containing F64L and S65T mutations) (319), mCherry 

(Discoma DsRed monomeric variant) (320), mTagBFP2 (Entacmaea quadricolor protein 

eqFP578) (321) and iRFP713 (Rhodopseudomonas palustris [Rp] bacteriophytochrome BphP2) 

(322) fluorophores were used in the Clontech pEGFP-C1 and -N1 backbones as described 

previously (323). Plasmids were obtained from the sources listed in Table 2.2. 
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2.5.4 Microscopy 

For all live-cell imaging experiments, cells were imaged in 1.6 mL of experiment specific 

imaging media. Base imaging media contained FluoroBrite DMEM (Life Technologies 

A1896702) supplemented with 25 mM HEPES (pH 7.4), 10% fetal bovine serum, and 1:1000 

chemically defined lipid supplement (CHIM). For treatments, 0.4 mL of experiment specific 

imaging media containing fivefold final concentration of compound was applied to the dish (or 0.5 

ml for a second addition).  

Confocal imaging was performed on a Nikon TiE A1R platform with acquisition in 

resonant mode with a 100x 1.45 NA plan-apochromatic objective. The signal-to-noise ratio was 

improved by taking 8 or 16 frame averages. Excitation of fluorophores was accomplished using a 

dual fiber-coupled LUN-V laser launch with 405-nm (BFP), 488-nm (EGFP and NG2), 561-nm 

(mCherry), and 640-nm (iRFP) lines. Emission was collected on four separate photomultiplier 

tubes with blue (425-475 nm), green (500-550 nm), yellow/orange (570-620 nm), and far-red (663-

737 nm) filters. Blue and yellow/orange channels were recorded concurrently, as were green and 

far-red. The confocal pinhole was defined as 1.2x the Airy disc size of the longest wave-length 

channel used in the experiment. Nikon Elements denoising software was used to further enhance 

the signal-to-noise ratio. 

For TIRF microscopy, a separate Nikon TiE platform coupled with a Nikon TIRF 

illuminator arm and 100x 1.45 NA plan-apochromatic objective was used. Excitation of 

fluorophores was accomplished using an Oxxius L4C laser launch with 405-nm (BFP), 488-nm 

(EGFP and NG2), 561-nm (mCherry), and 638-nm (iRFP) lines. Emission was collected through 

dual-pass filters (Chroma) with blue (420-480 nm) and yellow/orange (570-620 nm) together, and 

green (505-550 nm) and far-red (650-850 nm) together. An ORCA-Fusion BT sCMOS camera 
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(Hamamatsu) was used to capture images. Images were captured with 2x2 pixel binning and were 

registered in rolling shutter mode with 2x2 pixel binning with a 1.5x magnifier lens. Nikon 

Elements software was used to acquire all images for all experiments and all data was saved with 

the ND2 file extension. 

2.5.5 Image analysis 

Analysis of all images was accomplished using Fiji software (324) using the LOCI 

BioFormats importer (325). Custom macros were written to generate channel-specific montages 

displaying all x,y positions captured in an experiment in concatenated series. In these montages, 

individual regions of interest (ROIs) were generated around displayed cells.  

For confocal images, the ratio or fluorescence intensity between specific compartments 

was analyzed as described previously (323). In brief, a custom macro was used to generate a 

compartment of interest specific binary mask through à trous wavelet decomposition (326). This 

mask was applied to measure the fluorescence intensity within the given compartment while 

normalizing to the mean pixel intensity in the ROI. 

For TIRF microscopy images, a minimum intensity projection was used to generate ROIs 

within the smallest footprint of the cells. Background fluorescence was measured and subtracted 

from all images at all timepoints. The average pixel intensity in each frame (Ft) was normalized to 

the mean pixel intensity in the ROI of the time points before treatment (Fpre) to yield Ft/Fpre.  

Quantitative data was imported into Prism 8 (GraphPad) for statistical analysis and the 

generation of graphs and plots. D’Agostino and Pearson normality tests showed data that 

significantly varied from normal distribution, data were then subjected to a nonparametric Kruskal-
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Wallis test. If significant difference was found between sample medians, a post hoc Dunn’s 

multiple comparison test was run.  

Representative images were selected based on fluorescence measurements near the median 

of the sampled population, displayed typical morphology, and robust signal-to-noise ratio. If 

adjusting brightness or contrast, any changes were made across the entire image. 
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Table 2.1 Current genetically encoded lipid biosensors for a variety of selective lipid species 

Lipid Biosensor Affinity Lipid Specific? 
Cellular localization of lipid 

References Lipid 
dependent? 

Lipid 
sufficient? 

Chol D4-PFO + 
mutants 2-30 mol % ✔ ✔ ? (327–329) 

SM Lysenin KD ~5 nM ✔ ✔ ? (330–332) 
PA 

NES-PABD-
spo20p51-91 
(PASS) 

? ✘ -binds PI(4,5)P2 
and PIP3 weakly ✔ ? (333) 

 NES-2xPABD-
spo20p51-91 ? 

✘ - suspected to 
bind PI(4,5)P2 and 

PIP3 weakly 
✔ ? (334) 

 α-Syn-N Kd ~6.6 µM 
(18:1/18:1 PA) ✔ ✔ ? (335) 

PS C2-lactadherin KD ~0.5 µM ✔ ✔ ✔ (336–338) 

DAG C1ab-PDK1 Ki (PDBu) ~ 0.2 
µM ✔ ✔ ✔ (339, 340) 

 C1ab-PKCε KD ~10 nM ✔ ✔ ? (341, 342) 
PI BcPI-PLCH82A ? ✘ - binds to PC ✔ ✔ (343) 
 BcPI-PLCANH ? ✘ - binds DAG ✔ ✔ (343) 
PI3P FYVE-Hrsx2 KD ~2.5 µM ✔ ✔ ? (344–347) 
 FYVE-EEA1 KD ~45 nM ✔ ✔ ? (344, 345, 348) 
 PX-p40phox KD ~5 µM ✔ ✔ ? (349–351) 
PI4P 
 P4M-SidM KD ~1 µM or 

~18.2 nM FL ✔ ✔ ✔ (352–354) 

 P4M-SidMx2 KD < P4M-SidM ✔ ✔ ✔ (354, 355) 
 P4C-SidC KD ~250 nM ✔ ✔ ✔ (356–358) 

 N-PH-ORP5, N-
PH-ORP8 

KD ~5 µM for 
PI(4,5)P2 

✘ - binds PI4P and 
PI(4,5)P2 

✔ ✘ - requires 
PI(4,5)P2 

(359–361) 

 PH-OSBP, PH-
FAPP1 KD ~250 nM ✘ - binds PI(4,5)P2 ✔ ✘ - requires 

Arf1 
(362–364) 

PI5P 
 3xPHD (ING2) ? ✘ - binds to PI3P ✔ ✔ (365, 366) 

PI(3,4)P2 PH-TAPP1-CT KD ~80 nM ✔ ✔ ✔ (367–371) 
 eTapp1-PH† KD ~80 nM ✔ ✔ ✔ (372) 
 TAPP1-cPHx3 KD >80 nM ✔ ✔ ✔ (373) 
PI(3,5)P2 ML1-Nx2 KD ~5.6 µM ✔ ✔/✘* ✔/✘* (374, 375) 

PI(4,5)P2 PH-PLCδ1 KD ~2 µM 
✘ - binds to IP3 ~20 

fold more tightly 
than PI(4,5)P2 

✔ ✔ (376–381) 

 PH-PLCδ4 KD > PH-PLCδ1 ✘ - binds to IP3 ✔ ✔ (382, 383) 

 Tubbyc KD > PH-PLCδ1 ✘ - binds PI(3,4)P2 
and PI(3,4,5)P3 

✔ ✔ (383–386) 

 Tubbyc
R332H KD >Tubby ✘ - binds PI(3,4)P2 

and PI(3,4,5)P3 
✔ ? (384) 

 ENTH/ANTH KD ~2 µM ✘ - binds to 
PI(3,4,5)P3 

✔ ? (387–389) 
 

PI(3,4,5)P3 
PH-ARNO2G-

I303Ex2 KD ~170 nM ✘ - binds IP4 ✔ ✔ (373) 

 eMyoX-PHx2 KD ~33 nM** ✘ - binds IP4 ✔ ✔ (372, 390–392) 

 PH-Akt KD ~590nM ✘ - binds PI(3,4)P2 
and IP4 

✔ ? (371, 393, 394) 

 PH-Btk KD ~80 nM ✘ - binds IP4 ✔ ? (371, 395–398) 

 PH-GRP1 (2G), 
PH-ARNO (2G) KD ~170 nM ✘ - binds IP4 ✔ ✘-binds 

Arf/Arl 
(371, 399–404) 

*The accuracy of this probe is disputed.  

**The KD value is derived from myosin-c tail and IP4 headgroup binding. 

† requires chemical ligation with a solvatochromic dye for optimal performance  
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Table 2.2 Plasmids used in this study 

Plasmid Vector Insert Reference 

EGFP pEGFP-C1 EGFP This study 

TagBFP2 pTagBFP2-C1 mTagBFP2 This study 

TubbyC-EGFP pEGFP-N1 Mus musculus Tub(243-505):EGFP (405) 

TubbyC
R332H-EGFP pEGFP-N1 Mus musculus Tub(243-505)(R332H):mCherry (405) 

TubbyC-mCherry pmCherry-N1 Mus musculus Tub(243-505):mCherry (405) 

TubbyC
R332H-mCherry pmCherry-N1 Mus musculus Tub(243-505)(R332H):EGFP (405) 

PH-PLCδ1-mCherry pmCherry-N1 PLCD1v2(1-170):mCherry (406) 

PH-PLCδ1-EGFP pEGFP-N1 PLCD1v2(1-170):EGFP (406) 

NES-EGFP-P4Mx1 pEGFP-C1 X.leavis map2k1.L(32-44):EGFP:L. pneumophila 
SidM (546-647) (407) 

EGFP-P4C pEGFP-C1 EGFP:L. pneumophila SidC (614-743) (407) 

NES-EGFP-cPHx1 pNES-EGFP-
C1 

X. laevis map2k1.L (32-44) : EGFP : PLEKHA1 
(169-329) (318) 

NES-EGFP-cPHx2 pNES-EGFP-
C1 

X. laevis map2k1.L (32-44) : EGFP : PLEKHA1 
(169-329) : GGSGGSGG:PLEKHA1 (169-329) (318) 

NES-EGFP-cPHx3 pNES-EGFP-
C1 

X. laevis map2k1.L (32-44) : EGFP : PLEKHA1 
(169-329) : GGSGGSGG : PLEKHA1 (169-329) : 
GGSGGSGG : PLEKHA1 (169-329) 

(318) 

Lyn11-FRB-iRFP piRFP-N1 LYN(1-11):MTOR(2021-2113):iRFP (408) 

piRFP-FRB-GiantinC129 piRFP-C1 iRFP:MTOR(2021-2113) : [GGSA]2 : GOLGB1 
(3097-3226) (23) 

LAMP1-FRB-iRFP piRFP-N1 LAMP1: MTOR (2021-2113) : iRFP (318) 

AKAP1N31-FRB-iRFP piRFP-N1 Mus musculus Akap1(1-31) M16L : MTOR (2021-
2113) : iRFP (23) 

mCherry-FKBP pmCherry-C1 mCherry : FKBP1A(3-108) (408) 

mCherry-FKBP-INPP5E pmCherry-C1 mCherry : FKBP1A (3-108) : [GGSA]4GG : 
INPP5E (214-644) (408) 

mCherry-
FKBPSAC1∆TMD pmCherry-C1 mCherry:FKBP1A(3-

108):[GGSA]4GG:SACM1L(1-521) (407) 
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3.0 Determinants of PIP5K PM targeting 

3.1 Overview 

The plasma membrane (PM) is host to several intracellular processes, including membrane 

trafficking, cytoskeletal arrangement, and signal transduction. Phosphatidylinositol 4,5-

bisphosphate (PI(4,5)P2) is found in the inner leaflet of the PM and serves as a major regulatory 

lipid for these events. As expected, reduced levels of PI(4,5)P2 lead to dysregulation of cellular 

functions. Type 1 phosphatidylinositol 4-phosphate 5-kinase (PIP5K) is a key player in the 

synthesis of PI(4,5)P2 and therefore, understanding the regulation of this kinase is critical for 

determining how the cell maintains PI(4,5)P2 homeostasis. To assess potential control mechanisms 

of this kinase, we observed PM localization of over-expressed PIP5K isoforms and endogenously 

tagged PIP5K1A. We were able to perturb the PM composition to observe the corresponding 

changes in PIP5K localization. PIP5K was continuously localized with the PM, but this was 

dependent on the presence of phosphatidylinositol 4-phosphate (PI4P) and PI(4,5)P2. Furthermore, 

in assessing the domains of PIP5K required for this PM association, we determined that two basic 

residues in the C-terminal tail are necessary to mediate this PM interaction. The crystal structure 

of PIP5K displays these two residues opposite the activation loop and near an unstructured “insert” 

loop. We hypothesize that binding of its enzymatic product may serve as a positive feedback 

mechanism for both PIP5K activity and intracellular PI(4,5)P2 levels. 
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3.2 Introduction 

The inner leaflet of the plasma membrane (PM) is a hub for several intracellular processes 

and phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) acts as a critical regulator of these processes 

(8, 9, 409). The PI(4,5)P2 regulated cell processes include trafficking (226, 410), cytoskeletal 

organization (411, 412), ion transport (8, 409), and the generation of the second messengers 

inositol trisphosphate (IP3), diacylglycerol (DAG) (36), and PI(3,4,5)P3 (100, 413). Aberrant levels 

of this phosphoinositide can lead to dysregulation of these intracellular processes (8, 409). In 

particular, reductions in PI(4,5)P2 levels have been linked to improper organization of the actin 

cytoskeleton (65, 73, 292) and decreases in endocytosis (239, 240). Conversely, mutations in 

PI(4,5)P2 phosphatases, resulting in increased or mis-localized PI(4,5)P2 have been linked to a 

failure of clathrin coat disassembly and improper actin assembly (414, 415). As such, the levels of 

PI(4,5)P2 are tightly regulated at the PM and a constant mass is maintained.  

PI(4,5)P2 can be synthesized by one of two biochemical routes, either the phosphorylation 

of phosphatidylinositol 5-phosphate (PI5P) or phosphatidylinositol 4-phosphate (PI4P) (9, 69). 

Each of these precursor lipids are metabolized into PI(4,5)P2 by a separate phosphoinositide 

kinases: phosphatidylinositol 5-phosphate-4 kinase (PIP4K) and phosphatidylinositol 4-

phosphate-5 kinase (PIP5K) (62, 63, 69, 416). PIP4K phosphorylates PI5P at the 4-OH position 

of the inositol ring (37–40). In cells, however, PIP4K is not the main route of synthesis as PI5P 

comprises a relatively minor portion of the phosphatidylinositol phosphate pool (9, 39, 57).  The 

most well-known and studied route of PI(4,5)P2 synthesis is that of PI4P to PI(4,5)P2 (25, 417). 

PIP5K is the enzymes responsible for the phosphorylation of PI4P on the 5-OH position of the 

inositol headgroup (62–65, 68, 69). PIP5K produces virtually all of the cellular PI(4,5)P2 and it 

does so specifically at the PM, as this is where both enzyme (73) and substrate (304) are localized. 
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Moreover, PIP5K PM association has been shown to be the result of substrate binding (72, 73, 

292), general electrostatic interactions (71), and product interaction (92, 418). Further evidence 

has suggested that the PIP5K – PI(4,5)P2 interaction may function as a positive feedback 

mechanism for PI(4,5)P2 synthesis in purified systems (92, 418).  

During times of cellular signaling, PI(4,5)P2 can be readily used as a substrate or a binding 

partner for many proteins involved in signal transduction (9). In the case of PLC activation, 

PI(4,5)P2 levels can be depleted by up to ~80% in some cell types (419). After inactivation of PLC, 

the levels of PI(4,5)P2 recover within 2-5 min (124, 419), suggesting that PIP5K is capable of rapid 

resynthesis. Here, we provide our own evidence that PIP5K interacts with both PI4P and PI(4,5)P2; 

this interaction may be facilitated by the uncharacterized “insert” loop. Ultimately, this interaction 

may serve as a positive feedback mechanism for PI(4,5)P2 synthesis during periods of cellular 

signaling. 

3.3 Results 

3.3.1 PIP5K localization at the PM is regulated by C-terminal tail residues. 

Mammalian PIP5K exists as three isoforms, A, B, and C (64, 65, 68, 69) and each of these 

isoforms localizes to the PM (71, 73, 292, 420). To confirm the PM localization in our own system, 

we developed plasmids for the transient over-expression of each of the isoforms for each of these 

enzymes. When over-expressed in HeLa cells, we observed exclusively PM-associated 

localization, as expected (Figure 3.1A). We further quantified these results using the PM/cell ratio 

and saw a significant increase in PM association compared to the EGFP control (Figure 3.1A). 
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The localization of PIP5K was strikingly different from that of PIP4K2A, as expected (73, 292, 

420) (Figure 3.1A, left). We next sought to test whether PIP5K catalytic activity was a factor in 

PM localization (421). Catalytically dead mutants of each isoform were generated and similarly 

over-expressed (74, 292, 420, 422). Again, each isoform was localized tightly with the PM, 

indicating that the catalytic activity was not necessary for this localization (Figure 3.1A). 

Comparison of the amino acid sequences of PIP5K isoforms and PIP4K2A, we noted that 

the first main difference was the absence of a C-terminal tail in PIP4K2A. To further investigate 

the function of the C-terminal tail of PIP5K we generated plasmids for the expression of PIP5K1A 

truncations (Figure 3.1B). The PIP5K1A truncations all lacked the N-terminus and had different 

lengths of the C-terminal tail. Previous work had shown that two basic residues (either Lys-Lys in 

PIP5K1-A and -B or Arg-Lys in -C) in the C-terminal tail were essential for proper PM association 

(423). Removal of the entire C-terminal tail yielded the Kina fragment (Figure 3.1B) which was 

cytosolically localized when expressed in cells (Figure 3.1C). PIP5K1A with the full-length of 

the C-terminal tail (KinaCTail) (Figure 3.1B and C) remained PM localized, similar to the full-

length PIP5K1A. Finally, the PIP5K1A with the kinase domain and two basic C-terminal tail 

residues only (Kina++) (Figure 3.1B) also showed significant PM localization, compared with 

EGFP control (Figure 3.1C). 
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Figure 3.1 C-terminal tail residues are necessary for PIP5K1A localization at the PM. 

(A) PIP5Ks localize with the PM independently of catalytic activity. Images show equatorial confocal sections of 

HeLa cells expressing EGFP-tagged catalytically active or dead PIP5K constructs (A, B, or C isoforms) (green), 

TagBFP2-tagged catalytically active or dead PIP4K2A (blue), or EGFP/TagBFP2 alone as control. PIP5K isoform 

localization is evident by increased EGFP fluorescence in the PM. PIP4K localization is cytosolically localized. Box 

and whisker plots show the mean fluorescence intensity ratio (PM/cell) of the fluorescently-tagged proteins from >90 

cells imaged across at least three independent experiments (boxes displaying median and interquartile range, whiskers 

representing 10-90% of data and “+” represents mean), scale bar is 10 µm. (B) PIPkins have differential C-termini 

which mediate PM localization. Cartoon denotes the linear structure of PIP5K isoforms compared with PIP4K2A. 

Cartoons also show the linear structure of C-terminal truncations of PIP5K1A. (C) The C-terminal tail is necessary 

for PM association of PIP5K1A. Images show PIP5K1A truncations expressed in HeLa cells as in A. Box and whiskers 

from >90 cells imaged across at least three independent experiments as in A, scale bar is 10 µm. 
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3.3.2 Overexpressed PIP5K1A maintains PM localization even after lipid recomposition. 

The necessity of the two basic residues in the Kina++ construct led us to hypothesize that 

PM localization of PIP5K1A was regulated by electrostatic interactions. To determine if this was 

the case, we used a chemically-induced dimerization (CID) system (Figure 3.2A and B) to recruit 

and deplete PI(4,5)P2 and PI4P from the PM (4). We recruited the Sac phosphatase to deplete PI4P 

to PI and observed no change in either the full-length PIP5K1A localization or in the PI(4,5)P2 

biosensor, TubbyC (316), localization with the PM (Figure 3.2C). Upon recruitment of INPP5E, 

which depletes PI(4,5)P2 to PI4P, we observed a decrease in TubbyC PM association (Figure 

3.2C). Additionally, there was a slight decrease in PIP5K1A localization with the PM (Figure 

3.2C). The dual phosphatase construct pseudojanin (PJ) (4) was also recruited to deplete both 

PI(4,5)P2 and PI4P to PI. Upon recruitment, we observed no change in either PIP5K1A or TubbyC 

localization at the PM. Finally, we tested the recruitment of PLCβ3 to deplete PI(4,5)P2 to DAG 

and IP3 (Figure 3.2B). DAG lacks charge and must undergo a lengthier re-synthesis reaction, 

rather than reversible phosphorylation initiated by any of the phosphatases used previously. Upon 

recruitment, we observed the expected depletion of TubbyC from the PM, however we did not 

observe any loss of PIP5K1A from the PM (Figure 3.2C). We hypothesized that the catalytic 

activity of the over-expressed PIP5K1A was able to outcompete the phospholipase/phosphatases. 

To this end we over-expressed PIP5K1ACatDead and again used PJ to deplete PI(4,5)P2 and PI4P to 

PI (Figure 3.2B). Upon PJ recruitment there was a rapid loss of TubbyC from the PM (Figure 

3.2C). Even before PJ recruitment, we noticed that there was a lower baseline value of 

PIP5K1ACatDead at the PM, compared to PIP5K1A (Figure 3.2C). Furthermore, the recruitment of 

PJ resulted in further loss of PIP5K1ACatDead from the PM. Taken together, these data support that 

PIP5K1A is recruited to and held at the PM in a PI4P (42, 73, 292) and PI(4,5)P2 (418) dependent 
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manner. However, the over-expression and potential competition between the various enzymes 

yielded this system inadequate to accurately study the mechanism of PIP5K PM association.  

 

Figure 3.2 Over-expressed PIP5K1A is not sensitive to changes in PM lipid composition.  

(A) Acute phosphatase / phospholipase recruitment to the PM. Cartoon schematics show the chemically induced 

dimerization (CID) system for FKBP-tagged enzymes, which dimerize with the PM-anchored FRB-Lyn11 upon the 

addition of rapamycin (rapa). (B) Phosphatase / phospholipase recruitment alters PM lipid levels. Cartoon schematics 

show the expected changes in PM phosphoinositides upon the recruitment of the indicated phosphatase or 

phospholipase. (C) Phosphatase / phospholipase recruitment alters PM PI(4,5)P2 levels, but not over-expressed 

PIP5K1A. HEK293A cells were transfected with PIP5K1A, FKBP-tagged proteins, the high affinity PI(4,5)P2 

indicator TubbyC, and FRB-Lyn11. During time-lapse confocal microscopy, cells were stimulated with 1 µM rapa as 

indicated. Graphs represent mean change in PIP5K1A localization or PI(4,5)P2 sensor intensity ratio (PM/cell) ± s.e. 

for 37-55 cells imaged across three independent experiments, scale bar is 10 µm. 
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3.3.3 Endogenous PIP5K1A is localized at the PM. 

As a way of circumventing any of the artifacts of our over-expression system, we turned 

to CRISPR-Cas9 to endogenously tag PIP5K1A with mNeonGreen2 (NG) (Figure 3.3A). We used 

HEK293A cells and added the NG tag to the N-terminus of PIP5K1A, the most abundant isoform 

in both HEK293A (52) and HeLa cells (424). The subsequent ePIP5K1A cells were genotyped 

using a NG specific forward primer and a PIP5K1A specific reverse primer to produce an expected 

amplicon of ~200 bp in the edited, but not the parental HEK293A cell line (Figure 3.3B). With 

TIRFM we could easily observe the PM localized population of ePIP5K1A molecules, which 

appeared to be diffraction-limited and had uniform intensity (Figure 3.3B). Using confocal, we 

observed a primarily PM localized ePIP5K1A (Figure 3.3B). Altogether, this data indicates 

endogenously tagging PIP5K1A does not alter its localization (Figure 3.3B). 
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Figure 3.3 Endogenously tagged PIP5K1A is associated with the PM. 

(A) Endogenous tagging of PIP5K1A. Brief cartoon schematic showing the mechanism of endogenous tagging 

employed for PIP5K1A with full-length mNeonGreen2 (NG2). The resulting cell line was termed ePIP5K1A. Cells 

were genotyped with a mNG specific forward primer and a PIP5K1A specific reverse primer yielding an edited 

product of ~200bp. (B) Image based characterization of ePIP5K1A. When imaged live by TIRF, dynamic, diffraction 

limited spots are observed on the membrane (compare differential localization at 0 and +0.5 s). Confocal images 

display the ePIP5K1A (green) in cells localized mainly at the PM, with the zoomed in image futher showing primary 

association of the enzyme to the PM.  

3.3.4 Endogenous PIP5K1A PM localization is mediated by PI4P and PI(4,5)P2. 

With the new system of endogenously tagged PIP5K1A, we returned to test the potential 

of either an electrostatic or a lipid specific interaction of ePIP5K1A with the PM. We first used 

chemical treatment of cells to alter the electrostatic potential of the PM (Figure 3.4A). Dibucaine 

was added to decrease the net PM charge in two ways: 1) it is a cationic amphiphile which inserts 

directly into the PM and 2) it induces phosphatidylserine (PS) scrambling (71, 425). Upon addition, 

there was a very rapid, and almost complete, loss of ePIP5K1A from the PM (Figure 3.4A). 

Ionomycin was added to trigger a cytosolic influx of calcium which can decrease the PM charge 
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in three ways: 1) the cation blocks the existing negative charges of the PM, 2) it promotes the PS 

scrambling, and 3) it actives PLC, which will further deplete phosphoinositides (71). With the 

addition of ionomycin we also observed a complete loss of ePIP5K1A from the PM (Figure 3.4A). 

These data all indicate that the negative charge of the PM is necessary for ePIP5K1A localization.  

We next moved to replicate the experiments in Figure 3.3, with the depletion of specific 

phosphoinositides such as PI4P and PI(4,5)P2. In confocal, we observed the localization of 

ePIP5K1A after the recruitment of either Sac, INPP5E, PJ, or PLCβ3 (Figure 3.4B). The only case 

that we observed any loss of ePIP5K1A PM localization was with the recruitment of PJ, depleting 

both PI4P and PI(4,5)P2 (Figure 3.4B). These experiments were also performed with TIRF 

microscopy (Figure 3.4C). Again, we observed loss of ePIP5K1A puncta from the PM only upon 

the recruitment of PJ (Figure 3.4C). While Figure 3.4 deduced that the overall charge of the PM 

is important for ePIP5K1 recruitment, these experiments demonstrate that ePIP5K1A specifically 

associates with both PI4P and PI(4,5)P2 at the PM for proper localization. 
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Figure 3.4 Endogenous PIP5K1A binds to PI4P and PI(4,5)P2 to maintain PM localization.  

(A) Chemical perturbation of PM lipids decreases ePIP5K1A PM localization. ePIP5K1A cells were transfected with 

the high affinity PI(4,5)P2 indicator TubbyC and FRB-Lyn11. During time-lapse confocal microscopy, cells were 

stimulated with 10 µM dibucaine or 1 mM ionomycin as indicated. Graphs represent mean change in ePIP5K1A 

intensity ratio (PM/cell) ± s.e. for 58-62 cells imaged across three independent experiments, scale bar is 10 µm. (B) 

Phosphatase / phospholipase recruitment alters ePIP5K1A localization. ePIP5K1A cells were transfected with FKBP-

tagged proteins and FRB-Lyn11. During time-lapse confocal microscopy, cells were stimulated with 1 µM rapa as 

indicated. Graphs represent mean change in ePIP5K1A localization intensity ratio (PM/cell) ± s.e. for 30-35 cells 
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imaged across three independent experiments, scale bar is 10 µm. (C) Phosphatase / phospholipase recruitment alters 

ePIP5K1A localization. ePIP5K1A cells were transfected with FKBP-tagged proteins and FRB-Lyn11. During time-

lapse TIRF microscopy, cells were stimulated with 1 µM rapa as indicated. Graphs represent mean change in 

ePIP5K1A localization intensity ratio (PM/cell) ± s.e. for 31-33 cells imaged across three independent experiments, 

scale bar is 2.5 µm. 

3.3.5 PM association of over-expressed PIP5K isoforms differ. 

The endogenous presence of three different isoforms of PIP5K led us to hypothesize that 

the different forms undergo different types of regulation. We returned to the over-expression 

system used in Figure 3.2 to determine how PIP5K1B and PIP5K1C might be regulated in 

comparison to PIP5K1A. We utilized our CID system yet again to recruit Sac, INPP5E, PJ, or 

PLCβ3 to deplete PI4P and PI(4,5)P2 to various other lipid species illustrated in Figure 3.5A and 

B (repeated from Figure 3.2 A and B). In the case of over-expressed PIP5K1B, the recruitment 

of either Sac, which depletes PI4P, we observed no change in TubbyC localization at the PM, as 

expected (Figure 3.5C). With the recruitment of INPP5E, which depletes PI(4,5)P2, there was a 

slight decrease in TubbyC PM association (Figure 3.5C). In terms of PIP5K1B localization, we 

saw no change in PM association with recruitment of either Sac or INPP5E (Figure 3.5C).  With 

the recruitment of PJ, we saw a slight decrease in TubbyC localization (Figure 3.5C) and a decrease 

in PIP5K1B localization (Figure 3.5C). Finally, the recruitment of PLCβ3 resulted in the greatest 

loss in both TubbyC and PIP5K1B PM association (Figure 3.5C). As was a concern with the over-

expression of PIP5K1A, we hypothesized that the catalytic activity of PIP5K1B was able to 

outcompete the depletion of the PM lipids upon enzyme recruitment. We expressed 

PIP5K1BCatDead and again observed a lower baseline localization of the kinase (Figure 3.5C). This 

was followed by a greater decrease in both TubbyC and PIP5K1BCatDead localization from the PM 



 65 

upon PJ recruitment and lipid breakdown (Figure 3.5C). Overall, PIP5K1B seems to localize to 

the PM in a PI4P (42, 73, 292) and PI(4,5)P2 (418) dependent manner, but seems to be more 

sensitive to lipid changes than PIP5K1A.  

The final isoform, PIP5K1C, was tested the same way. The recruitment of Sac resulted in 

no change in PM association of either TubbyC or PIP5K1C (Figure 3.5D). However, the 

recruitment of INPP5E resulted in a reduction in both TubbyC and PIP5K1C localization at the PM 

(Figure 3.5D). Recruiting PJ resulted in very little change in TubbyC localization at the PM but 

resulted in a rapid loss of PIP5K1C (Figure 3.5D). Utilizing PLCβ3 resulted in a lower baseline 

PM association of PIP5K1C (Figure 3.5D). Upon enzyme recruitment, there was loss of both 

TubbyC and PIP5K1C localization (Figure 3.5D). Again, to determine whether the catalytic 

activity had any impact on PIP5Ks ability to remain at the PM by producing PI(4,5)P2 we utilized 

PIP5K1CCatDead. This construct had a slightly lower PM association at baseline, and upon PJ 

recruitment there was a rapid and robust decrease in PM intensity (Figure 3.5D). Unlike with the 

over-expression of the active PIP5K1C, there was some loss of TubbyC localization when 

PIP5K1CCatDead was expressed (Figure 3.5D). This data, collectively, show that PIP5K1C is 

sensitive to changes in either PI4P (42, 73, 292) and PI(4,5)P2 (418) or just PI(4,5)P2 (418). 

Moreover, PIP5K1C seems to be the isoform most sensitive to changes in phosphoinositide 

composition at the PM. The dependence of the PM association of three PIP5K isoforms with 

PI(4,5)P2 could play an important role in a positive feedback mechanism of PIP5K, as it is able to 

both sense and bind to its catalytic product. 
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Figure 3.5 Over-expressed isoforms of PIP5K are sensitive to changes in PM lipid composition.  

(A) Acute phosphatase / phospholipase recruitment to the PM. Cartoon schematics show the chemically induced 

dimerization (CID) system for FKBP-tagged enzymes, which dimerize with the PM-anchored FRB-Lyn11 upon the 

addition of rapamycin (rapa), same from Figure 2. (B) Phosphatase / phospholipase recruitment alters PM lipid levels. 

Cartoon schematics show the expected changes in PM phosphoinositides upon the recruitment of the indicated 

phosphatase or phospholipase, same from Figure 2. (C) Phosphatase / phospholipase recruitment alters PIP5K1B 

localization. HEK293A cells were transfected with PIP5K1B, FKBP-tagged proteins, the high affinity PI(4,5)P2 

indicator TubbyC, and FRB-Lyn11. During time-lapse confocal microscopy, cells were stimulated with 1 µM rapa as 

indicated. Graphs represent mean change in PIP5K1B localization or PI(4,5)P2 sensor intensity ratio (PM/cell) ± s.e. 

for 36-51 cells imaged across three independent experiments, scale bar is 10 µm. (D) Phosphatase / phospholipase 

recruitment differentially alters PIP5K1C localization. HEK293A cells were transfected with PIP5K1C, FKBP-tagged 

proteins, the high affinity PI(4,5)P2 indicator TubbyC, and FRB-Lyn11. During time-lapse confocal microscopy, cells 

were stimulated with 1 µM rapa as indicated. Graphs represent either mean change in PIP5K1C localization or 

PI(4,5)P2 sensor intensity ratio (PM/cell) ± s.e. for 37-53 cells imaged across three independent experiments, scale bar 

is 10 µm. 

3.3.6 The specificity / activation loop and insert loop play a role in PM localization. 

With the necessity of the two basic C-terminal tail residues for PM localization (423) 

(Figure 3.1), we sought to identify what other regions of may play a role in PIP5K membrane 

association. We used the published crystal structure (70) and AlphaFold predictive structure(s) 

(426, 427) to identify the localization of the RK residues in PIP5K1C (Figure 3.6A). The 

activation loop of the PIP5K isoforms is important for both targeting to (73, 292) and maintaining 

(42) enzyme localization at the PM. We hypothesized that these two structural features would be 

located near one another. To our surprise, the RK residues appeared to be localized on the opposite 

side of the PIP5K1C kinase domain from the activation loop (Figure 3.6A). However, we noticed 
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another large and unstructured region close to the RK residues, termed the insert loop (48, 70) 

(Figure 3.6A). This region is ~50aa long and has high sequence variability between the PIP5K 

isoforms. To assess the functionality of both the activation loop and the insert loop we generated 

mutated PIP5K1C_Kina++ constructs and replaced these unstructured loops with flexible linkers 

(Figure 3.6B). We then assessed the PM association of these constructs as before, using confocal 

microscopy and quantifying the PM/cell ratio. The expression of full-length PIP5K1C, KinaCTail, 

and Kina++ all showed PM localization, compared to the expression of EGFP (Figure 3.6C). This 

was contrasted to the cytosolic only localization of the Kina fragment only (Figure 3.6C). Each 

of these results was consistent with the PIP5K1A truncations seen in Figure 3.1, as expected. The 

Kina++ fragment which contained the insert loop but lacked the activation loop (Kina++∆Act) was 

not localized to the PM, in fact it appeared excluded from the PM (Figure 3.6B). In contrast, the 

fragment with the activation loop but not the insert loop (Kina++∆Ins) had slight enrichment with 

the PM, but was also still present in the cytosol, in contrast to the Kina++ fragment (Figure 3.6C). 

Taken together, we can conclude that the activation loop is necessary for PM association and the 

uncharacterized insert loop seems to enhance or stabilize PM localization, via an unknown 

mechanism. 
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Figure 3.6 PIP5K1C structural elements play a role in PM localization. 

(A) PIP5K1C contains multiple unstructured elements. Cartoon adapted from AlphaFold shows the annotated location 

of the “++” residues, the activation loop, and the insert loop in relation to one another. (B) PIP5K1C unstructured loops 

can be mutated to assess function. Cartoon denotes the linear structure of PIP5K1C either with modifications to the 

C-terminal tail or the unstructured activation (Act) and insert (Ins) loops. (C) Unstructured loops play a role in 

PIP5K1C localization with the PM. Images show PIP5K1A truncations expressed in HeLa cells as in A. Box and 

whiskers from >90 cells imaged across at least three independent experiments as in A, scale bar is 10 µm. 
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3.4 Discussion 

In conclusion, our results shed light on the mechanism by which PIP5K can localize with 

the PM and remain localized during periods of cellular signaling. With the kinase mediated 

production of PI(4,5)P2, PIP5K can be further recruited to the PM in a manner consistent with 

positive feedback. Our data also indicate that the two basic residues in the C-terminal tail are 

necessary for this PM association. It was previously shown that the minimal construct of 

PIP5K1C_Kina++ was able to localize with the PM (423). Here we also show that that is the case 

for PIP5K1A_Kina++. Taken together this indicates that the two basic residues adjacent to the 

kinase domain, in PIP5K, are necessary for PM localization.  

The use of these minimal PIP5K fragments removed any isoform specific differences the 

C-terminal tail sequences (9). While all three isoforms seem to readily localize to the PM of cells, 

the differences in the C-terminal tails helps to differentially direct PIP5K isoforms to unique 

regions in cells. For example, PIP5K1A is reported to be found at membrane ruffles (84) and is 

required for receptor tyrosine kinase signaling (84, 428). PIP5K1B is specifically localized to the 

apical surface of polarized cells and is required for apical endocytosis (85). And finally, PIP5K1C 

exists as multiple splice variants (65, 74, 75). PIP5K1C-v2 has been found to specifically localize 

with both AP-2 at endocytic structures (86, 87) and with talin at focal adhesions (88, 89).  

Despite these differences in specific localization, we have shown that the three isoforms of 

PIP5K require both PI4P and PI(4,5)P2 for PM association. It was previously shown that the 

interaction between PIP5K and the PM was due to electrostatic interactions (71). Due to the 

negative charge supplied by both PI4P and PI(4,5)P2 (4), we further showed that this PM 

interaction is specific to PIP5K binding to both its substrate (73, 292) and product (418). 

Furthermore, this effect was more striking when observed with either the catalytically inactive or 
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endogenous PIP5K, as the catalytic activity was unable to outcompete specific phosphatases. Upon 

stimulation of PLC signaling (Figures 3.2, 3.4, and 3.5) we also see the maintenance of PIP5K 

localization at the PM. It has been previously reported that PIP5K interacts with and is stimulated 

by phosphatidic acid (PA) (94, 429), a lipid which is enriched at the PM during PLC signaling. 

Taken together, this provides a unique and specific mechanism by which PIP5K localization can 

be maintained at the PM. 

Our results indicate that the activation loop and the insert loop each play a role in PM 

association. It has been previously demonstrated that the activation loop is essential for the 

interaction of PIP5K with PI4P (73). We observed partial PM localization of the Kina++∆Ins 

construct, likely due to the transient interaction between both PI4P and PI(4,5)P2 in the active site. 

We believe that the insert loop, which is lacking in this construct, is able to directly interact with 

PI(4,5)P2 or allosterically regulate the structure of PIP5K, allowing for the kinase to interact with 

PI(4,5)P2 away from its active site. Again, the differences in PIP5K isoform insert loops (similarity 

56-69%, identity 42-57%) leads us to hypothesize that there is some type of differential regulation 

or even differences in PI(4,5)P2 binding affinities between the isoforms. Altogether, PIP5K is 

localized with the PM due to an interaction between PI4P and PI(4,5)P2 and the basic C-terminal 

tail residues. These specific interactions set up a potential positive feedback mechanism for the 

rapid production or maintenance of homeostatic PI(4,5)P2 levels upon the activation of cellular 

signaling, in agreement with previously published literature (418). 
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3.5 Experimental Procedures 

3.5.1 Cell culture and lipofection 

HeLa (ATCC CCL-2) and HEK293A (Thermo Fisher R705-07) cells were cultured in 

DMEM (low glucose; Life Technologies 10567022) supplemented with 10% heat-inactivated fetal 

bovine serum (Life Technologies 10438-034), 100 units/ml penicillin, 100µg/ml streptomycin 

(Life Technologies 15140122), and 1:1,000 chemically defined lipid supplement (Life 

Technologies 11905031) and were held at 37˚C with a humidified atmosphere and 5% CO2. Cells 

were passaged twice weekly diluting the stock suspension 1 in 5 after dissociation in TrpLE (Life 

Technologies 12604039). HEK293A cells with endogenous PIP5K1A alleles tagged with 

NeonGreen2 (NG2) were generated similarly as described (430) using a protocol we have 

described (323). In brief, Platinum Cas9 (Thermo Fisher B25640) was precomplexed with gRNA 

and electroporated into HEK293A cells in combination with a single-stranded HDR Template 

(IDT). HDR sequence is provided in Table 3.2. The HDR template contains 70 bp homology-

arms, the NG2 sequence, and a flexible linker in frame with PIP5K1A. After cells recovered, 

FACS (University of Pittsburgh Flow Cytometry Core) was used to sort NG2-positive cells. These 

NG2-PIP5K1A (ePIP5K1A) cells were cultured under identical conditions to the HeLa and 

HEK293A cells.  

3.5.2 Chemicals and reagents 

Rapamycin (Thermo Fisher BP2963-1) was dissolved in DMSO at 1 mM and stored as a 

stock at -20˚C, it was used in cells at 1 µM. EGTA (VWR EM-4100) was dissolved in water at 0.5 
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M and stored at room temperature, it was used in cells at 5 mM. Ionomycin (EMD Millipore 

407952) was dissolved in DMSO at 10 mM and stored as a stock at -20˚C, it was used in cells at 

10 µM. Dibucaine (Sigma D0638) was dissolved in DMSO at 200 mM and stored as a stock at -

20˚C, it was used in cells at 5 mM.  

3.5.3 Plasmids and cloning 

The EGFP (Aequorea victoria GFP containing F64L and S65T mutations) (319), mCherry 

(Discoma DsRed monomeric variant) (320), mTagBFP2 (Entacmaea quadricolor protein 

eqFP578) (321), and iRFP713 (Rhodopseudomonas palustris [Rp] bacteriophytochrome BphP2) 

(322) fluorophores were used in the Clontech pEGFP-C1, -C2, and -N1 backbones as described 

previously (323). Mutated constructs were generated using site-directed mutagenesis using 

targeted pairs of DNA oligos which were custom made and supplied by Thermo Fisher. New 

plasmids used in this study were generated using standard restriction-ligation or by using 

NEBuilder HiFi DNA Assembly (New England Biolabs E552OS). Otherwise, plasmids were 

obtained from the sources listed in Table 1. All constructs were sequence verified using Sanger 

DNA sequencing. Plasmids constructed for this study will be available through Addgene.  

3.5.4 Microscopy 

For all live-cell imaging experiments, cells were imaged in 1.6 mL of experiment specific 

imaging media. Base imaging media contained FluoroBrite DMEM (Life Technologies 

A1896702) supplemented with 25 mM HEPES (pH 7.4) and 1:1000 chemically defined lipid 

supplement (SF CHIM). Media was then further supplemented with either 10% fetal bovine serum 
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(CHIM) or 0.1% BSA (0.1% BSA CHIM). Alternatively, Ca2+ free Ringer’s solution (Ca2+ Free) 

was used, containing 160 mM NaCl, 2.5 mM KCl, 1 mM MgCl2, 8 mM glucose and 10 mM 

NaHEPES, pH 7.5. For treatments, 0.4 mL of experiment specific imaging media containing 

fivefold final concentration of compound was applied to the dish (or 0.5 ml for a second addition).  

Confocal imaging was performed on a Nikon TiE A1R platform with acquisition in 

resonant mode with a 100x 1.45 NA plan-apochromatic objective. The signal-to-noise ratio was 

improved by taking 8 or 16 frame averages. Excitation of fluorophores was accomplished using a 

dual fiber-coupled LUN-V laser launch with 405-nm (BFP), 488-nm (EGFP and NG2), 561-nm 

(mCherry), and 640-nm (iRFP) lines. Emission was collected on four separate photomultiplier 

tubes with blue (425-475 nm), green (500-550 nm), yellow/orange (570-620 nm), and far-red (663-

737 nm) filters. Blue and yellow/orange channels were recorded concurrently, as were green and 

far-red. The confocal pinhole was defined as 1.2x the Airy disc size of the longest wave-length 

channel used in the experiment. Nikon Elements denoising software was used to further enhance 

the signal-to-noise ratio. 

For TIRFM and single-molecule imaging (SMol), a separate Nikon TiE platform coupled 

with a Nikon TIRF illuminator arm and 100x 1.45 NA plan-apochromatic objective was used. 

Excitation of fluorophores was accomplished using an Oxxius L4C laser launch with 405-nm 

(BFP), 488-nm (EGFP and NG2), 561-nm (mCherry), and 638-nm (iRFP) lines. Emission was 

collected through dual-pass filters (Chroma) with blue (420-480 nm) and yellow/orange (570-620 

nm) together, and green (505-550 nm) and far-red (650-850 nm) together. An ORCA-Fusion BT 

sCMOS camera (Hamamatsu) was used to capture images. For TIRF micrscopy, images were 

captured with 2x2 pixel binning. For SMol, the NG2 channel was excited with 20% power for 50 
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ms from the 488-nm laser in a 16x16 µm region of the PM. Images were registered in rolling 

shutter mode with 2x2 pixel binning with a 1.5x magnifier lens.  

For all types of imaging, Nikon Elements software was used to acquire all images for all 

experiments and all data was saved with the ND2 file extension. 

3.5.5 Image analysis 

Analysis of all images was accomplished using Fiji software (324) using the LOCI 

BioFormats importer (325). Custom macros were written to generate channel-specific montages 

displaying all x,y positions captured in an experiment in concatenated series. In these montages, 

individual regions of interest (ROIs) were generated around displayed cells.  

For confocal images, the ratio or fluorescence intensity between specific compartments 

was analyzed as described previously (323). In brief, a custom macro was used to generate a 

compartment of interest specific binary mask through à trous wavelet decomposition (326). This 

mask was applied to measure the fluorescence intensity within the given compartment while 

normalizing to the mean pixel intensity in the ROI. 

For TIRFM images, a minimum intensity projection was used to generate ROIs within the 

smallest footprint of the cells. Background fluorescence was measured and subtracted from all 

images at all timepoints. The average pixel intensity in each frame (Ft) was normalized to the mean 

pixel intensity in the ROI of the time points before treatment (Fpre) to yield Ft/Fpre.  

Quantitative data was imported into Prism 8 (GraphPad) for statistical analysis and the 

generation of graphs and plots. D’Agostino and Pearson normality tests showed data that 

significantly varied from normal distribution, data were then subjected to a nonparametric Kruskal-
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Wallis test. If significant difference was found between sample medians, a post hoc Dunn’s 

multiple comparison test was run.  

Representative images were selected based on fluorescence measurements near the median 

of the sampled population, displayed typical morphology, and robust signal-to-noise ratio. If 

adjusting brightness or contrast, any changes were made across the entire image. 

3.5.6 Single Molecule Analysis using Thunderstorm 

Mean photon count was estimated using the Fiji ThunderSTORM plugin (431). Either 

HEK293A cells expressing PH-PLCδ1-mNG2x1-3 or ePIP4K2C cells were imaged using SMol 

settings. Raw images were run through Fiji using the ThunderSTORM plugin. Settings for 

molecule localization were determined using a wavelet filter with a local maximum method and 

integrated Gaussian point spread function. To determine fluorescence intensity per spot, 

histograms of photon counts, in each condition, were generated using a 5-photon bin size.  
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Table 3.1 Plasmids used in this study 

Plasmid Vector Insert Reference 

EGFP pEGFP-C1 EGFP This study 

EGFP-PIP5K1A pEGFP-C1 EGFP:PIP5K1A This study 

EGFP-PIP5K1AD322K pEGFP-C1 EGFP:PIP5K1A(D322K) This study 

EGFP-PIP5K1B pEGFP-C1 EGFP:PIP5K1B This study 

EGFP-PIP5K1BD266K pEGFP-C1 EGFP:PIP5K1B(D266K) This study 

EGFP-PIP5K1C pEGFP-C2 EGFP:PIP5K1C (432) 

EGFP-PIP5K1CD316K pEGFP-C2 EGFP:PIP5K1C(D316K) (432) 

TagBFP2 pTagBFP2-C1 mTagBFP2 This study 

TagBFP2-PIP4K2A pTagBFP2-C1 mTagBFP2:PIP4K2A (60) This 
study 

TagBFP2-PIP4K2AD273K pTagBFP2-C1 mTagBFP2:PIP4K2A(D273K) This study 

EGFP-PIP5K1A_Kina pEGFP-C1 EGFP:PIP5K1A(81-450) This study 

EGFP-PIP5K1A_KinaCTail pEGFP-C1 EGFP:PIP5K1A(81-562) This study 

EGFP-PIP5K1A_Kina++ pEGFP-C1 EGFP:PIP5K1A(81-452) This study 

Lyn11-FRB-iRFP piRFP-N1 LYN(1-11):MTOR(2021-2113):iRFP (408) 

mCherry-FKBP-PJ pmCherry-C1 mCherry:FKBP1A(3-108):[GGSA]4GG: 
SACM1L(2-517):INPP5E(214-644) (408) 

mCherry-FKBP-INPP5E pmCherry-C1 mCherry:FKBP1A(3-
108):[GGSA]4GG:INPP5E(214-644) (408) 

mCherry-FKBPSAC1∆TMD 
 pmCherry-C1 mCherry:FKBP1A(3-

108):[GGSA]4GG:SACM1L(1-521) (407) 

mRFP-FKBP-PLCß3 pmRFP-C1 RFP:FKBP1A(3-108):[GGSA]4GG:PLCB3(10-
848∆472-585) This study 

EGFP-PIP5K1C_Kina pEGFP-C2 EGFP:PIP5K1C(79-444) This study 
EGFP-PIP5K1C_KinaCTail pEGFP-C2 EGFP:PIP5K1C(79-640) This study 

EGFP-PIP5K1C_Kina++ pEGFP-C2 EGFP:PIP5K1C(79-446) This study 

EGFP-PIP5K1C_Kina++∆Ins pEGFP-C2 EGFP:PIP5K1C(79-446∆328-376) This study 

EGFP-PIP5K1C_Kina++∆Act pEGFP-C2 EGFP:PIP5K1C(79-446∆401-424) This study 

TubbyC-mCherry pmCherry-N1 Mus musculus Tub(243-505):mCherry (405) 

TubbyC
R332H-mCherry pmCherry-N1 Mus musculus Tub(243-505)(R332H):EGFP (405) 

TubbyC-TagBFP2 TagBFP2-N1 Mus musculus Tub(243-505):mCherry (405) 

TubbyC
R332H- TagBFP2 TagBFP2-N1 Mus musculus Tub(243-505)(R332H):EGFP (405) 
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Table 3.2 HDR sequence for PIP5K1A 

Gene HDR sequence 
PIP5K1A gtattaaatgttttgtgatattcgacaccttaacgtctctgacttgacaccagtactcccgcagagagttctttcctgggttaggaatttcagaggactt

ggcggaccgactcttgtcccgagttcagatcactcgacccagtcctagcaaagaactgaacctaagaggacctgccgagccaccgtagggact
gtcggccaacccgcgcgcgcacatcttccacccgtggactcgtcagggcgtgaggacccacctcacgtgaccattagcagcctcccgattggtt
ttgctccttttttctccccaatgagtgggctgatgccccgagaaggtcgggcgcatgcgcagtgctcggattttttgcttggctacccggagtgaag
cggccgggttgggcgattaacaggccgtggttaggaaggacggagaaggggcgttcgctcctttgggacttttcatgcctcgtttttttttcagatg
tggcttggtctgggcgcaaggtcccagcagccagcttaagcttactcttctgtgaaaggggaaagtatcccctgtggaaagcggttaaacttgtgg
agggggtgcgggacgtgagttcttccccatgccaggcgaatggtgtggccttgagctggtccaggagccggctcgacgtgtctgagggaggc
cccggagggggcggggaggtggcccacagaacgcgggttctgtaaagagacgttgggaagattcgattccgagaagaggaagaaccggatt
gaaagagagccaggccgctgagggggagggggctgctaagATGGTGAGCAAGGGCGAGGAGGATAACATGG
CCTCTCTCCCAGCGACACATGAGTTACACATCTTTGGCTCCATCAACGGTGTGGACTTT
GACATGGTGGGTCAGGGCACCGGCAATCCAAATGATGGTTATGAGGAGTTAAACCTGA
AGTCCACCAAGGGTGACCTCCAGTTCTCCCCCTGGATTCTGGTCCCTCATATCGGGTAT
GGCTTCCATCAGTACCTGCCCTACCCTGACGGGATGTCGCCTTTCCAGGCCGCCATGGT
AGATGGCTCCGGATACCAAGTCCATCGCACAATGCAGTTTGAAGATGGTGCCTCCCTTA
CTGTTAACTACCGCTACACCTACGAGGGAAGCCACATCAAAGGAGAGGCCCAGGTGAA
GGGGACTGGTTTCCCTGCTGACGGTCCTGTGATGACCAACTCGCTGACCGCTGCGGACT
GGTGCAGGTCGAAGAAGACTTACCCCAACGACAAAACCATCATCAGTACCTTTAAGTG
GAGTTACACCACTGGAAATGGCAAGCGCTACCGGAGCACTGCGCGGACCACCTACACC
TTTGCCAAGCCAATGGCGGCTAACTATCTGAAGAACCAGCCGATGTACGTGTTCCGTAA
GACGGAGCTCAAGCACTCCAAGACCGAGCTCAACTTCAAGGAGTGGCAAAAGGCCTTT
ACCGATGTGATGGGCATGGACGAGCTGTACAAGGGTGGCGGCgcgtcggcctcctccgggccgtcgt
cttcggtcggtttttcatcctttgatcccgcggtcccttcctgtaccttgtcctcaggtaagcccggcagggcgtgggtagggagctggtgaggaat
atgcgatgggaggaagagcgagacctaagagggtacctgtagctgggaatgtcctacgtgttaccggtaagtgggcgcgagctgggctttcaa
atagggatttatgagcgggcaggagtttgaggaaaggataagtttgattaagaagttgtcgaaaactttggttgtctttgaggaggacggatggag
attgaaggtgggggtagggtggcccggcgcggtggctcacgcctgtaatctcagcactttgggaggccttggcgggcggatcatttgaggtca
gaagttcgagacgagcctggccaacatagagaaatctcgtccctactaaaaatacaaaaattatccggacagtagtggcgtgcatctgtaatccc
agctacttgggaggctgaggcaggataatcccttgagcctgggaggcagagcttgcggtgagccgagattgggccactgctctccagtctggg
cgagagagtgagaccctgtctcaaaaaaaTaaaaaaagaagttgcggtaggaaacaagagaaacggaagggagtagagaaactaagaaag
taaatggaggcctaagaagtagagagaactacttagtgtgagaggcaggtggaatctaagttgattgtgggctaattggatgaaaatgttgaaga
gaagccatgggacttaaaagata 
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4.0 A novel negative feedback mechanism tempers PI(4,5)P2 synthesis at the PM 

The text in this chapter, at the time of this dissertation submission, is expanded from a 

manuscript currently under review at Review Commons. 

4.1 Overview 

The lipid molecule phosphatidylinositol (4,5)-bisphosphate (PI(4,5)P2) controls many 

aspects of plasma membrane (PM) function in animal cells, from membrane selective permeability 

to the attachment of the cytoskeleton. Although disruption of PI(4,5)P2 is associated with a wide 

range of diseases, it remains unclear how cells sense and maintain PI(4,5)P2 levels to support 

various cell functions. Here, we show that the PIP4K family of enzymes that synthesize PI(4,5)P2 

via a minor pathway also function as sensors of tonic PI(4,5)P2 levels, inactivating synthesis of the 

lipid via interaction with the major PIP5K-catalyzed pathway when PI(4,5)P2 levels rise. 

Perturbation of this simple homeostatic mechanism reveals differential sensitivity of PI(4,5)P2-

dependent signaling to elevated PI(4,5)P2 levels. These findings reveal that a subset of PI(4,5)P2-

driven functions may drive diseases associated with disrupted PI(4,5)P2 homeostasis. 

4.2 Introduction 

The lipid molecule phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2) is a master regulator 

of animal cell plasma membranes (PMs). By recruiting or activating scores of membrane proteins, 
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it controls the transport of ions and solutes across the membrane (8, 409), attaches the underlying 

cytoskeleton (411), regulates the traffic of proteinaceous cargo to and from the membrane (410), 

disseminates extracellular signals (409), facilitates the entry, assembly and egress of bacterial and 

viral pathogens (409, 433), and serves as a substrate for the generation of second messengers such 

as (IP3), diacylglycerol (DAG) (36), and (PI(3,4,5)P3) (100, 413). As a result, the capacity to 

synthesize PI(4,5)P2 is essential for life in mammals (434, 435). Nonetheless, genetic defects occur 

in humans that either increase or decrease PI(4,5)P2 levels, disrupting cellular physiology in 

unpredictable ways. These manifest in diseases ranging from cancer (436) to kidney disease (437) 

to dysentery (438) Clearly, there is a central physiological imperative to tightly control PI(4,5)P2 

levels for harmonious PM function. Yet, a detailed homeostatic mechanism that can sense and 

maintain PI(4,5)P2 levels has proven elusive to date. 

In mammals, PI(4,5)P2 can be synthesized by the phosphorylation of either 

phosphatidylinositol 4-phosphate (PI4P) or phosphatidylinositol 5-phosphate (PI5P). There are 

two families of lipid kinases responsible for production of PI(4,5)P2 (62, 63, 69, 416) The first 

family is phosphatidylinositol 5-phosphate 4-kinase (PIP4K) which phosphorylates PI5P at the 4-

OH position of the inositol ring (37–39). As PI5P comprises a relatively minor portion of the 

phosphatidylinositol phosphate pool (9, 57), it is thought that PIP4K is not the main route for 

synthesis of PI(4,5)P2 (39). Loss of PIP4K has been implicated in increased insulin sensitivity 

(439), PI3K signaling (440), and TORC1 signaling (441). On the other hand, increased expression 

of PIP4K has been observed in breast cancer (442). Taken together, this work suggests that PIP4K 

may play a role in PI3K signaling.  

The second family of kinases responsible for PI(4,5)P2 production is the 

phosphatidylinositol 4-phosphate 5-kinase (PIP5K) which phosphorylates PI4P on the 5-OH 
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position of the inositol headgroup (62–65). PIP5K is associated with the PM due to electrostatic 

interactions (71), substrate binding (72, 73, 292) product interaction (92, 418), and directly embeds 

into the membrane (42). Evidence has suggested that the PIP5K-PI(4,5)P2 interaction functions as 

a positive feedback mechanism for PI(4,5)P2 synthesis at the PM (92, 418). On the other hand, 

upon PLC mediated PI(4,5)P2 depletion and resynthesis, the level of PI(4,5)P2 recovers before 

PI4P levels (124, 419). Furthermore, the levels of PI(4,5)P2 reach a plateau, while PI4P levels 

continue to rise, suggesting that PIP5K is also negatively regulated. However, this mechanism of 

negative regulation has not been identified.  Here, we identify a potential mechanism by which 

PIP5K is inhibited by a direct interaction with PIP4K which acts as a low affinity PI(4,5)P2 sensor. 

4.3 Results 

4.3.1 Reciprocal regulation of PM PI(4,5)P2 levels by PIP5K and PIP4K 

The yeast PIP5K homolog, multicopy suppressor of Stt4 mutation (Mss4) (66, 67), has an 

interesting and well characterized negative regulatory system. Opy1, a tandem PH domain 

containing protein, acts as a coincidence detector for both PI(4,5)P2 and Mss4 (67). Opy1 is 

recruited to the PM in a PI(4,5)P2 dependent manor and is then able to negatively regulate Mss4 

mediated PI(4,5)P2 synthesis (67). To date, the mechanism of regulation similar to that of Mss4 

has yet to be detected in mammals. To elucidate the negative feedback mechanism, we initially, 

independently, over-expressed all three isoforms of human PIP5K (A,B,C) (64, 65, 68, 69). We 

observed any differences in PI(4,5)P2 by using a low affinity TubbyCR332H biosensor (316). The 

over-expression of PIP5K, responsible for phosphorylating PI4P, is predicted to increase PI(4,5)P2 
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at the PM. Indeed, confocal imaging revealed the expected increase in PI(4,5)P2 at the PM upon 

Mss4 or PIP5K expression (84, 443, 444), compared with an EGFP control (Figure 4.1A). We 

next sought to compare active PIP5K with the expression of a catalytically dead mutant (74, 292, 

422). Expression of Mss4D636K(CatDead) yielded expected results that mimic the control - the mean 

PI(4,5)P2 ratio did not increase - indicating that there was no PI(4,5)P2 production. Unexpectedly, 

over-expressed mammalian PIP5KCatDead constructs (PIP5K1AD322K, PIP5K1BD266K, and 

PIP5K1CD316K) resulted in a striking increase in PI(4,5)P2 levels at the PM, which nearly mimicked 

that of the active enzymes. After similarly puzzling observations were made upon knocking out 

the PIP4K family by Wang et al (56), we performed over-expression experiments of PIP4K to 

observe changes in PI(4,5)P2 levels at the PM. As PIP4K is expected to produce PI(4,5)P2 from 

PI5P (Figure 4.1B, left), we still expected to see increased PM PI(4,5)P2 levels.  Conversely, when 

PIP4K enzymes were over-expressed in HeLa cells, we observed the opposite effect on PI(4,5)P2. 

The PM/cell ratio of TubbyCR332H was lower than control, and more closely matched the effect of 

over-expressed INPP5E, a PI(4,5)P2 phosphatase (Figure 4.1B). PIP4K2AD273K(CatDead) over-

expression also resulted in the same changes in PI(4,5)P2 as the catalytically active versions, 

indicating that the effects on PI(4,5)P2 are not dependent on catalytic activity of either PIP5K or 

PIP4K. These observations, along with those made by (53, 56) led us to further hypothesize that 

PIP4K interacts with and inhibits the activity of PIP5K. In our system, over-expressed PIP5KCatDead 

sequesters endogenous PIP4K leaving endogenous PIP5K to continue to produce PI(4,5)P2 without 

negative regulation (Figure 4.1C). 
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Figure 4.1 Reciprocal regulation of PM PI(4,5)P2 levels by PIP5K and PIP4K.  

(A) PIP5Ks increase PM PI(4,5)P2 independently of catalytic activity. Cartoon denotes the catalytic activity of PIP5K. 

Images show equatorial confocal sections of HeLa cells expressing the low affinity TubbyC
R332H PI(4,5)P2 sensor 

(orange), co-transfected with EGFP-tagged catalytically active or dead PIP5K constructs (yeast Mss4 or mammalian 

A, B, or C isoforms), or EGFP alone as control. Increased PI(4,5)P2 is apparent from increased TubbyC
R332H 

fluorescence in the PM. Box and whisker plots show the mean fluorescence intensity ratio (PM/cell) of the PI(4,5)P2 

sensor from >90 cells imaged across at least three independent experiments (boxes displaying median and interquartile 

range, whiskers representing 10-90% of data and “+” represents mean), scale bar is 10 µm. (B) PIP4Ks decrease PM 

PI(4,5)P2 independently of catalytic activity. Cartoon shows the catalytic activity of PIP4K. Images show PI(4,5)P2 

sensor in HeLa cells as in A, co-transfected with different PIP4K isoforms (A, B, C), catalytically dead PIP4K2A or 

a PI(4,5)P2 5-phosphatase(pptase) (INPP5E). Box and whiskers from >90 cells imaged across at least three 

independent experiments as in A, scale bar is 10 µm. (C) Proposed inhibition of ePIP5K (endogenous PIP5K) by 

ePIP4K. With the overexpression of a fluorescently tagged version of PIP5K, regardless of catalytic activity, ePIP4K 

is sequestered. This relieves endogenous PIP5K from inhibition, increasing PI(4,5)P2 levels.  
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4.3.2 PIP4K attenuates PIP5K kinase activity 

In each of the previous experiments we over-expressed solely PIP5K or PIP4K, which 

would likely saturate the feedback mechanism proposed in Figure 4.1C. To better balance the 

established over-expression system, we visualized changes in PI(4,5)P2 levels in cells expressing 

PIP5K or PIP4K or both PIPKs in combination. As we had previously observed, the PIP5K 

expression resulted in increased TubbyCR332H localization at the PM and PIP4K expression resulted 

in a reduction of TubbyCR332H PM association (Figure 4.2A). When PIP5K isoforms were 

expressed with any PIP4K isoform there was a reduction in TubbyC localization at the PM when 

compared to PIP5K overexpression alone (Figure 4.2A). This provides further evidence that the 

inhibitory effect we see on PIP5K by PIP4K is due to a protein mass effect, rather than exclusively 

catalytic activity. 

To test real-time negative regulation of PIP5K activity by PIP4K, we triggered PM 

recruitment of cytosolic, FKBP-tagged PIP4K by chemically induced dimerization (CID) with a 

membrane targeted FRB domain, using rapamycin (154) (Figure 4.2B, cartoon). For these 

experiments we used TubbyC (316), a high affinity PI(4,5)P2 sensor, to more easily visualize 

decreases in PI(4,5)P2 levels at the PM. Within minutes of PM recruitment, all three isoforms of 

PIP4K induced a steady decline in PM PI(4,5)P2 levels (Figure 4.2B). Finally, we recruited 

PIP4K2ACatDead and, as in Figure 4.1 we observed the same decrease in PM localized TubbyC 

(Figure 4.2B). This further indicated that PIP4K was able to inhibit both the production and 

maintenance of PM PI(4,5)P2, and this was not dependent on enzymatic activity. 

To measure PIP4K2A dependent inhibition of PIP5K1A activity biochemically, we turned 

to our collaborator, Scott Hansen, who established a TIRF microscopy based assay to monitor the 

kinetics of PI(4,5)P2 production in real time on supported lipid bilayers (SLBs) (418). Lipid 
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phosphorylation reactions catalyzed by PIP5K1A proceeded until completion, as indicated by the 

plateau in membrane binding intensity of a PI(4,5)P2 biosensor, PH-PLCδ1 (Figure 4.2C). In the 

presence of PIP4K2A, we observed a nearly 2-fold increase in the time required for PIP5K1A 

dependent lipid phosphorylation reactions to plateau. Furthermore, the presence of PIP4K2A 

caused the PIP5K1A lipid phosphorylation reaction to exhibit biphasic reaction kinetics. The onset 

of PIP5K1A inhibition was delayed until a threshold density of approximately 2% PI(4,5)P2 was 

generated (Figure 4.2C). In contrast, lipid phosphorylation reactions catalyzed by Mss4 were 

unaffected by PIP4K2A (Figure 4.2C, inset). This indicates inhibition of PIP5K1A is not simply 

due to PIP4K2A membrane binding and sequestration of PPIns lipids, which have been shown to 

modulate PIP5K1A membrane recruitment and activity (275, 418). These data also indicate that 

PIP5K1A rapidly and efficiently converts PI4P to PI(4,5)P2, but the inclusion of PIP4K2C, even 

in a purified system, slows this reaction. Taken together, this indicates that PIP4K over-expression 

seems to negatively regulate PM PI(4,5)P2 levels, in both cells and SLBs. 
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Figure 4.2 The activity of PIP5K is blunted by PIP4K. 

(A) PIP4Ks antagonize PIP5K-mediated PI(4,5)P2 increases. HeLa cells expressing PI(4,5)P2 indicator TubbyC
R332H 

(orange) were co-transfected with the indicated EGFP- or TagBFP2-tagged constructs. Images show confocal 

equatorial sections of representative cells. Box and whiskers from 90 cells imaged across at least three independent 

experiments, displayed as in A, scale bar is 10 µm. (B) PIP4K recruitment acutely inhibits PM PI(4,5)P2 levels. 

Cartoon schematics show the chemically induced dimerization (CID) system for FKBP-tagged PIP4K isoforms (A, 

B, C), which dimerize with the PM-anchored FRB-Lyn11 upon the addition of rapamycin (rapa). HEK293A cells were 

transfected with FKBP-tagged proteins, the high affinity PI(4,5)P2 indicator TubbyC and FRB-Lyn11. During time-

lapse confocal microscopy, cells were stimulated with 1 µM rapa as indicated. Graphs represent mean change in 

PI(4,5)P2 sensor intensity ratio (PM/cell) ± s.e. for 35-60 cells imaged across three independent experiments, scale bar 

is 10 µm. (C) PIP4K2A attenuates the kinetics of PI(4,5)P2 production driven by PIP5K1A, but not Mss4. Kinetics of 

PI(4,5)P2 production measured on SLBs in the presence of 1 nM PIP5K1A, 20 nM PH-PLCδ1, +/- 50 nM PIP4K2A. 

Inhibition of PIP5KA activity is delayed until a threshold density of approximately 2% PI(4,5)P2 is created to support 

membrane recruitment of PIP4K2A. Inset shows kinetics of reactions executed in the presence of 50 nM Mss4, 20 

nM PH-PLCδ1, +/- 50 nM PIP4K2A. Initial membrane composition: 76% DOPC, 20% DOPS, 4% PI4P. Right graphs 

show the quantification of time required for reactions to reach 95% completion (n = 3 technical replicates). 
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4.3.3 Endogenous PIP4K2C is localized at the PM 

The over-expression of proteins can skew experimental observations in many ways (307) 

To probe the interaction of endogenous PIP4Ks with PM PI(4,5)P2, we used a split fluorescent 

protein approach (407, 445, 446) to add a NeonGreen2 (NG2) tag to PIP4K2C, the most abundant 

PIP4K in HEK293A cells (52) (Figure 4.3A). We used HEK293A cells stably over-expressing 

NG1-10 (293NG1-10). We then edited these cells to add the NG11 tag to the N-terminus of the 

PIP4K2C protein. Successful integration of the split NG2 tag was evident at both the genomic and 

protein levels (Figure 4.3A). The ePIP4K2C cells were genotyped using a NG11-specific forward 

primer and a PIP4K2C specific reverse primer to produce an expected amplicon of ~200 bp in the 

edited, but not the parental HEK293ANG cell line (Figure 4.3A). Similarly, using a PIP4K2C 

specific antibody, we probed both HEK293A and ePIP4K2C cells and observed the expected ~3 

kDa increase in molecular weight with the addition of the NG11 tag. As expected, endogenous 

ePIP4K2C has a mainly cytosolic distribution when viewed in confocal, with a slight enrichment 

at the cell periphery (Figure 4.3B). More specifically, we also observed a slight enrichment in 

fluorescence intensity of ePIP4K2C at the PM (Figure 4.3B). Analysis of the ventral PM by 

TIRFM revealed individual, diffraction-limited and uniform intensity puncta that were 

dynamically associated with the membrane (Figure 4.3C). We compared the intensity of these 

puncta in ePIP4K2C cells to cells expressing a PI(4,5)P2 biosensor tagged with single, tandem-

dimer or -trimer mNeonGreen expressed at single molecule levels (PHmNGxN). This revealed 

that the NG2-PIP4K2C puncta contained an average of 1.64 NG molecules, consistent with 

dimeric PIP4K2C complexes (41) containing either one or two NG2-tagged protein copies (Figure 

4.3C). It is likely that a single allele or two of three alleles in HEK293A cells may have been 

tagged in our cell line, yielding a combination of monomeric and dimeric structures (447). As we 
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observed the presence of ePIP4K2C at the PM, we sought to determine the mechanism by which 

this localization occurred.  

 

Figure 4.3 Endogenously tagged PIP4K2C is partly associated with the PM.  

(A) Endogenous tagging of PIP4K2C. Brief cartoon schematic showing the mechanism of endogenous tagging 

employed for PIP4K2C with mNeonGreen2 (NG2). The resulting cell line was termed NG2-PIP4K2C. Cells were 

genotyped with a mNG specific forward primer and a PIP4K2C specific reverse primer yielding an edited product of 

~200bp. Cells were also probed with a PIP4K2C specific antibody showing the expected ~3 kDa shift in weight 

(arrowhead). (B) Image based characterization of NG2-PIP4K2C. Confocal images display the NG2-PIP4K2C (blue) 

in cells localized mainly to the cytosol, but the zoomed in image shows slight association of the enzyme to the PM. 

When imaged live by TIRF, dynamic, diffraction limited spots are observed on the membrane (compare differential 

localization at 0 and +0.3 s). These have an intensity consistent with a mixed population of 1 or 2 mNG molecules 

when calibrated against single, dimeric or trimeric mNG molecules fused to a PI(4,5)P2 binding domain (graph). This 

correlates to the mean photon count of a heterogeneously tagged cell population (single or double alleles tagged with 

NG11), scale bar is 2.5 µm unless otherwise annotated.  

4.3.4 PI(4,5)P2 is required for membrane association of PIP4K2A  

Given the dynamic PM localization of ePIP4K2C, we set out to determine if 1) PIP4K can 

directly interact with PI(4,5)P2 (the enzymatic product) on the PM, or 2) PIP4K interacts directly 

with  PIP5K at the PM. We have previously established three criteria to use to determine whether 
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lipid binding proteins, specifically biosensors (123, 305), interact selectively with a given lipid. In 

brief, is the protein binding specific for the target lipid? Is the localization dependent on that lipid? 

And, if it is dependent, is the lipid alone sufficient to localize the protein? To determine whether 

PIP4K2C was localized in a PI(4,5)P2 dependent manner, we utilized the CID system to recruit 

INPP5E (5E) to the PM. Using TIRF microscopy, we observed a rapid loss of the PI(4,5)P2 

biosensor, TubbyC, fluorescence upon recruitment of INPP5E (Figure 4.4A). We also observed a 

loss of ePIP4K2C puncta from the PM upon recruitment of INPP5E (Figure 4.4A). On the other 

hand, we recruited INPP5ED477N(5ECatDead) (448, 449) and observed no changes in either TubbyC 

fluorescence or ePIP4K2C puncta at the PM. Parallel to live-cell imaging experiments, Scott 

Hansen measured the dynamics of PIP4K2A membrane dissociation on SLBs. PIP4K2A and PH-

PLCδ1 were allowed to equilibrate on supported membranes containing 4% PI(4,5)P2. To test 

whether stable membrane association of PIP4K2A requires PI(4,5)P2 after membrane docking,  

inositol polyphosphate-5-phosphatase (OCRL) was added to catalyze the dephosphorylation of 

PI(4,5)P2. This resulted in the rapid dissociation of PIP4K2A and PH-PLCδ1 (Figure 4.4B). Taken 

together, these data suggest that PM localization of ePIP4K2C is dependent on PI(4,5)P2. 

We have also previously established that a critical criterion for lipid binding selectivity is 

whether the lipid alone is sufficient to drive localization (123, 305, 318). To test this, we generated 

a recruitable mutant of the previously used PIP5K1C. We generated a truncation of PIP5K1C 

which contained only the kinase domain, as well as the homodimeric mutant 

PIP5K1C_KinaD101R/R304D (PIP5K1C-HD) (70). Again, using the CID system, we recruited 

PIP5K1C-HD to the PM and, with confocal, observed an increase in PM association of 

TubbyCR332H over time (Figure 4.4C). Similarly, there was a concomitant increase in ePIP4K2C 

intensity at the PM (Figure 4.4C). To test if PIP4K recruitment was dependent upon PIP5K 
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activity, we generated a similar catalytically inactive mutant as previously described, 

PIP5K1C_KinaD101R/R304D/D316K (PIP5K1C-HDCatDead) (70, 74). We similarly recruited this 

construct to the PM and observed no changes in TubbyCR332H localization (Figure 4.4C). 

Additionally, here were no measurable increases in ePIP4K2C localization (Figure 4.4C), 

indicating that ePIP4K2C localizes to the PM in a manner that was dependent on catalytic activity 

of the PIP5K. 

Utilizing the PIP5K construct does not fully discern whether PI(4,5)P2 alone is sufficient 

for PIP4K PM localization, as these two proteins may directly interact. We next used our Mss4 

constructs to similarly increase PM PI(4,5)P2  levels. With the over-expression of Mss4 we 

observed an increase in ePIP4K2C at the PM, but there was no change in ePIP4K2C localization 

with the Mss4CatDead construct (Figure 4.4D). Finally, Scott Hansen visualized interactions 

between purified PIP4K2A and SLBs in the presence of varying densities of PI(4,5)P2 lipids. We 

observed highly cooperative PIP4K2A membrane recruitment when Mss4 was added to SLBs to 

catalyze the production of PI(4,5)P2 (Figure 4.4E).  Here, these data suggest that increased PM 

PI(4,5)P2 is sufficient to localize ePIP4K2C. 
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Figure 4.4 PI(4,5)P2 is necessary and sufficient for the PM localization of PIP4K. 

(A) Depletion of PI(4,5)P2 causes PIP4K2C (eNG and purified) to dissociate from the membrane. Cartoons show the 

CID system, in TIRF, for FKBP-tagged INPP5E (catalytically active or dead) dimerizing with the PM-anchored Lyn11-

FRB. NG2-PIP4K2C (blue) cells were transfected with FKBP-tagged proteins, the high affinity PI(4,5)P2 indicator 

TubbyC (orange) and Lyn11-FRB. During time-lapse TIRF microscopy, cells were stimulated with 1µM rapa, as 

indicated. TubbyC traces represent mean change in fluorescence intensity (Ft/Fpre normalized to pre-stimulation levels) 

± s.e. The NG2-PIP4K2C traces represent the mean change in puncta per µm2 ± s.e. of 36-37 cells that were imaged 

across three independent experiments, scale bar is 2.5 µm. (B) Imaging chambers containing 50 nM PIP4K2A and 20 

nM PH-PLCδ1 at equilibrium with SLBs composed of 96% DOPC and 4% PI(4,5)P2 were visualized by TIRF 

microscopy. At 30 seconds, 100 nM OCRL was added to catalyze the dephosphorylation of PI(4,5)P2 and membrane 

dissociation of PIP4K2A and PH-PLCδ1. (C) Acute enrichment of PI(4,5)P2 causes PIP4K2C to increase association 

with the membrane. Cartoons show the CID system, in confocal, for the interaction of catalytically active or dead 

FKBP-tagged homo-dimeric PIP5K1C kinase with the PM-anchored Lyn11-FRB. NG2-PIP4K2C (blue) cells were 

transfected with FKBP-tagged proteins, the low affinity PI(4,5)P2 indicator TubbyC
R332H (orange) and Lyn11-FRB. 

During time-lapse confocal microscopy, cells were stimulated with 1µM rapa, as indicated. Traces represent mean 

change in fluorescence intensity (PM/cell normalized to pre-stimulation levels) ± s.e. of 48-52 cells imaged across at 
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least three independent experiments, scale bar is 10 µm. (D) Chronic enrichment of PI(4,5)P2 causes NG2-PIP4K2C 

to associate with the membrane. Cartoons show the expression of catalytically active or dead Mss4. Images show 

equatorial confocal sections of representative NG2-PIP4K2C cells transfected with Mss4 and the low affinity PI(4,5)P2 

indicator TubbyC
R332H. Box and whisker plots show the mean fluorescence intensity ratio (PM/cell) of the PI(4,5)P2 

sensor from 88-90 cells images across at least three independent experiments (boxes display median and interquartile 

range, whiskers represent 10-90% of data and “+” represents mean) , scale bar is 10 µm. (E) Enrichment of PI(4,5)P2 

causes dynamic membrane recruitment of purified PIP4K2A. In SLBs, membrane recruitment of 50 nM PIP4K2A 

monitored during Mss4 catalyzed phosphorylation of PI4P. Membranes containing 4% PI4P were converted to 

PI(4,5)P2 using 10 nM Mss4.  

4.3.5 PIP4KA binds cooperatively to PI(4,5)P2 containing membranes 

Using a fixed solution concentration of 50 nM PIP4K2A, Scott Hansen compared the 

membrane absorption and equilibration dynamics of PIP4K2A on SLBs containing varying 

densities of PI(4,5)P2 lipids (Figure 4.5A). PIP4K2A exhibited a nearly 125-fold increase in 

membrane binding over the range of 1 to 4% PI(4,5)P2 (Figure 4.5A). Additionally, PIP4K2A 

displayed a similar degree of cooperativity when we converted PI4P to PI(4,5)P2 on SLBs in the 

presence of Mss4 (Figure 4.5A). Parallel biochemical experiments confirmed that PIP4K and 

Mss4 do not physically interact (figure 4.6D), indicating that the change in PIP4K2A localization 

was solely dependent on the production of PI(4,5)P2.  

To test this in live cells, we assessed the kinetics of PM binding during PI(4,5)P2 re-

synthesis after strong PLC activation. Cells with over-expressed muscarinic M3 receptors were 

stimulated with carbachol (CCh) to activate PLCβ3 and decrease PI(4,5)P2 levels (124, 419). 

Indeed, we observed a rapid decrease in both TubbyC localization and ePIP4K2C puncta at the PM 

(Figure 4.5B). Atropine was then added as an M3 receptor antagonist, allowing for PI(4,5)P2 
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resynthesis (124). We observed TubbyC re-localized at the PM after ~60 sec of atropine treatment 

(~300 sec total) (Figure 4.5B). Following this increase in PI(4,5)P2, we observed a slower re-

emergence (~180 sec post atropine or ~480 sec total) of ePIP4K2C puncta on the PM (Figure 

4.5B). In examining purified PIP4K2A in SLBs, there was a PI(4,5)P2 dose dependence on PIP4K 

membrane localization (Figure 4.5A). As SLB PI(4,5)P2 levels changed from 0% to 4% there was 

an exponential fold increase in PIP4K2A association with the membrane (Figure 4.5A). These 

data taken together indicate that PIP4K seems to localize with the PM in a PI(4,5)P2 dependent 

manner. Collectively, these data demonstrate that PIP4Ks are low-affinity PI(4,5)P2 effectors, 

poised to sense both decreases and crucially, elevations in PI(4,5)P2 levels in the PM. 

 

Figure 4.5 PI(4,5)P2 is necessary and sufficient for membrane association of purified PIP4K.  

(A) Purified PIP4K2A localizes to PI(4,5)P2 in a concentration dependent manner. Membrane absorption and 

equilibration kinetics of 50 nM Alexa488-PIP4K2A measured by TIRF microscopy on SLBs containing 1–4% 

PI(4,5)P2. PIP4K2A membrane binding exhibited non-linearity with respect to the PI(4,5)P2 lipid density. 

Quantification of the fold increase in membrane bound PIP4K2A relative to the equilibrium fluorescence intensity of 

PIP4K2A on a membrane containing 0% PI(4,5)P2. (B) PM localization of PIP4K2C follows resynthesis of PI(4,5)P2. 

Cartoons show PLCβ3 mediated loss of PI(4,5)P2 and eNG-PIP4K2C followed by the subsequent reappearance of 

PI(4,5)P2 and eNG-PIP4K2C. eNG-PIP4K2C (blue) cells were transfected with FKBP-tagged proteins, the high 

affinity PI(4,5)P2 indicator TubbyC (orange) and Lyn11-FRB. During time-lapse TIRF microscopy, cells were 
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stimulated with 100 µM carbachol (CCh) and then stimulated with 5 µM atropine as indicated. TubbyC traces represent 

mean change in fluorescence intensity (Ft/Fpre normalized to pre-stimulation levels) ± s.e. The eNG-PIP4K traces 

represent the mean change in puncta per µm2 ± s.e. 40 cells were imaged across at least three independent experiments, 

scale bar is 2.5 µm. 

4.3.6 PIP4K interacts with PIP5K for inhibition  

The inhibition of PIP5K activity by PIP4Ks (Figure 4.1 and 4.2), and the low-affinity 

PI(4,5)P2 binding by PIP4K (Figure 4.3 and 4.4) suggest the following mechanism: when 

PI(4,5)P2 levels rise due to PIP5K activity, PIP4K is recruited to the PM, where it can directly bind 

to PI(4,5)P2 and inhibit PIP5K. The possibility of PIP4K directly interacting with PIP5K at the PM 

has not yet been ruled out by our previous experiments. In fact, (420) showed that PIP4K2A was 

able to co-localize with the various isoforms of PIP5K. In figure 4.2A, we expressed combinations 

of PIP4K and PIP5K isoforms to look at the effects on TubbyCR332H localization. Using the same 

experimental data but observing the localization of each of the PIP5K or PIP4K constructs, we 

could determine if the co-expression of these two proteins influenced either of their subcellular 

localizations (Figure 4.6A). We observe PM localization of each of the three PIP5K isoforms, 

alone and in combination with any of the PIP4K isoforms (Figure 4.6A, green). The three PIP4K 

isoforms all displayed a mostly cytosolic localization with a slight increase in PM localization 

compared to the expression of a fluorophore alone (Figure 4.6A, blue). However, with the 

expression of any PIP5K isoform each of the PIP4K isoforms were found more strongly associated 

with the PM (Figure 4.6A, blue). These data could indicate that PIP4K localization is influenced 

by PIP5K PM localization. While this is consistent with a direct interaction between PIP4Ks and 

PIP5Ks, another possibility exists: the PIP5K dependent increase in PI(4,5)P2 (Figure 4.1) 
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enhances PM recruitment of PIP4K and Figures 4.4 and 4.5 show that that PIP4K PM localization 

is impacted by PI(4,5)P2 levels. Furthermore, prior pull-downs of PIP5K and PIP4K from lysates 

required cross-linking the proteins when the enzymes may still have been co-localized on the PM 

(56). 

We, therefore, sought to distinguish between a direct PIP5K-PIP4K binding interaction 

versus PI(4,5)P2-induced co-enrichment on membranes. To this end, we devised an experiment 

whereby a bait protein (either PIP5K or control proteins) could be acutely localized to domains of 

the PM. This was achieved using CID of baits with an endoplasmic reticulum ER-localized tail of 

CyB5A (407), causing recruitment of the bait protein to ER-PM contact sites (Figure 4.6B, 

cartoon). Using TIRF, we visualized ePIP4K2C puncta localization with each of these constructs. 

Enrichment of endogenous ePIP4K2C at ER-PM contact sites was only observed when PIP5K1A 

was the bait; an unrelated peptide (myristoylated and palmitoylated peptide from Lyn kinase, 

Lyn11) or Mss4 did not enrich ePIP4K2C (Figure 4.6B). The use of Mss4 ruled out an effect of 

enhanced PI(4,5)P2 generation at contact sites, as this enzyme increases PI(4,5)P2 as potently as 

PIP5K1A (Figure 4.6B), yet does not cause recruitment of PIP4K2C. Furthermore, data from Scott 

Hansen’s lab used purified proteins in SLBs also showed a robust association of both PIP4K2A 

and PIP5K1A with the membrane when both proteins are present (Figure 4.6C). However, there 

was no additional membrane association of PIP4K2A when purified Mss4 was added to SLBs 

(Figure 4.6D). Altogether, our data show that PIP4K PM localization is dependent both on the 

presence of PI(4,5)P2 and PIP5K for PM localization. 
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Figure 4.6 PIP4K interacts with mammalian PIP5K for inhibition.  

(A) PIP5K expression increases PIP4K PM localization. The same experimental data set from Figure 1E is used here. 

HeLa cells expressing PIP5K (green) or PIP4K (blue) were co-transfected with the indicated EGFP- or TagGFP2-

tagged isoform constructs. Images show equatorial sections in confocal of representative cells. For box and whisker 

plots, boxes display median and interquartile range and whiskers representing 10-90% of the data and “+” represents 

the mean of 90 cells imaged across at least three independent experiments, scale bar is 10 µm. (B) PIP4K2C interacts 

with PIP5K1A. Cartoon schematic show the CID system for the generation of ER-PM contact sites between ER-

anchored FKBP-CyB5 and PM-anchored FRB-tagged constructs. eNG-PIP4K2C (cyan) cells were transfected with 

FKBP-CyB5, the low affinity PI(4,5)P2 indicator TubbyC
R332H, and the indicated FRB-tagged construct (magenta). 

During time-lapse TIRF microscopy, cells were stimulated with 1µM rapa. TIRF images are representative and color-

coded to represent fluorescence intensity, as indicated. eNG-PIP4K2C traces represent mean fluorescence intensities 
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(ER:PM/PM) ± s.e. of 32-39 cells imaged across a minimum of three independent experiments, scale bar is 10 µm, 

inset scale bar is 2.5 µm. (C) Dynamic PIP5K1A dependent membrane recruitment of PIP4K2A. In the absence of 

PIP5K, 50 nM PIP4K2A displays a low level of membrane recruitment. The addition of 10 nM PIP5K1A, stimulates 

an immediate and steady increase in both PIP4K2A and PIP5K1A membrane localization. Membrane composition: 

2% PI(4,5)P2, 98% DOPC. TIRF images are representative and color-coded to represent fluorescence intensity, as 

indicated, scale bar is 5 µm. (D) Membrane binding of PIP4K2A is insensitive to yeast Mss4 membrane localization. 

TIRF microscopy images show the membrane localization of PIP4K2A in the absence and presence of Mss4. 

Following membrane equilibration of 50 nM PIP4KA, 10 nM Mss4 was added to the imaging chamber. No appreciable 

change in PIP4K2A localization was observed during membrane absorption of Mss4. Membrane composition: 4% 

PI(4,5)P2 and 96% DOPC. TIRF images are representative and color-coded to represent fluorescence intensity, as 

indicated, scale bar is 5 µm. 

4.3.7 The N-terminus of PIP4K mediates the interaction with PIP5K 

We next sought to determine the point of physical interaction and therefore inhibition 

between PIP5K and PIP4K. The PIP4K protein lacks predictable structural features near the linear 

N-terminus of the protein (426, 427, 450). We hypothesized that this N-terminus could form a 

protein-protein interaction domain with PIP5K present, and this may form the interaction motif 

between the proteins. We generated a construct of PIP4K2A which lacked the first 32aa residues, 

PIP4K2AKina, and a fragment which consisted of only the first 32aa residues, NTerm (Figure 

4.7A). Again, we utilized our CID system to recruit the full-length, the kinase fragment, or the N-

terminus of PIP4K to the PM. Following recruitment of full-length PIP4K2A we observed the 

expected decrease in TubbyC biosensor localization with the PM. However, recruitment of 

PIP4K2AKina did not result in any change in PI(4,5)P2 at the PM (Figure 4.7B). On the other hand, 

we observed no changes in PI(4,5)P2 at the PM with the recruitment of NTerm alone (Figure 

4.7B). This observation shows that PIP4K specifically requires the N-terminus to inhibit PIP5K 
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mediated PI(4,5)P2 synthesis, however, the N-terminus is not sufficient on its own to mediate this 

inhibition. 

 

 

Figure 4.7 The N-terminus of PIP4K interacts with PIP5K. 

(A) Proposed interaction between the N-terminus of PIP5K and PIP5K. Cartoons show the potential interaction 

mechanism between PIP4K2A and PIP5K. The lack of interaction is shown in the PIP4K2AKina fragment construct. 

(B) Recruitment of PIP4K2AKina does not result in changes in PM PI(4,5)P2. HEK293A cells were transfected with 

FKBP-tagged proteins, the high affinity PI(4,5)P2 indicator TubbyC (orange) and Lyn11-FRB. During time-lapse 

confocal microscopy, cells were stimulated with 1µM rapa, as indicated. Traces represent mean change in fluorescence 

intensity (PM/cell normalized to pre-stimulation levels) ± s.e. of 24-74 cells imaged across at least three independent 

experiments (two independent experiments in the case of NTerm), scale bar is 10 µm. 

 

4.3.8 Regulation of PIP5K by the low affinity PI(4,5)P2 interaction of PIP4K 

Synthesizing all of these observations, we propose a simple homeostatic feedback loop that 

maintains PI(4,5)P2 levels in the PM (Figure 4.8A): when PI(4,5)P2 levels increase, PIP4K is 

recruited to the PM in sufficient quantities to inhibit PIP5K, halting further PI(4,5)P2 synthesis. If 
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PI(4,5)P2 levels fall, PIP4K is one of the first PI(4,5)P2 binding proteins to be released (due to its 

low affinity), causing disinhibition of PIP5K and recovery of PI(4,5)P2. We next sought to test 

how perturbations of this homeostat would affect physiological function. 

We first assessed PI(4,5)P2 levels in cells with one of three different PI(4,5)P2 biosensors: 

PH-PLCδ1, TubbyC, TubbyCR332H (305, 316, 451, 452). We could produce graded changes in 

resting PI(4,5)P2 levels by over-expression of various components of the homeostat: enhanced 

PIP5K1A expression, either catalytically active or inactive, increases PI(4,5)P2; a myristoylated 

PIP4K2A retains PM localization even at low PI(4,5)P2, causing sustained reductions in PI(4,5)P2; 

and a PM-localized PI(4,5)P2 5-OH phosphatase causes near complete ablation of the lipid. These 

constructs all show the expected changes in PM PI(4,5)P2 compared to a control, reported by three 

different PI(4,5)P2 biosensors. Of these, Tubbyc showed the most linear response across all 

changes in PI(4,5)P2 levels (Figure 4.8B). We then used these graded changes in steady-state PM 

PI(4,5)P2 to investigate the concentration requirements for the lipid. 

4.3.9 PLC-mediated Ca2+ signals saturate at elevated PI(4,5)P2 levels 

PI(4,5)P2 is the substrate for PLC, the enzyme that cleaves it into second messengers 

diacylglycerol and inositol (1,4,5)-trisphosphate (IP3), triggering calcium release from ER stores 

We set out to determine if changes in baseline PI(4,5)P2 had any impact on IP3 production 

and downstream Ca2+ flux. We observed CCh mediated PLCβ3 activation in HEK293A cells using 

the Ca2+ biosensor R-GECO1.2 (453) (Figure 4.8C). Cells expressed one of the previously used 

constructs and R-GECO1.2 for the detection of intracellular Ca2+. Cells were visualized using 

confocal microscopy and R-GECO1.2 intensity was measured before and after CCh stimulation 

(Ft/Fpre). In the PI(4,5)P2 control condition (myrLyn11), we observed a rapid and transient increase 
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in R-GECO1.2 fluorescence which approached baseline fluorescence by the end of the 5 min of 

stimulation (Figure 4.8C). The expression of INPP5E had shown the lowest amount of PI(4,5)P2 

(Figure 4.8C) at the PM and likewise we observed very little R-GECO1.2 fluorescence increase 

which immediately returned to baseline (Figure 4.8C). Similarly, the over-expression of 

myrPIP4K2C produced a decreased R-GECO1.2 response which returned to baseline in less than 

a minute (Figure 4.8C). In the case of increased basal PI(4,5)P2, with over-expression of 

PIP5K1ACatDead or PIP5K1A, we again observed a rapid increase in R-GECO1.2 fluorescence. 

However, the R-GECO1.2 fluorescence did not return to baseline 5 min after stimulation in either 

of these conditions (Figure 4.8C). Influx of extracellular calcium was increased by elevated 

PI(4,5)P2 levels, consistent with a prior report that store-operated calcium entry is enhanced by 

increased PIP5K activity (454). 

We next focused specifically on IP3 mediated intracellular Ca2+ by repeating the previous 

experiments using a Ca2+-free imaging media. The results obtained here were like those previously 

discussed. Over-expression of myrLyn11 resulted in a transient increase in R-GECO1.2 

fluorescence that recovered within 1 min after CCh stimulation (Figure 4.8C). Stimulation of the 

INPP5E condition resulted in a very minor increase in R-GECO1.2 fluorescence which returned 

to baseline after ~30 sec (Figure 4.8C). Over-expression of myrPIP4K2C resulted in a transient 

spike in fluorescence of R-GECO1.2, which returned to baseline after ~30 sec (Figure 4.8C). The 

over-expression of either PIP5K1ACatDead or PIP5K1A resulted in transient increases in R-

GECO1.2 fluorescence, which both returned to baseline within 2 min of stimulation (Figure 4.8C). 

We then compared either the peak response or the total area under the curve (AUC) of each 

experimental set up (Ca or Ca-free media) with the TubbyC intensity ratio obtained in (Figure 

4.8C). Overall, we observed a correlation between decreased starting PI(4,5)P2 levels with a 
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decreased peak Ca2+ response. Following PIP5K1ACatDead or PIP5K1A over-expression and 

increased basal PI(4,5)P2, there seems to be a plateaued effect in the peak response when compared 

with myrLyn11 (Figure 4.8C). In the case of the AUC there were differences between the 

experimental Ca2+ conditions. In the case of Ca2+ containing media, there was an almost linear 

increase in the duration of the R-GECO1.2 fluorescence (Figure 4.8C). This is likely the result of 

extracellular Ca2+ flux during these experiments. In the Ca2+ free media, there again was a similar 

plateau effect seen in the peak response data, where decreased starting amounts of PI(4,5)P2 

resulted in decreased R-GECO1.2 fluorescence (Figure 4.8C). However, an increased basal 

PI(4,5)P2 level did not result in any increase in AUC, compared to control (Figure 4.8C). It 

suggests that IP3-triggered calcium release appears saturated at resting PI(4,5)P2. 

4.3.10 PI3K mediated PI(3,4,5)P3 synthesis is linearly dependent on PI(4,5)P2 levels 

Next, we sought to determine if the changes in baseline PI(4,5)P2 had any impact on 

PI(3,4,5)P3 production. We observed EGF mediated PI3K activation in HEK293A cells using the 

PI(3,4,5)P3 biose(280)PH-ARNO2G-I303Ex2 (aPHx2) (318) (Figure 4.8D). Cells expressing one of 

the above constructs and aPHx2 were stimulated with EGF after 2 mins and we observed the 

translocation of our probe to the PM (PM/Cyto) using confocal microscopy. With myrLyn11 

expression, and baseline levels of PI(4,5)P2, we observed an EGF-dependent increase in aPHx2 

levels at the PM (Figure 4.8D). These levels approached baseline by the end of the 15’ experiment 

(Figure 4.8D). Over-expression of either myrPIP4K2C or INPP5E, achieving a baseline reduction 

in basal PI(4,5)P2 levels, resulted in little to no PM association of aPHx2, respectively (Figure 

4.8D). Finally, over-expression of either PIP5K1ACatDead or PIP5K1A resulted in the greatest 

increase in aPHx2 levels at the PM (Figure 4.8D). Interestingly, when plotting either peak or AUC 
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of the aPHx2 response against PI(4,5)P2 levels in each condition, we can see a linear relationship 

between the two (Figure 4.8D). The more PI(4,5)P2 available at baseline translates to more 

PI(3,4,5)P3 produced after EGF-mediated PI3K activation (Figure 4.8D). 
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Figure 4.8 PI3K, but not calcium signaling, are modulated across all concentration ranges of PI(4,5)P2.  

(A) Proposed regulation of PIP5K by the low affinity PI(4,5)P2 interaction of PIP4K. The working model for negative 

feedback of PIP5K via PIP4K resembles the thermostat regulation of temperature. When PI(4,5)P2 levels are high, 

PIP4K is recruited and held at the PM, via a direct low affinity interaction with PI(4,5)P2. At the PM, PIP4K interacts 

with and inhibits the catalytic activity of PIP5K, causing reduced PI(4,5)P2 synthesis. (B) PI(4,5)P2 biosensors detect 

a gradient of lipid levels. HEK293A cells were transfected with the indicated fluorescently tagged PI(4,5)P2 

modulating proteins (INPP5E, myrPIP4K2A, myrLyn11, PIP5K1A catalytic dead or active)  and the indicated 
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PI(4,5)P2 biosensor (PH-PLCδ1, TubbyC, or TubbyC
R332H displayed in orange) for 16-24 hours. Mean fluorescence 

intensity (PM/cyto) are shown as points with error bars representing s.e. of >120 cells imaged across three independent 

experiments, scale bar is 10 µm. (C) PLC-mediated Ca2+ signals saturate at elevated PI(4,5)P2 levels. Cartoon 

schematics of PLC mediated Ca2+ signaling and detection. HEK293A cells were transfected with the indicated 

fluorescently tagged construct and the calcium sensor R-GECO (purple). During time-lapse confocal microscopy 

(performed with either compete imaging media [Ca2+] or calcium free Ringer’s media [Ca2+-Free]), cells were 

stimulated with 100 µM CCh as indicated. Traces represent the peak response of mean change in fluorescence intensity 

(Ft/FPre normalized to pre-stimulation levels) ± s.e. of >100 cells imaged across a minimum of three independent 

experiments. The peak response and total area under the curve (AUC) were plotted against the normalized ratio of 

TubbyC. (D) PI3K mediated PI(3,4,5)P3 synthesis is linearly dependent on PI(4,5)P2 levels. Cartoon schematics show 

PI3K mediated signaling and detection of PI(3,4,5)P3 upon the addition of EGF. HEK293A cells were transfected 

with the indicated fluorescently tagged construct and the PI(3,4,5)P3 biosensor, PH-ARNO2G-I303Ex2 (aPHx2) 

(magenta). During time-lapse confocal microscopy, cells were stimulated with 10 ng/mL EGF, as indicated. Traces 

represent the peak response of mean change in fluorescence intensity (PM/cell normalized to pre-stimulation levels) 

± s.e. of 35 cells imaged across a minimum of three independent experiments. The peak response and AUC were 

plotted against the normalized ratio of TubbyC, scale bar is 10 µm, inset scale bar is 2.5 µm. 

4.4 Discussion 

In conclusion, our results reveal a remarkably simple homeostatic mechanism that controls 

PM PI(4,5)P2 levels (Figure 4.8A). In this study we show that PIP4K, independent of catalytic 

activity, negatively regulates PIP5K activity. Specifically overexpressed PIP4K decreases cellular 

PI(4,5)P2 levels at the PM. This is also recapitulated in a purified system, where PIP4K2A inhibits 

the activity of PIP5K1A on a membrane. This system can help explain why a loss of PIP4K leads 

to increased PI3K signaling pathways (439–441). Likely, the negative regulation of PIP5K results 
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in increased PI(4,5)P2 and downstream signaling. Similarly, the increased PIP4K protein 

expression observed in breast cancer (442) could be viewed as a physiological attempt to dampen 

PI3K signaling by further inhibiting PIP5K catalytic activity. 

Our results also indicate that PIP4K acts as a low affinity PI(4,5)P2 binding protein which 

localizes to the PM in a PI(4,5)P2 dependent manner. The depletion of PI(4,5)P2 in cells and SLBs 

resulted in a loss of ePIP4K2C or PIP4K2A, respectively. Elevations in PI(4,5)P2 resulted in 

increases in PIP4K association with either the PM or SLBs. This PI(4,5)P2 dependent recruitment 

was further shown in cells stimulated with CCh and then atropine. Specifically, the cellular levels 

of PI(4,5)P2 recovered more quickly than ePIP4K2C puncta. Upon increases in PI(4,5)P2 synthesis, 

PIP4K can be recruited to the PM to inhibit further PIP5K mediated synthesis. When PI(4,5)P2 

levels are low or decrease, PIP4K remains cytosolically localized. 

Our data indicate that the N-terminus of PIP4K mediates the interaction with PIP5K at the 

PM to inhibit catalytic activity. Our data supports previous evidence that PIP5K can interact with 

PIP4K (420). Here we show that ePIP4K2C is colocalized with ER-PM contact sites which contain 

PIP5K1A, but not Mss4. Similarly, purified PIP5K1A enhances the ability of PIP4K2A to 

associate with SLBs, but again there is no association between Mss4 and PIP4K2A. PIP4Ks appear 

to be recruited in a PI(4,5)P2 dependent manner to directly interact with and inhibit the activity of 

PIP5K. Furthermore, truncation of the PIP4K enzyme revealed that the N-terminus of PIP4K2A 

is necessary for this inhibitory effect. It is yet unknown where PIP4K interacts with PIP5K, that is 

to be the topic of future studies. 

We show that perturbation of this homeostasis reveals different sensitivities of PLC and 

PI3K signaling, with the latter showing enhanced activation with elevated PI(4,5)P2. This likely 

explains why the PI3K, and not the PLC pathway, drives the phenotype of PIP4K-null fruit flies 
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(53). More broadly, such differences in the sensitivity of PI(4,5)P2-dependent PM functions to 

lipid concentration may go a long way to explaining the phenotypic diversity of diseases associated 

with dysregulated PI(4,5)P2 metabolism. For example, they may explain why a selective inhibitor 

of PI3Kα can correct aberrant kidney function associated with Lowe syndrome models (437). 

Indeed, experimental manipulation of PI(4,5)P2 homeostasis will now afford the ability to 

determine which of the panoply of PI(4,5)P2-dependent PM functions are dysregulated by 

pathological alterations – finally bringing potential therapeutic targets into view. 

4.5 Experimental Procedures 

4.5.1 Cell culture and lipofection 

HeLa (ATCC CCL-2) and HEK293A (ThermoFisher R705-07) cells were cultured in 

DMEM (low glucose; Life Technologies 10567022) supplemented with 10% heat-inactivated fetal 

bovine serum (Life Technologies 10438-034), 100 units/ml penicillin, 100µg/ml streptomycin 

(Life Technologies 15140122), and 1:1,000 chemically defined lipid supplement (Life 

Technologies 11905031) at 37˚C with a humidified atmosphere with 5% CO2. Cells were passaged 

twice per week diluting 1 in 5 after dissociation in TrpLE (Life Technologies 12604039). 293A 

cells with endogenous PIP4K2C alleles tagged with split NeonGreen2 (NG2) were generated 

similarly as described (430) using a protocol we have described (323). In brief, Platinum Cas9 

(Thermo Fisher B25640) was precomplexed with gRNA and electroporated into HEK293ANG2-1-

10 cells in combination with a single-stranded HDR Template (IDT). Sequences are provided in 

table 2. The HDR template contains 70 bp homology-arms, the NG2-11 sequence, and a flexible 
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linker in frame with PIP4K2C 

(ATGACCGAGCTCAACTTCAAGGAGTGGCAAAAGGCCTTT-

ACCGATATGATGGGTGGCGGC). After recovery, FACS (University of Pittsburgh Flow 

Cytometry Core) was used to sort NG2-positive cells. These NG2-PIP4K2C (ePIP4K2C) cells 

were cultured under identical conditions to the HeLa and HEK293A cells.  

4.5.2 Chemicals and reagents 

Rapamycin (Thermo Fisher BP2963-1) was dissolved in DMSO at 1 mM and stored as a 

stock at -20˚C, it was used in cells at 1 µM. EGTA (VWR EM-4100) was dissolved in water at 0.5 

M and stored at room temperature, it was used in cells at 5 mM. EGF (Corning CB-40052) was 

dissolved in water at 100 µg/ml and stored as a stock at -20˚C, it was used in cells at 10 ng/ml. 

Carbachol (Thermo Fisher AC10824-0050) was dissolved in water at 50 mM and stored as a stock 

at -20˚C, it was used in cells at 100 µM. Atropine (Thermo Fisher AC226680100) was dissolved 

in 100% ethanol at 25 mM and stored as a stock at -20˚C, it was used in cells at 5 µM.  

4.5.3 Plasmids and cloning 

The EGFP (Aequorea victoria GFP containing F64L and S65T mutations) (319), mCherry 

(Discoma DsRed monomeric variant) (320), mTagBFP2 (Entacmaea quadricolor protein 

eqFP578) (321), iRFP713 (Rhodopseudomonas palustris [Rp] bacteriophytochrome BphP2) (322) 

and iRFP670 (RpBphP6 iRFP702 containing V112I, K174M and I247C mutations) (455) 

fluorophores were used in the Clontech pEGFP-C1, -C2, and -N1 backbones as described 

previously (323). Mutated constructs were generated using site-directed mutagenesis using 
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targeted pairs of DNA oligos which were custom made and supplied by Thermo Fisher. New 

plasmids used in this study were generated using standard restriction-ligation or by using 

NEBuilder HiFi DNA Assembly (New England Biolabs E552OS). HsPIP5K1A, HsPIP5K1B, 

Mss4_Kina, and HsPIP4K2C were obtained as human codon optimized synthetic gBlocks (IDT). 

Otherwise, plasmids were obtained from the sources listed in Table 1. All constructs were 

sequence verified using Sanger DNA sequencing. Plasmids constructed for this study are available 

through Addgene.  

4.5.4 Purification of PIP5K1A and Mss4 

Gene sequences encoding human PIP5K1A and yeast Mss4 kinase domain were cloned 

into a FastBac1 vector to create the following vectors: His6-MBP-TEV-(Gly)5-PIP5K1A (1-

546aa) and His6-MBP-TEV-(Gly)5-Mss4 (379-779aa). BACMIDs and baculovirus were 

generated as previously described (456). ES-Sf9 cells were infected with baculovirus using an 

optimized multiplicity of infection (MOI), typically 2% vol/vol, that was empirically determined 

from small-scale test expression. Infected cells were typically grown for 48 hours at 27ºC in ESF 

921 Serum-Free Insect Cell Culture medium (Expression Systems, Cat# 96-001-01) and then 

harvested by centrifugation. Insect cell pellets were then washed with 1x PBS [pH 7.2] and 

centrifuged (3500 rpm for 10 minutes). The final cell pellet was combined with an equal volume 

of buffer containing 1x PBS [pH 7.2], 10% glycerol, and 2x Sigma protease inhibitor cocktail 

tablet solution before transferring to the -80ºC freezer for storage.  For purification, frozen cells 

were thawed in an ambient water bath and then resuspended in buffer containing 50 mM Na2HPO4 

[pH 8.0], 10 mM imidazole, 400 mM NaCl, 5% glycerol, 1 mM PMSF, 5 mM BME, 100 µg/mL 

DNase, and 1x Sigma protease inhibitor cocktail tablet. Cells were lysed using a glass dounce 
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homogenizer. Lysate was then centrifuged at 35,000 rpm (140,000 x g) for 60 minutes in a 

Beckman Ti-45 rotor at 4ºC. High speed supernatant was combined with 6 mL of Ni-NTA Agarose 

(Qiagen, Cat# 30230) and stirred in a beaker for 1-2 hour(s) at 4ºC. Following batch binding, resin 

was collected in 50 mL tubes, centrifuged, and washed with buffer containing 50 mM Na2HPO4 

[pH 8.0], 10 mM imidazole, 400 mM NaCl, and 5 mM BME. Ni-NTA resin with His6-MBP-

(Asn)10-TEV-(Gly)5-PIP5KA bound was washed in a gravity flow column with 100 mL of 50 

mM Na2HPO4 [pH 8.0], 30 mM imidazole, 400 mM NaCl, 5% glycerol, and 5 mM BME buffer. 

Protein elution was achieved by washing the resin with buffer containing 50 mM Na2HPO4 [pH 

8.0], 500 mM imidazole, 400 mM NaCl, 5% glycerol, and 5 mM BME. Peak fractions were pooled, 

combined with 200 µg/mL His6-TEV(S291V) protease, and dialyzed against 4 liters of buffer 

containing 20 mM Tris [pH 8.0], 200 mM NaCl and 2.5 mM BME for 16-18 hours at 4ºC. The 

next day, dialysate was combined 1:1 volumes with 20 mM Tris [pH 8.0], 1 mM TCEP to reduce 

the NaCl to a final concentration of 100 mM. Precipitate was removed by centrifugation (3500 

rpm for 10 minutes) and a 0.22 µm syringe filtration. Clarified dialysate was bound to a MonoS 

cation exchange column (GE Healthcare, Cat# 17-5168-01) equilibrated with buffer containing 20 

mM Tris [pH 8.0], 100 mM NaCl, and 1 mM TCEP. Proteins were resolved over a 10-100% linear 

gradient (0.1-1 M NaCl, 45 CV, 45 mL total, 1 mL/min flow rate). (Gly)x5-PIP5K1A and (Gly)x5-

Mss4 eluted from the MonoS in the presence of 375-450 mM NaCl. Peak fractions containing 

PIP5K1A were pooled, concentrated in a 30 kDa MWCO Vivaspin 6 centrifuge tube (GE 

Healthcare, Cat# 28-9323-17), and loaded onto a 24 mL Superdex 200 10/300 GL (GE Healthcare, 

Cat# 17-5174-01) size exclusion column equilibrated in 20 mM Tris [pH 8.0], 200 mM NaCl, 10% 

glycerol, 1 mM TCEP. Peak fractions were concentrated to 10-50 µM using a 30 kDa MWCO 
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Amicon centrifuge tube (Millipore Sigma) before snap freezing with liquid nitrogen. PIP5K1A 

and Mss4 were stored in -80ºC as single use aliquots.   

4.5.5 Purification of PIP4K2A  

The gene encoding human PIP4K2A was cloned into a pETM derived bacterial expression 

vector to create the following fusion protein: His6-SUMO3-(Gly)5-PIP4K2A (1-406aa). 

Recombinant PIP4KA was expressed in BL21 (DE3) Star E. coli (i.e. lack endonuclease for 

increased mRNA stability). Using 4 liters of Terrific Broth, bacterial cultures were grown at 37ºC 

until OD600=0.6. Cultures were then shifted to 18ºC for 1 hour to cool down. Protein expression 

was induced with 50 µM IPTG and bacteria expressed protein for 20 hours at 18ºC before being 

harvested by centrifugation. For purification, cells were lysed into buffer containing 50 mM 

Na2HPO4 [pH 8.0], 400 mM NaCl, 0.4 mM BME, 1 mM PMSF (add twice, 15 minutes intervals), 

DNase, and 1 mg/mL lysozyme using a microtip sonicator. Lysate was centrifuged at 16,000 rpm 

(35,172 x g) for 60 minutes in a Beckman JA-17 rotor chilled to 4ºC.  Lysate was circulated over 

5 mL HiTrap Chelating column (GE Healthcare, Cat# 17-0409-01) that had been equilibrated with 

100 mM CoCl2 for 1 hour, washed with MilliQ water, and followed by buffer containing 50 mM 

Na2HPO4 [pH 8.0], 400 mM NaCl, 0.4 mM BME. Recombinant PIP4K2A was eluted with a linear 

gradient of imidazole (0-500 mM, 8 CV, 40 mL total, 2 mL/min flow rate). Peak fractions were 

pooled, combined with 50 µg/mL of His6-SenP2 (SUMO protease), and dialyzed against 4 liters 

of buffer containing 25 mM Na2HPO4 [pH 8.0], 400 mM NaCl, and 0.4 mM BME for 16-18 hours 

at 4ºC. Following overnight cleavage of the SUMO3 tag, dialysate containing His6-SUMO3, His6-

SenP2, and GGGGG-PIP4K2A was recirculated for at least 1 hour over a 5 mL HiTrap(Co2+) 

chelating column. Flow-through containing GGGGG-PIP4K2A was then concentrated in a 30 kDa 
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MWCO Vivaspin 6 before loading onto a Superdex 200 size exclusion column equilibrated in 20 

mM HEPES [pH 7], 200 mM NaCl, 10% glycerol, 1 mM TCEP. In some cases, cation exchange 

chromatography was used to increase the purity of GGGGG-PIP4K2A before loading on the 

Superdex 200. In those cases, we equilibrated a MonoS column with 20 mM HEPES [pH 7], 100 

mM NaCl, 1 mM TCEP buffer. PIP4K2A (pI = 6.9) bound to the MonoS was resolved over a 10-

100% linear gradient (0.1-1 M NaCl, 30 CV, 30 mL total, 1.5 mL/min flow rate). Peak fractions 

collected from the Superdex 200 were concentrated in a 30 kDa MWCO Amicon centrifuge tube 

and snap frozen at a final concentration of 20-80 µM using liquid nitrogen. 

4.5.6 Purification of PH-PLCδ1 domain  

The coding sequence of human PH-PLCδ1 (11-140aa) was expressed in BL21 (DE3) E. 

coli as a His6-SUMO3-(Gly)5-PLCδ1 (11-140aa) fusion protein. Bacteria were grown at 37ºC in 

Terrific Broth to an OD600 of 0.8. Cultures were shifted to 18ºC for 1 hour, induced with 0.1 mM 

IPTG, and allowed to express protein for 20 hours at 18ºC before being harvested. Cells were lysed 

into 50 mM Na2HPO4 [pH 8.0], 300 mM NaCl, 0.4 mM BME, 1 mM PMSF, 100 µg/mL DNase 

using a microfluidizer. Lysate was then centrifuged at 16,000 rpm (35,172 x g) for 60 minutes in 

a Beckman JA-17 rotor chilled to 4ºC.  Lysate was circulated over 5 mL HiTrap Chelating column 

(GE Healthcare, Cat# 17-0409-01) charged with 100 mM CoCl2 for 1 hour. Bound protein was 

then eluted with a linear gradient of imidazole (0-500 mM, 8 CV, 40 mL total, 2 mL/min flow 

rate). Peak fractions were pooled, combined with SUMO protease (50 µg/mL final concentration), 

and dialyzed against 4 liters of buffer containing 50 mM Na2HPO4 [pH 8.0], 300 mM NaCl, and 

0.4 mM BME for 16-18 hours at 4ºC. Dialysate containing SUMO cleaved protein was recirculated 

for 1 hour over a 5 mL HiTrap Chelating column. Flow-through containing (Gly)5-PLCδ1 (11-
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140aa) was then concentrated in a 5 kDa MWCO Vivaspin 20 before being loaded on a Superdex 

75 size exclusion column equilibrated in 20 mM Tris [pH 8.0], 200 mM NaCl, 10% glycerol, 1 

mM TCEP. Peak fractions containing (Gly)5-PLCδ1 (11-140aa) were pooled and concentrated to 

a maximum of 75 µM (1.2 mg/mL) before freezing in liquid nitrogen.  

4.5.7 Purification of OCRL 

The coding sequence of human 5-phosphatase OCRL (234-539aa of 901aa isoform) was 

expressed in BL21 (DE3) E. coli as a His6-MBP-(Asn)10-TEV-(Gly)5-OCRL fusion protein. 

Bacteria were grown at 37ºC in Terrific Broth to an OD600 of 0.8. Cultures were shifted to 18ºC 

for 1 hour, induced with 0.1 mM IPTG, and allowed to express protein for 20 hours at 18ºC before 

being harvested. Cells were lysed into 50 mM Na H2PO4 [pH 8.0], 300 mM NaCl, 0.4 mM BME, 

1 mM PMSF, 100 µg/mL DNase using a microfluidizer. Lysate was then centrifuged at 16,000 

rpm (35,172 x g) for 60 minutes in a Beckman JA-17 rotor chilled to 4ºC. Lysate was circulated 

over 5 mL HiTrap Chelating column (GE Healthcare, Cat# 17-040901) charged with 100 mM 

CoCl2 for 1 hour. Bound protein was eluted with a linear gradient of imidazole (0-500 mM, 8 CV, 

40 mL total, 2 mL/min flow rate). Peak fractions were pooled, combined with TEV protease (75 

µg/mL final concentration), and dialyzed against 4 liters of buffer containing 50 mM Na H2PO4 

[pH 8.0], 300 mM NaCl, and 0.4 mM BME for 16-18 hours at 4ºC. Dialysate containing TEV 

protease cleaved protein was recirculated for 1 hour over a 5 mL HiTrap Chelating column. Flow-

through containing (Gly)5-protein was then concentrated in a 5 kDa MWCO Vivaspin 20 before 

being loaded on a Superdex 75 (10/300 GL) size exclusion column equilibrated in 20 mM Tris 

[pH 8.0], 200 mM NaCl, 10% glycerol, 1 mM TCEP. Peak fractions were pooled and concentrated 

before snap freezing in liquid nitrogen. 
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4.5.8 Sortase mediated peptide ligation  

PIP4K2A, PIP5K1A, and PH-PLCδ1 were labeled on a N-terminal (Gly)5 motif using 

sortase mediated peptide ligation (456, 457). Initially, a LPETGG peptide was labeled with either 

Alexa488, Alexa647, or Cy5 conjugated to an amine reactive N-Hydroxysuccinimide (NHS) (e.g. 

NHS-Alexa488). Protein labeling was achieved by combining the fluorescently labeled LPETGG 

peptide with the following reagents: 50 mM Tris [pH 8.0], 150 mM NaCl, 50 µM (Gly)5-protein, 

500 µM Alexa488-LPETGG, and 10-15 µM His6-Sortase. This reaction mixture was incubated at 

16-18ºC for 16-20 hours, before buffer exchange with a G25 Sephadex column (e.g. PD10) to 

remove the majority of dye and dye-peptide. The His6-Sortase was then captured on Ni-NTA 

agarose resin (Qiagen) and unbound labeled protein was separated from remaining fluorescent dye 

and peptide using a Superdex 75 or Superdex 200 size exclusion column (24 mL bed volume). 

4.5.9 Preparation of small unilamellar vesicles  

The following lipids were used to generated small unilamellar vesicles (SUVs): 1,2-

dioleoyl-sn-glycero-3-phosphocholine (18:1 DOPC, Avanti # 850375C), L-α-

phosphatidylinositol-4-phosphate (Brain PI(4)P, Avanti Cat# 840045X), L-α-

phosphatidylinositol-4,5-bisphosphate (Brain PI(4,5)P2, Avanti # 840046X), and 1,2-dioleoyl-sn-

glycero-3-phospho-L-serine (18:1 DOPS, Avanti # 840035C). Lipids were purchased as single use 

ampules containing between 0.1-5 mg of lipids dissolved in chloroform. Brain PI(4)P and 

PI(4,5)P2 were purchased as 0.25 mg/mL stocks dissolved in chloroform:methanol:water (20:9:1). 

To make liposomes, 2 µmoles total lipids were combined in a 35 mL glass round bottom flask 

containing 2 mL of chloroform. Lipids were dried to a thin film using rotary evaporation with the 
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glass round-bottom flask submerged in a 42ºC water bath. After evaporating all the chloroform, 

the round bottom flask was flushed with nitrogen gas for at least 30 minutes. We resuspended the 

lipid film in 2 mL of PBS [pH 7.2], making a final concentration of 1 mM total lipids. All lipid 

mixtures expressed as percentages (e.g. 98% DOPC, 2% PI(4)P) are equivalent to molar fractions. 

For example, a 1 mM lipid mixture containing 98% DOPC and 2% PI(4)P is equivalent to 0.98 

mM DOPC and 0.02 mM PI(4)P. To generate 30-50 nm SUVs, 1 mM total lipid mixtures were 

extruded through a 0.03 µm pore size 19 mm polycarbonate membrane (Avanti #610002) with 

filter supports (Avanti #610014) on both sides of the PC membrane. Hydrated lipids at a 

concentration of 1 mM were extruded through the PC membrane 11 times.  

4.5.10 Preparation of supported lipid bilayers  

Supported lipid bilayers were formed on 25x75 mm coverglass (IBIDI, #10812). 

Coverglass was first cleaned with 2% Hellmanex III (Fisher, Cat#14-385-864) heated to 60-70ºC 

in a glass coplin jar and incubated for at least 30 minutes. We washed the coverglass extensively 

with MilliQ water and then etched with Pirahna solution (1:3, hydrogen peroxide:sulfuric acid) for 

10-15 minutes the same day SLBs were formed. Etched coverglass, in water, was rapidly dried 

with nitrogen gas before adhering to a 6-well sticky-side chamber (IBIDI, Cat# 80608). SLBs were 

formed by flowing 30 nm SUVs diluted in PBS [pH 7.2] to a total lipid concentration of 0.25 mM. 

After 30 minutes, IBIDI chambers were washed with 5 mL of PBS [pH 7.2] to remove non-

absorbed SUVs.  Membrane defects were blocked for 15 minutes with a 1 mg/mL beta casein 

(ThermoFisherSci, Cat# 37528) diluted in 1x PBS [pH 7.4]. Before use as a blocking protein, 

frozen 10 mg/mL beta casein stocks were thawed, centrifuged for 30 minutes at 21,370 x g, and 
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0.22 µm syringe filtered. After blocking SLBs with beta casein, membranes were washed again 

with 1mL of PBS, followed by 1 mL of kinase buffer before TIRFM.  

4.5.11 Microscopy 

For all live-cell imaging experiments, cells were imaged in 1.6 mL of experiment specific 

imaging media. Base imaging media contained FluoroBrite DMEM (Life Technologies 

A1896702) supplemented with 25 mM HEPES (pH 7.4) and 1:1000 chemically defined lipid 

supplement (SF CHIM). Media was then further supplemented with either 10% fetal bovine serum 

(CHIM) or 0.1% BSA (0.1% BSA CHIM). Alternatively, Ca2+ free Ringer’s solution (Ca2+ Free) 

was used, containing 160 mM NaCl, 2.5 mM KCl, 1 mM MgCl2, 8 mM glucose and 10 mM 

NaHEPES, pH 7.5. For treatments, 0.4 mL of experiment specific imaging media containing 

fivefold final concentration of compound was applied to the dish (or 0.5 ml for a second addition).  

Confocal imaging was performed on a Nikon TiE A1R platform with acquisition in 

resonant mode with a 100x 1.45 NA plan-apochromatic objective. The signal-to-noise ratio was 

improved by taking 8 or 16 frame averages. Excitation of fluorophores was accomplished using a 

dual fiber-coupled LUN-V laser launch with 405-nm (BFP), 488-nm (EGFP and NG2), 561-nm 

(mCherry), and 640-nm (iRFP) lines. Emission was collected on four separate photomultiplier 

tubes with blue (425-475 nm), green (500-550 nm), yellow/orange (570-620 nm), and far-red (663-

737 nm) filters. Blue and yellow/orange channels were recorded concurrently, as were green and 

far-red. The confocal pinhole was defined as 1.2x the Airy disc size of the longest wave-length 

channel used in the experiment. Nikon Elements denoising software was used to further enhance 

the signal-to-noise ratio. 
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For TIRFM and single-molecule imaging (SMol), a separate Nikon TiE platform coupled 

with a Nikon TIRF illuminator arm and 100x 1.45 NA plan-apochromatic objective was used. 

Excitation of fluorophores was accomplished using an Oxxius L4C laser launch with 405-nm 

(BFP), 488-nm (EGFP and NG2), 561-nm (mCherry), and 638-nm (iRFP) lines. Emission was 

collected through dual-pass filters (Chroma) with blue (420-480 nm) and yellow/orange (570-620 

nm) together, and green (505-550 nm) and far-red (650-850 nm) together. An ORCA-Fusion BT 

sCMOS camera (Hamamatsu) was used to capture images. For TIRFM, images were captured with 

2x2 pixel binning. For SMol, the NG2 channel was excited with 20% power for 50 ms from the 

488-nm laser in a 16x16 µm region of the PM. Images were registered in rolling shutter mode with 

2x2 pixel binning with a 1.5x magnifier lens.  

For all types of imaging, Nikon Elements software was used to acquire all images for all 

experiments and all data was saved with the ND2 file extension. 

Membrane binding and lipid phosphorylation reactions reconstituted on supported lipid 

bilayers (SLBs) were visualized using an inverted Nikon Eclipse Ti2 microscope using a 100x 

Nikon (1.49 NA) oil immersion TIRF objective. TIRF microscopy images of SLBs were acquired 

using an iXion Life 897 EMCCD camera (Andor Technology Ltd., UK). Fluorescently labeled 

proteins were excited with either a 488 nm, 561 nm, or 637 nm diode laser (OBIS laser diode, 

Coherent Inc. Santa Clara, CA) controlled with a Vortran laser drive with acousto-optic tunable 

filters (AOTF) control. The power output measured through the objective for single particle 

imaging was 1-2 mW. Excitation light was passed through the following dichroic filter cubes 

before illuminating the sample: (1) ZT488/647rpc and (2) ZT561rdc (ET575LP) (Semrock). 

Fluorescence emission was detected on the iXion Life 897 EMCCD camera position after a Nikon 

emission filter wheel housing the following emission filters: ET525/50M, ET600/50M, 
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ET700/75M (Semrock). All experiments were performed at room temperature (23ºC). Microscope 

hardware was controlled by Nikon NIS elements. 

4.5.12 Image analysis 

Analysis of all images was accomplished using Fiji software (324) using the LOCI 

BioFormats importer (325). Custom macros were written to generate channel-specific montages 

displaying all x,y positions captured in an experiment in concatenated series. In these montages, 

individual regions of interest (ROIs) were generated around displayed cells.  

For confocal images, the ratio or fluorescence intensity between specific compartments 

was analyzed as described previously (323). In brief, a custom macro was used to generate a 

compartment of interest specific binary mask through à trous wavelet decomposition (326). This 

mask was applied to measure the fluorescence intensity within the given compartment while 

normalizing to the mean pixel intensity in the ROI. 

For TIRFM images, a minimum intensity projection was used to generate ROIs within the 

smallest footprint of the cells. Background fluorescence was measured and subtracted from all 

images at all timepoints. The average pixel intensity in each frame (Ft) was normalized to the mean 

pixel intensity in the ROI of the time points before treatment (Fpre) to yield Ft/Fpre.  

Quantitative data was imported into Prism 8 (GraphPad) for statistical analysis and the 

generation of graphs and plots. D’Agostino and Pearson normality tests showed data that 

significantly varied from normal distribution, data were then subjected to a nonparametric Kruskal-

Wallis test. If significant difference was found between sample medians, a post hoc Dunn’s 

multiple comparison test was run.  
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Representative images were selected based on fluorescence measurements near the median 

of the sampled population, displayed typical morphology, and robust signal-to-noise ratio. If 

adjusting brightness or contrast, any changes were made across the entire image. 

4.5.13 Single Molecule Analysis using Thunderstorm 

Mean photon count was estimated using the Fiji ThunderSTORM plugin (431). Either 

HEK293A cells expressing PH-PLCδ1-mNG2x1-3 or NG2-PIP4K2C cells were imaged using 

SMol settings. Raw images were run through Fiji using the ThunderSTORM plugin. Settings for 

molecule localization were determined using a wavelet filter with a local maximum method and 

integrated Gaussian point spread function. To determine fluorescence intensity per spot, 

histograms of photon counts, in each condition, were generated using a 5-photon bin size.  

4.5.14 Kinetic measurements of PI(4,5)P2 production 

The kinetics of PI(4)P phosphorylation was measured on SLBs formed in IBIDI chambers 

and visualized using TIRF microscopy as previously described (456). Reaction buffer contained 

20 mM HEPES [pH 7.0], 150 mM NaCl, 1 mM ATP, 5 mM MgCl2, 0.5 mM EGTA, 20 mM 

glucose, 200 µg/mL beta casein (ThermoScientific, Cat# 37528), 20 mM BME, 320 µg/mL 

glucose oxidase (Serva, #22780.01 Aspergillus niger), 50 µg/mL catalase (Sigma, #C40-100MG 

Bovine Liver), and 2 mM Trolox (UV treated, see methods below). Perishable reagents (i.e. 

glucose oxidase, catalase, and Trolox) were added 5-10 minutes before image acquisition. For all 

experiments, we monitored the change in PI(4)P or PI(4,5)P2 membrane density using solution 

concentrations of 20 nM Alexa647-DrrA(544-647) or 20 nM Alexa488-PLCδ1, respectively.  
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Table 4.1 Plasmids used in this study 

Plasmid Vector Insert Reference 

EGFP pEGFP-C1 EGFP This study 

EGFP-PIP5K1A pEGFP-C1 EGFP:PIP5K1A This study 

EGFP-PIP5K1AD322K pEGFP-C1 EGFP:PIP5K1A(D322K) This study 

EGFP-PIP5K1B pEGFP-C1 EGFP:PIP5K1B This study 

EGFP-PIP5K1BD266K pEGFP-C1 EGFP:PIP5K1B(D266K) This study 

EGFP-PIP5K1C pEGFP-C2 EGFP:PIP5K1C (432) 

EGFP-PIP5K1CD316K pEGFP-C2 EGFP:PIP5K1C(D316K) (432) 

TagBFP2-Mss4-Kina pTagBFP2-C1 mTagBFP2:S. cerevisiae Mss4(377-756) This study 
TagBFP2-Mss4D636K-Kina pTagBFP2-C1 mTagBFP2:S. cerevisiae Mss4(377-756)(D636K) This study 
TagBFP2 pTagBFP2-C1 mTagBFP2 This study 

TagBFP2-PIP4K2A pTagBFP2-C1 mTagBFP2:PIP4K2A (60)  
This study 

TagBFP2-PIP4K2AD273K pTagBFP2-C1 mTagBFP2:PIP4K2A(D273K) This study 

TagBFP2-PIP4K2B pTagBFP2-C1 mTagBFP2:PIP4K2B (60)  
This study 

TagBFP2-PIP4K2C pTagBFP2-C1 mTagBFP2:PIP4K2A This study 
mCherry-FKBP-
PIP4K2A pmCherry-C1 mCherry:FKBP1A(3-108):[GGSA]4GG:PIP4K2A (60)  

This study 
mCherry-FKBP-
PIP4K2AD273K pmCherry-C1 mCherry:FKBP1A(3-

108):[GGSA]4GG:PIP4K2A(D273K) This study 

mCherry-FKBP-PIP4K2B pmCherry-C1 mCherry:FKBP1A(3-108):[GGSA]4GG:PIP4K2B (60)  
This study 

mCherry-FKBP-PIP4K2C pmCherry-C1 mCherry:FKBP1A(3-108):[GGSA]4GG:PIP4K2C This study 

EGFP-INPP5E pEGFP-C2 EGFP:Mus musculus INPP5E (458) 

Lyn11-FRB-iRFP piRFP-N1 LYN(1-11):MTOR(2021-2113):iRFP (408) 

TagBFP2-FKBP-INPP5E pTagBFP2-C1 mCherry:FKBP1A(3-
108):[GGSA]4GG:INPP5E(214-644) (408)  

TagBFP2-FKBP-
INPP5ED477N pTagBFP2-C1 mCherry:FKBP1A(3-

108):[GGSA]4GG:INPP5E(214-644)(D477N) This study 

mCherry-Mss4-Kina pmCherry-C1 mCherry:S. cerevisiae Mss4 (377-756) This study 
mCherry-Mss4D636K-Kina pmCherry-C1 mCherry:S. cerevisiae Mss4 (377-756)(D636K) This study 

TagBFP2-FKBP-
PIP5K1C_Kina-HD pTagBFP2-C1 

mTagBFP2:FKBP1A(3-
108):[GGSA]4GG:PIP5K1C(79-366) 
(D101R/R304D) 

This study 

TagBFP2-FKBP-
PIP5K1C_Kina-HDD316K pTagBFP2-C1 

mTagBFP2:FKBP1A(3-
108):[GGSA]4GG:PIP5K1C(79-366) 
(D101R/R304D/D316K) 

This study 

HAx3-AChR-M3 pcDNA3.1 HAx3:CHRM3(2-590) J. Wess 

 Table 4.1 Continued  

TagBFP2-HRAS-CAAX pTagBFP2-C1 TagBFP2:HRAS(172-189) (459) 

iRFP713-FRB-PIP5K1A piRFP-C1 iRFP713:MTOR(2021-2113):GGSA2:PIP5K1A This study 
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iRFP713-FRB-Mss4-Kina piRFP-C1 iRFP713:MTOR(2021-2113):GGSA2:S. cerevisiae 
Mss4 (377-756) This study 

TagBFP2-FKBP-
CYB5Atail pTagBFP2-C1 mTagBFP2:FKBP1A(3-

108):[GGSA]4GG:CYB5A(100-134) (323) 

mCherry-FKBP-
PIP4K2A-Kina pmCherry-C1 mCherry:FKBP1A(3-

108):[GGSA]4GG:PIP4K2A(33-406) This study 

mCherry-FKBP-
PIP4K2A-NTerm pmCherry-C1 mCherry:FKBP1A(3-108):[GGSA]4GG:PIP4K2A(1-

32) This study 

EGFP-INPP5E-CAAX pEGFP-C1 EGFP:INPP5E(214-644):HRAS(172-189) This study 

Lyn11
C3S-EGFP pEGFP-N1 LYN(1-11)(C3S):EGFP This study 

EGFP-Lyn11
C32S-

PIP4K2A pEGFP-C1 EGFP:LYN(1-11)(C3S):PIP4K2A This study 

TubbyC-EGFP pEGFP-N1 Mus musculus Tub(243-505):EGFP (316) 

TubbyC
R332H-EGFP pEGFP-N1 Mus musculus Tub(243-505)(R332H):mCherry (316) 

TubbyC-mCherry pmCherry-N1 Mus musculus Tub(243-505):mCherry (316) 

TubbyC
R332H-mCherry pmCherry-N1 Mus musculus Tub(243-505)(R332H):EGFP (316) 

PH-PLCδ1-EGFP pEGFP-N1 PLCD1v2(1-170):EGFP (451) 

NES-EGFP-PH-ARNO2G-

I303Ex2 pEGFP-C1 
X. Laevis map2k1.L(32-44):EGFP:CYTH2(252-
399)(I303E):GGSGGVDM:CYTH2(252-
399)(I303E) 

(459) 

R-GECO1.2 pcDNA3 R-GECO1 (M164R / I166V / V174L / F222L / N267S 
/ S270T / I330M / L419I) (460) 

iRFP670-PIP5K1A piRFP670-C1 iRFP670:PIP5K1A This study 

iRFP670-PIP4K2C piRFP670-C1 iRFP670:PIP4K2C This study 

PH-PLCδ1-mNGx1 pmNG2-N1 PLCD1v2(1-170):mNG2 This study 

PH-PLCδ1-mNGx2 pmNG2-N1 PLCD1v2(1-170): mNG2:mNG2 This study 

PH-PLCδ1-mNGx3 pmNG2-N1 PLCD1v2(1-170): mNG2:mNG2:mNG2 This study 

His6-OCRL pFastBac1 His6-MBP-Asn10-TEV-Gly5-OCRL 
(901isoform)(234-539) (418) 

His6-PIP4K2A pETM His6-SUMO3- Gly5-PIP4K2A(1-406) This study 

His6-Mss4 pFastBac1 His6-MBP-TEV-Gly5-Mss4(379-779) (92) 

His6-PIP5K1A pFastBac1 His6-MBP-TEV-Gly5-PIP5K1A(1-546) 
(92) 

 
His6-PH-PLCδ1 pETM His6-SUMO3-Gly5-PLCD1(11-140) (418) 
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Table 4.2 HDR and gRNA sequences for PIP4K2C. 

Gene crRNA sequence 

PIP4K2C TAATACGACTCACTATAGGGGAGACTATGGCGTCCTCCTGTTTAAGAGCTATGCTGGAA 

 HDR sequence 

PIP4K2C CCGCTTCCGGGGTCGGGCGCCTGGATAGCTGCCGGCTCCGGCTTCCACTTGGTCGGTTG

CGCGGGAGACTATGACCGAGCTCAACTTCAAGGAGTGGCAAAAGGCCTTTACCGATAT

GATGGGTGGCGGCATGGCGTCCTCCTCGGTCCCACCAGCCACGGTATCGGCGGCGACA

GCAGGCCCCGGCCCAGGTTTCGGCT 
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5.0  Discussion and Perspectives 

5.1 Study Synopses 

The plasma membrane (PM) of mammalian cells is an ever-bustling hub of activity. A 

myriad of activities are coordinated by phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2), a master 

regulator of PM dynamics; ranging from the generation of second messengers (36, 100, 413) to 

attachment of the cytoskeleton (411) to assembly of retroviruses (409, 433). In these works, we 

have focused on four major aspects of PI(4,5)P2 metabolism: 

1) Detection and manipulation of lipids, particularly PI(4,5)P2, with biosensors, 

2) The mechanism of PM targeting by PIP5K, 

3) The mechanism of PI(4,5)P2 homeostasis at the PM, and 

4) Physiological impacts of aberrant PI(4,5)P2 homeostasis. 

This all comes together to reveal a surprisingly simple mechanism of PI(4,5)P2 homeostatic 

control revolving around two proteins involved in the biochemical synthesis of this critical lipid 

(Figure 4.8A). 

5.1.1 PI(4,5)P2 detection and manipulation 

Genetically encoded lipid biosensors remain a prevalent tool used to study the function and 

metabolism of discrete lipid populations in living cells using microscopy. Here, we have shown 

that PI(4,5)P2 can be visualized and quantified while simultaneously chronically or acutely 

modifying lipid levels using kinases or phosphatases in living cells (305, 316, 451, 452). We 
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briefly discussed potential caveats when using lipid biosensors; the interpretation of biosensor 

localization should be used as a part of a holistic story when interpreting lipid dynamics in cells. 

For these reasons and more, we believe that biosensors are an incredibly useful tool for the study 

of lipid dynamics in living cells, in real time.  

5.1.2 PI(4,5)P2 synthesis is rapidly re-initiated after stimulated depletion 

Phosphatidylinositol 4-phosphate 5-kinase (PIP5K) plays the primary role in PM PI(4,5)P2 

synthesis in cells (62–65). This enzyme appears to be exclusively localized to the PM; due, in part, 

to an interaction with its product, PI(4,5)P2. Our data support previous work showing that PIP5K 

is positively regulated at the PM due to an interaction with its catalytic product (418). This 

interaction appears to be facilitated, in part, by two basic residues in the C-terminal tail 

immediately proximal to the kinase domain. Moreover, this interaction requires both the activation 

loop as well as the insert loop. Structurally, the yet uncharacterized insert loop is located near the 

two basic residues and immediately opposite the activation loop of PIP5K. We propose that the 

interaction with PI(4,5)P2 may be mediated in part by the insert loop, either by direct binding or 

by conformational change to the PIP5K kinase domain.  

5.1.3 PI(4,5)P2 synthesis is negatively regulated 

We identified a mechanism of PI(4,5)P2 driven positive feedback mechanism for PIP5K. 

Knowing that levels of PI(4,5)P2 do not exceed the baseline, we hypothesized that cells must also 

be able to negatively regulate PI(4,5)P2 production. In our second study, we show that 

phosphatidylinositol 5-phosphate 4-kinase (PIP4K) negatively regulates PIP5K activity. 
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Furthermore, this negative regulation occurs independent of PIP4K catalytic activity. The over-

expression of PIP4K decreases the level of PI(4,5)P2 at the PM of cells and this effect is seen 

between PIP4K2A and PIP5K1A in a minimal purified system. Like PIP5K, PIP4K binds to 

PI(4,5)P2, though with low affinity. Through this mechanism, PIP4K is recruited to the PM in a 

PI(4,5)P2 dependent manner to interact with and inhibit the activity of PIP5K. We propose that 

this generates a negative feedback mechanism for PI(4,5)P2 synthesis.  

5.1.4 Physiological impacts of aberrant PI(4,5)P2 homeostasis 

The cellular mechanisms for both positive and negative regulation of PI(4,5)P2 homeostasis 

illustrate the overall importance of this essential lipid. Perturbations in this system of feedback can 

lead to changes in both Ca2+-specific PLC signaling and PI3K signaling. Specifically, we show 

that decreases in PI(4,5)P2 lead to reductions in Ca2+ signaling, but that increases in baseline 

PI(4,5)P2 do not seem to impact Ca2+ signaling, as it may already be saturated. PI3K, on the other 

hand, seems to be impacted linearly by changes in baseline PI(4,5)P2. Using this knowledge as a 

foundation, PIP5K or PIP4K protein abundance can be used as biomarkers for predictive models 

to assess downstream physiological impacts from aberrant PI(4,5)P2 homeostasis. 

5.2 Perspectives 

This text has been pulled from a combination of grant submissions to the American Heart 

Association and the National Institutes of Health, most recently a National Cancer Institute Grant 

Awarded to Rachel C Wills (F531CA247349). 
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5.2.1 Potential PIP5K interactions 

We have shown that the insert loop of PIP5K has a role in PM association, and potentially, 

PI(4,5)P2 binding. An interesting observation is that the spatial localization of the insert loop and 

the basic C-terminal tail residues are on the opposite face of the protein when compared to the 

activation loop and active site. The unstructured insert loop is approximately 50 amino acid 

residues in length. This loop contains five conserved basic residues and structurally lies in close 

proximity to the necessary basic residues in the C-terminal tail. These residues may assist in the 

formation of a basic pocket which could interact with the negatively charged PI(4,5)P2 headgroup. 

Furthermore, the insert loop contains several hydrophobic residues which could integrate with the 

PM, similar to the interaction between the activation loop and the PM (42). Additionally, the insert 

loop may be required for the allosteric regulation of PIP5K, potentially revealing a cryptic PM / 

PI(4,5)P2 binding site (461, 462). Finally, there are four conserved Tyr, Ser, or Thr residues in the 

insert loop which could easily be targeted for phosphorylated, though there is no evidence to date 

that this occurs physiologically (463–465). This phosphorylation event could also induce a 

confirmational change or allow for a protein-protein interaction at the PM. Ultimately, a specific 

interaction between PIP5K and PI(4,5)P2 would need to be determined both in the presence and 

the absence of the insert loop. Point mutants should be used to specifically map the PI(4,5)P2 

interaction site and determine which residues are necessary for PM association, PI(4,5)P2 binding, 

and catalytic activity. Given the spatial location and amino acid composition of the insert loop, it 

is easy to see how this domain could have any number of functions in PIP5K PM association, and 

these specific functions have yet to be elucidated. Regardless, these lipid binding regions of PIP5K 

further prolong the PM association as PIP5K “searches” for substrate.  
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Work has been done to map the specific region of interaction between PIP5K and PIP4K 

(Figure 4.7) (56). This work has mainly focused on identifying the region of PIP4K that is 

responsible for the negative regulation. Therefore, identifying the point of PIP5K where this 

inhibitory interaction takes place is still important. Our data support that PIP5K and PIP4K directly 

interact with one another (Figure 4.8). In brief, our data suggests that the over-expression of a 

catalytically inactive minimal construct of PIP5K (Kina++CatDead) also yields the same increase in 

PI(4,5)P2 biosensor at the PM as the full-length active overexpression constructs (data not shown). 

We interpret this data to mean that PIP4K interacts not only with full-length PIP5K, but with this 

minimal fragment. We further hypothesize that the N-terminus of PIP4K mediates the interaction 

with the PIP5K kinase domain. Again, the PIP5K G-loop, insert loop, and activation loop all make 

excellent candidates for places to study the region of interaction with PIP4K. Furthermore, the 

crystal structure of the PIP5K kinase domain reveals specific residues which may facilitate an 

interaction between these two proteins that could be easily mutated (70). Of special interest, there 

are several Lys and Tyr residues which are exposed in the PIP5K kinase domain. These residues 

can be genetically altered to introduce an artificial caged amino acid at these residues (466). 

Following optical illumination of cells transfected with these engineered constructs the caged 

residue is freed (318, 466). We can use this technique to acutely determine which ones mediate 

the interaction with PIP4K. This would allow us the ability to observe the proposed mechanism 

from Figure 4.1C in real-time.  

Other potential regions of the PIP5K which could be assessed for their contribution in PM 

binding are the G-loop, the N-terminus, and the C-terminal tail regions. The specific functions or 

interaction partners of the G-loop and the N-terminus are still unknown (48). These regions are 

likely to fold and influence the structure of the PIP5K kinase domain or allosterically regulate 
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points of contact between other lipids or proteins. The different isoforms of PIP5K are found 

concentrated in different subcellular locations due to differing protein-protein interactions (84, 85, 

87–89). Furthermore, the C-terminal tail of several of the various PIP5K1C splice variants have 

also been shown to play a role in the targeted localization (65, 74, 75, 86–89). Of final note, these 

regions lack structural information, both from crystallography (70) or predictive modeling (426, 

427), lending them to be excellent candidates for further study and work. 

5.2.2 Protein-lipid interactions 

It has been proposed that PIP5K interacts with multiple lipids: PI4P, PI(4,5)P2, and PA. 

The interaction with PI4P is well characterized and required for PIP5K activity (73, 292). The 

interaction with PI(4,5)P2 is less well understood. It has been proposed that the PIP5K interaction 

with PI(4,5)P2 can be involved in either positive feedback mechanism (this work and (92)) or an 

inhibitory mechanism (64, 69). Understanding the mechanism of this interaction and the impact 

that it plays on PIP5K catalytic activity and cellular localization is essential in the cellular context. 

Finally, it is possible that PIP5K localization is driven by the binding to PA, an acidic 

phospholipid, at the PM, and that this interaction stimulates PIP5K activity to produce PI(4,5)P2 

(65, 69, 171). We believe that PA is unlikely the crucial lipid, as PI(4,5)P2 depletion is sufficient 

for PIP5K1B and PIP5K1C to dissociate from the PM. However, we could test this by generating 

PI(4,5)P2 or PA containing SLBs and assessing both binding and activity. These experiments will 

still be useful in determining the roles of both PI(4,5)P2 and PA in PIP5K activity. 

We propose that the mechanism by which PIP4K is recruited to the PM is dependent on a 

low affinity interaction with PI(4,5)P2 (Figure 4.4). It could be hypothesized that the site of 

PI(4,5)P2 binding is the PIP4K active site, however the residues necessary for this interaction have 
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not been determined. This could easily be done by mutating the active site or by mutating basic 

regions/residues of PIP4K which may interact with PI(4,5)P2 and repeating the SLB experiments 

from Figure 4.6 to determine the mechanism by which PIP4K interacts with PI(4,5)P2. In doing 

so, the affinity for PI(4,5)P2 may also be calculated, which would confirm the low affinity 

interaction that was proposed. By mapping the residues required for the protein-lipid interactions 

listed, we can shed light on the mechanisms by which PIP5K may become activated or inactivated. 

Using these sites of interaction, small molecules could be generated to recapitulate the desired 

effect on PIP5K catalytic activity.  

5.2.3 Health and disease 

The role of PI(4,5)P2 has been implicated in several diseases (8). As part of understanding 

the role of PI(4,5)P2 in disease, it may first be important to understand the physiological range for 

PI(4,5)P2 in certain cell types. However, the mol % of PI(4,5)P2 in various cells types is not well 

characterized. For example, the pineal gland, cultured human embryonic kidney cells, and Chinese 

hamster ovary cells all have different basal levels of PI(4,5)P2 (11, 467, 468). Furthermore, the 

range of PI(4,5)P2 that is necessary to carry out cell specific PI(4,5)P2 dependent functions has 

also not been defined. Figure 4.8 showed some of the differential effects that alterations in baseline 

PI(4,5)P2 can have on either PI3K or Ca2+ signaling. 

One area of future study encompasses defining the physiological range of PI(4,5)P2 for 

contractile signaling in vascular smooth muscle cells (VSMCs). In hypertension, although multiple 

treatment options are available, 75% of patients require combination therapy to achieve a healthy 

blood pressure. Moreover, it is estimated that 10% of patients do not respond to combinatorial 

treatments (469). Many medications target different steps in VSMC contraction. PI(4,5)P2 plays a 
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central role at each of these steps. However, the mechanism by which PI(4,5)P2 abundance is 

regulated in VSCMs to maintain stimulus-coupled contraction is poorly understood. The goal of 

this proposal is to determine the mechanism of PI(4,5)P2 homeostasis and the physiological range 

of PI(4,5)P2 in VSMCs for stimulus-coupled contraction. Vasodilating hormones, such as 

angiotensin II and vasopressin, stimulate VSMCs and trigger phospholipase C mediated PI(4,5)P2 

degradation. This generates IP3, which both triggers intracellular Ca2+ release and depolarizes the 

cell to allow for extracellular Ca2+ flux via PI(4,5)P2 dependent channels (see Section 1.4 for 

additional details). The acto-myosin network directly connects to the PM to allow for contraction; 

specifically, dense bodies are linked to actin by vinculin and alpha-actinin, which are both 

activated by PI(4,5)P2 (470). PI(4,5)P2 is thus absolutely essential for VSMC stimulation-

contraction coupling, and even slight alterations in PI(4,5)P2 abundance are expected to have a 

profound effect on contractile ability. However, it is unknown how PI(4,5)P2 metabolism is 

regulated in VSMCs, or how alterations in this metabolism may contribute to diseases, such as 

hypertension. We have shown that there are some alterations in Ca2+ signaling with decreased 

amounts of PI(4,5)P2, but there are few changes to intracellular IP3-mediated Ca2+ levels with 

increases in basal PI(4,5)P2. However, in the presence of extracellular media containing Ca2+, 

SOCE increased in a PI(4,5)P2 dependent manner. Furthermore, changes in basal PI(4,5)P2 may 

have a profound impact on NCX and the PMCA ATPase. Further study could determine how each 

of these processes are independently impacted by altered PI(4,5)P2 levels. Additionally, changes 

in either PKC mediated signaling or acto-myosin based contraction have yet to be determined. We 

hypothesize that increased PI(4,5)P2 increases PKC signaling and acto-myosin contraction. We 

can test this hypothesis by altering the baseline PI(4,5)P2 levels in cells, such as A10 VSMCs 

(471). Again, we can measure changes in Ca2+, myosin light chain phosphorylation, and assembly 
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of dense body structural components (vinculin and α-actinin). This will allow us to determine how 

changes in PI(4,5)P2 concentration lead to either hypo- or hyper-responsiveness. The proposed 

research is expected to be the identification of key molecular components involved in the 

homeostasis of PI(4,5)P2 in VSMCs, and to determine how changes in metabolism affects 

contractility in VSMCs. 

 
Another proposed area of study includes defining the role of altered PI(4,5)P2 homeostasis 

in driving PI3K signaling, and its effect on breast cancer cell proliferation. PI3K, which produces 

a majority of PI(3,4,5)P3, is overactive in over 40% of breast cancer cases (cBioPortal: March2019: 

PIK3CA or PIK3CB: BreastCancer) (472, 473). Most commonly, the PI3Kα isoform (encoded by 

PIK3CA) is amplified and/or acquires activating mutations, accounting for the majority of the 

~40% of breast cancer cases (474, 475). With approximately 120,000 new breast cancer patients 

possessing overactivated PI3Kα, there has been a significant effort to develop PI3K inhibitors as 

targeted therapies (472, 473, 476, 477). The PI3Kα-specific inhibitor, Alpelisib (BYL719), has 

recently shown a doubling of progression-free survival for patients with hormone receptor positive 

(HR+) advanced breast cancer (478). The phase III trial, SOLAR-1, was able utilize genetic testing 

to specifically target patients with activated PI3Kα and thus elevated PI(3,4,5)P3 levels (478, 479). 

PI(3,4,5)P3 is a driver of cell proliferation and increased PI(3,4,5)P3 levels are found in tumors 

(473, 480, 481).  

PIP5K1A has been implicated as a driver in numerous cancers including breast cancer 

(293, 482, 483), prostate cancer (484, 485), and lymphoma (486–488). In breast cancer, PIP5K1A 

is found amplified in over 18% of tumors, and this amplification is found independent of PI3Kα 

mutations in half of these cases (474, 475). It has been demonstrated that amplified PIP5K results 

in increased PI(4,5)P2 levels (65, 489). However, it is not yet understood whether PIP5K1A 
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amplification and elevated PI(4,5)P2 levels drive tumor growth by enhancing PI(3,4,5)P3 

production. We have shown that altered PI(4,5)P2 homeostasis drives PI3K signaling in a linear 

fashion (Figure 4.8). However, the downstream impacts of this signaling are not yet known. Our 

hypothesis is that increased levels of PI(4,5)P2 result in increased PI3K signaling. This hypothesis 

can be tested by utilizing biosensors to measure changes in PI(3,4,5)P3 levels and AKT 

phosphorylation after manipulation of PI(4,5)P2 levels. Furthermore, we can test cancer cell 

proliferation and migration after the same PI(4,5)P2 modulations. We propose that these 

experiments will identify increased PI(4,5)P2 as a driver of breast cancer cell proliferation via 

enhanced PI3K signaling. 

Tamas Balla once quipped that “It may be an exaggeration, but with some efforts every 

human disease can be linked to altered inositol lipid metabolism.” I would whole heartedly agree, 

though would like to push that even further and say that, with some effort, every human disease 

can be linked to altered PI(4,5)P2 levels.   
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Appendix A Quantification of genetically encoded lipid biosensors 

Appendix A.1 Materials 

Appendix A.1.1 Tissue Culture 

1. Glass-bottom culture dishes. 35 mm, #1.5 glass-bottom dishes, with 200 mm glass aperture 

(In vitro Scientific). 

2. Extracellular matrix for coating dishes. Fibronectin solution,1 mg/mL in DDiH2O. 

3. Extracellular matrix for coating dishes. Entactin–Collagen IV–Laminin (ECL) Cell 

Attachment Matrix. 

4. Phosphate-buffered saline (PBS). Purchased directly from suppliers. 

5. Cell dissociation reagent. Trypsin or TrypLE. 

6. Complete cell culture media. DMEM (low glucose), 10% fetal bovine serum (FBS), 100 

U/mL penicillin, 100 U/mL streptomycin, 1:1000 chemically defined lipid supplement 

(CDLS). 

7. HeLa cells. The HeLa cervical cancer immortalized cell line can be purchased from the 

American Type Culture Collection (ATCC). 

8. HEK293A cells. The HEK293A embryonic kidney immortalized cell line can be purchased 

from ThermoFisher Scientific.  

9. Transfection reagent. Cationic liposomal transfection reagent, such as Lipofectamine 2000. 

10. Reduced serum medium for transfection. Minimal essential medium (MEM), such as Opti-

MEM. 
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11. Plasmids for the expression of lipid sensors are readily available at Addgene 

(https://www.addgene.org/). The different options are listed in Table 1. 

Appendix A.1.2 Microscopy 

1. Complete HEPES Imaging Media (CHIM). Phenol red-free DMEM (FluorBrite), 10% 

FBS, 2 mM GlutaMax, 25 mM HEPES, pH 7.4, 1:1000 CDLS. 

2. Plasma membrane stain. 1:5000 CellMask deep red. 

3. Microscope. TIRF microscope, such as Nikon TiE with TIRF illuminator arm with 100X 

1.45 NA plan-apochromatic objective. 

4. Microscope. Confocal microscope, such as Nikon TiE A1Rwith 100X 1.45 NA plan-

apochromatic objective. 

Appendix A.1.3 Imaging analysis 

1. Image processing software package. ImageJ or Fiji Image Analysis software (490, 491) 

(see Note 1). 

2. Statistics software package. Excel or Prism 8—GraphPad Prism. 

Appendix A.2 Methods 

Appendix A.2.1 Seeding cells 

For each glass-bottom culture dish, coat glass with either FN or ECL (see Note 2). 
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Coating Dishes with FN 

1. Dilute 5μL of 1 mg/mL stock FN into 500μL of DDiH2O and add to the glass inset at the 

bottom of the 35-mm dish. 

2. Incubate for 30–60 min in an incubator. 

3. Aspirate DDiH2O and FN and add 2 mL of complete DMEM and return to the incubator 

to continue to warm. 

Coating Dishes with ECL 

1. Dilute 10μL of 1 mg/mL stock ECL into 500μL of DMEM and add to the glass inset at the 

bottom of the 35-mm dish. 

2. Incubate for 60 min in an incubator. 

3. Aspirate DMEM and ECL and add 2 mL of complete DMEM and return to the incubator 

to continue to warm. 

Appendix A.2.2 Splitting and seeding cells 

1. Using a sterile aspirating pipette, aspirate media from a confluent T75 flask (see Note 3). 

2. Wash the adherent layer of cells once with 10 mL of PBS (see Note 4).  

3. Add 1 mL of TrypLE and place the flask in an incubator for 1–5 min until cells have 

detached from the surface of the flask.  

4. Add 4 mL of complete DMEM to neutralize the TrypLE and to resuspend the cells in a 

total volume of 5 mL.  

5. Seed cells in previously coated dishes at an appropriate volume (see Note 5). For a next 

day transfection, seed 160 μL of cell suspension, or seed cells at 25%.  
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6. Allow cells to settle and adhere for >1 h before transfecting. Appendix Table 1.1 shows 

an overview of the cell suspension volumes for variations in seeding before transfection. 

Appendix A.2.3 Transfect cells 

Per 35-mm glass-bottom dish:  

1. Dilute 3.1 μL of Lipofectamine 2000 into 96.9 μL of OptiMEM in a 1.7-mL tube and mix. 

Generate a master mix for multiple transfections.  

2. Dilute up to 1 μg total plasmid DNA (10 μL total) into a total of 100 μL Opti-MEM in a 

1.7-mL tube and mix (see Note 6). Again, generate a master mix for multiple transfections. 

Below is an example of a single transfection mix for EGFP with biosensors for PI4P and 

for PI(4,5)P2 (see Note 7).  

a. 0.25 μg EGFP-C1.  

b. 0.25 μg mCherry-TubbyCR332H.  

c. 0.25 μg TagBFP2-P4Mx1 (see Note 8).  

d. 92.5 μL Opti-MEM (see Note 9).  

3. Combine the 100-μL diluted Lipofectamine 2000 and the 100-μL diluted DNA, and mix 

gently by flicking. Incubate for ~15 min at room temperature to allow for the formation of 

lipid–DNA complexes.  

4. Add the total 200-μL volume of lipid–DNA complex to the pre-seeded 35-mm glass-

bottom dish.  

5. After ~4 h, aspirate the transfection mix off of the cells and replace with 2 mL of fresh, 

prewarmed, complete DMEM.  

6. For transient transfections, visualize cells 16–48 h after transfection 
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Appendix A.3 Microscope set up and imaging 

Appendix A.3.1 TIRF microscopy 

1. Use appropriate excitation for each fluorescent protein. For example, we use a fiber-

coupled device with 405-nm (for TagBFP2), 488-nm (for EGFP), 561-nm (for mCherry), 

and 640-nm (for iRFP) laser lines to excite the indicated fluorescent protein.  

2. Collect fluorescence emission with appropriate bandwidth filters. For example, blue and 

yellow/orange channels are imaged through a dual-pass 420–480 nm and 570–620 nm 

Chroma filter, respectively, and green and far/infrared are imaged through a dual-pass 505–

550 nm and 650–850 nm Chroma filter, respectively.  

3. Optimize the incidence angle of the illuminating beam to greater than the critical angle, 

pixel binning, excitation intensity, and/or camera exposure time to maximize the signal-

tonoise ratio in images and minimize phototoxicity (i.e., set the minimal excitation power 

and exposure time) (see Note 10).  

4. A motorized XY positioning stage is used to register up to 30 fields during the recording 

period (see Note 11).  

5. Configure software acquisition to take one image over the 30 marked XY positions with 

no lag between images (see Note 12). 
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Appendix A.3.2 Confocal microscopy  

1. Use appropriate excitation for each fluorescent protein. For example, we use a fiber-

coupled device with 405-nm (for TagBFP2), 488-nm (for EGFP), 561-nm (for mCherry), 

and 640-nm (for iRFP) laser lines to excite the indicated fluorescent protein.  

2. Collect fluorescence emission with appropriate bandwidth filters. We use Chroma filters 

with 425–475 nm (for TagBFP2), 500–550 nm (for EGFP), 570–620 nm (for mCherry), 

and 663–737 nm (for iRFP). Differential interference contrast (DIC) is used on a 

transmitted light channel for confocal imaging.  

3. Set confocal pinhole at diameter for maximal axial resolution based on the longest 

wavelength channel (e.g., 1.2x Airy disc size on our Nikon A1R).  

4. Optimize confocal scan speed, line averaging, detector gain, excitation intensity, and/or 

camera exposure time for maximal signal-to-noise ratio in images with minimal 

phototoxicity (i.e., minimal excitation power and exposure time possible) (see Note 13).  

5. A motorized stage is used to register up to 30 fields during the whole recording period (see 

Note 11).  

6. Configure software acquisition to take one image over the 30 marked XY positions with 

no lag between images.  

Appendix A.3.3 Imaging 35-mm dishes  

1. Prewarm CHIM media (2.5 mL per dish) (see Note 14).  

2. Prepare CellMask (500 μL per dish at 1:5000 in prewarmed CHIM, i.e., 0.1 μL per dish).  
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3. Aspirate media off dish and add 500 μL of prediluted CellMask in CHIM. Allow to 

incubate for 3 min.  

4. Aspirate the CellMask mix and replace with 2 mL of fresh CHIM.  

5. Apply immersion oil on the 100X plan-apochromatic, 1.45 NA objective lens.  

6. Mount the dish on the microscope.  

7. Find the focus plane and look for healthy cells showing fluorescent signals in the channels 

required (see Note 15).  

8. Save up to 30 positions for acquisition during the experiment.  

9. Optimize the scan path and record the data to a file location of choice.  

Appendix A.4 Data analysis 

The above microscopy experiment results in images at single data points, which can be 

used to determine changes in lipid levels due to chronic effects, such as expression changes in lipid 

metabolizing enzymes. These differences can be observed at the plasma membrane using TIRFM 

or other membranes using confocal microscopy. We note that the quantification of data from TIRF 

microcopy is better suited for time-lapse imaging; refer to Appendix B for a detailed protocol. 

The following analysis best applies for images acquired by confocal microscopy.  

1. Import files into ImageJ (or its cell biology optimized build, Fiji) using the Laboratory for 

Optical and Computational Instrumentation (LOCI) Bio-Formats importer (490, 491) (see 

Note 16).  

2. Draw ROIs in the iRFP channel, around the CellMask-stained PM, of each cell to be 

analyzed using the Freehand selection tool (see Note 17).  
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3. Select the image(s) to be used to generate the mask and duplicate this image three separate 

times (Image -> Duplicate). Rename the starting image of I0 (Image -> Rename). Rename 

the other three duplicates I1, I2, and I3.  

4. Each of these images will be processed using a Gaussian blur filter with a progressively 

larger radius determined by the point spread function (PSF) of the channel used to generate 

the mask (Process -> Filters -> Gaussian Blur).  

5. PSF = Wavelength/ 2 x NA = 640/2 x 1:45 = 0:22 μm. 

6. The radius for the filter in I1 = 0.22 μm, I2 = 0.44 μm, and I3 = 0.66 μm.  

7. I0–I3 can then be used to generate wavelets 1–3.  

8. Using the image calculator function, generate the three wavelets by subtracting each 

smoothed image from the previous image (Process -> Image Calculator).  

a. I0–I1 = W1  

b. I1–I2 = W2  

c. I2–I3 = W3  

9. Determine the standard deviation (SD) of each resulting wavelet and threshold each by 

0.5*SD (Analyze -> Measure).  

10. Generate the product of the three wavelets to generate a filtered image (Process -> Image 

Calculator).  

a. W 1 * W2 * W3 10.  

11. Convert this image to a binary Mask by converting to 32-bit and dividing the image by 

itself (Image -> Type -> 32-bit -> Process -> Image Calculator). Set the brightness and 

contrast on this image between 0 and 1 (Image -> Adjust -> Brightness/Contrast -> Set).  

12. Save this as Mask.  
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13. Measure and determine the mean intensity of all ROIs in each channel (Analyze -> 

Measure).  

14. Normalize the intensity of each ROI to the mean intensity of each channel.  

15. Measure the intensity of each channel within the mask by multiplying the image by the 

mask (Process -> Image Calculator).  

16. Calculate the ratio of intensity within the mask relative to the intensity in the ROI 

(organelle/cyt or PM/cyt here).  

17. Copy and paste data into GraphPad Prism or other data analysis software and format as 

desired.  

18. This process is illustrated in Figure 1X (see Note 18).  

19. The data collected from this process are then illustrated in Figure 1X. 

Appendix A.5 Notes 

1. Fiji is a free version of ImageJ2, which includes the LOCI Bio-Formats importer. The Fiji 

software is also regularly updated using a built-in macro. 

2. Dishes can be coated with FN for most cells; however, ECL coating should be used for 

poorly adherent HEK293A cells. 

3. To ensure reproducibility of experiments, it is recommended that cells have been passaged 

no more than 30 times. 

4. Prewarm complete DMEM, PBS, and TrypLE to 37˚C for >20 min before culturing cells. 

DMEM can be prewarmed in a vented tissue culture flask in the incubator to allow for gas 

exchange. 
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5. Consider a doubling time of 24 h for cells, recommended seeding density of 50% for a 

same day transfection, or a seeding density of 25% for a next day transfection. Volume of 

cell suspension per dish = (confluence at seeding/100) x (dish surface area/surface area of 

flask) x resuspension volume (see Appendix Table 1.1). 

6. The volume of DNA can be controlled by diluting all plasmids to 100 ng/μL before storing 

and using them. 

7. Transfecting high concentrations of lipid biosensor has the potential to sequester the target 

lipid and effect normal cellular interactions. As such, biosensors should be expressed at the 

lowest concentration possible. This may require optimization depending on cell type and 

promoter driving expression of biosensor protein. 

8. Appropriate spectral separation is obtained by using these fluorescent proteins. 

9. This plasmid mix does not contain an iRFP-labeled PM marker. Cell Mask Deep Red will 

be used as a PM marker in this setup. However, an iRFP-tagged PM marker (iRFP-CAAX) 

could easily be included and transfected alongside the other plasmids. 

10. TIRF image acquisition parameters should be made to obtain the greatest sensitivity, 

resolution, and acquisition speed. The settings used in our lab are TIRF slider = 2150, 2x2 

pixel binning on our Andor Zyla 5.5 sCMOS camera (giving ~130 nm image pixel size 

through the 100X objective), <5%excitation, and 100 ms exposure time. These parameters 

maximize sensitivity and resolution and minimize photobleaching of the fluorophores. 

11. This setup is for cells taken at a single time point; refer to XX for a detailed setup for time-

lapse imaging. 

12. The time to acquire each image depends on the optimization of the settings in Note 10. The 

higher the signal-to-noise ratio and resolution, the slower the acquisition speed. The 
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conditions outlined above result in about a 3-s acquisition time per image, or about a 90-s 

total acquisition time for 30 images.  

13. Again, image acquisition parameters for confocal should be made to get the greatest 

sensitivity, resolution, and acquisition speed. The settings used in our lab are resonant scan 

mode, line average of 8 or 16 frames, and gain and excitation varying between different 

fluorophores, but these should be set to the lowest value possible. These settings maximize 

sensitivity and resolution and minimize photobleaching of the fluorophores.  

14. This DMEM-based formulation lacks phenol red and therefore has low background to 

increase the signal-to-noise ratio on fluorophores.  

15. In this case, healthy cells are defined by morphology visualized in DIC. Cells should be 

fully adherent to the dish and fully spread. Avoid imaging cells that have rounded up or 

those with blebbing or protrusions around the membrane, as these are dead or dying cells.  

16. LOCI developed Bio-Formats, which allows for ImageJ or Fiji to open all file formats, 

including proprietary formats from specific microscope vendors.  

17. Draw each ROI around a maximum intensity projection of all frames in the time-lapse to 

capture the maximum PM footprint for the generation of the PM mask in each frame.  

18. This process can be recorded into an automated macro using the ImageJ IJ1 macro 

language. 
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Appendix B Induced dimerization tools to deplete specific phosphatidylinositol phosphates 

Appendix B.1 Materials 

Generally speaking, this protocol uses a dimerization system to target localization of a 

phosphatase to deplete a specific pool of PPIns (Appendix Figure 1). A membrane-bound 

recruiter carrying an FRB domain is used to target the enzyme fused with the FKBP domain. 

Simultaneously, a lipid-binding domain fused to a fluorescent protein can be used to observe how 

lipid levels change at the specific cellular location. A prototypical protocol of depletion of 

PI(4,5)P2 from the plasma membrane (PM) is described here. However, lipid biosensors, enzymes, 

and membrane recruiters are interchangeable according to the experimenter’s scope (Appendix 

Table 1.2).  

Appendix B.1.1 Plasmids 

A wide range of phosphatases and biosensors for PPIns fused with a full spectrum of 

fluorescent protein are available from Addgene. For detailed directions about plasmid 

manipulations, refer to Appendix A (see Note 1). As an example, PI(4,5)P2 depletion is described 

in this protocol by using the following plasmids:  

1. piRFP-N1-Lyn11-FRB (recruiter).  

2. pTagBFP2-N1-Tubby (lipid biosensor).  

3. pmCherry-C1-FKBP-INPP5E (phosphatase that hydrolyzes 5-phosphate of PI(4,5)P2).  



 144 

Appendix B.1.2 Cell culture and transfection 

Standard cell culture and transfection materials are used:  

1. TrpLE (Life Technologies 12604039) for cell dissociation.  

2. Low glucose DMEM (Life Technologies) supplemented with penicillin (100 U/mL), 

streptomycin (100 μg/mL), 10% of heat-inactivated fetal bovine serum (FBS), and 0.1% 

chemically defined lipid supplement (Life Technologies).  

3. T75 flask (VWR International) and 35-mm glass-bottom dishes with 20-mm glass aperture 

(In Vitro Scientific).  

4. Opti-MEM (Life Technologies).  

5. Human Plasma Fibronectin (Life Technologies).  

6. Phosphate-buffered saline (PBS). 

7. Lipofectamine 2000. 

8. Cell culture incubator at 37˚C in a humidified atmosphere with 5% CO2. 

Appendix B.1.3 Live-cell imaging 

The steps provided below describe an experiment performed on a confocal microscope. 

However, this protocol is also applicable for the TIRF microscope, depending on the scope of the 

experiment. 

1. FluoroBrite DMEM (Life Technologies) supplemented with 10% of heat-inactivated fetal 

bovine serum, 25 mM HEPES(pH 7.4), and 0.1% chemically defined lipid supplement (see 

Note 2). 

2. 1 mM rapamycin in DMSO. Store as 20 μL aliquots at -20˚C. 
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3. Confocal microscope equipped with at least three laser lines. Experiments are optimized 

for a Nikon Eclipse TiE inverted microscope equipped with a 100X, plan apochromatic, 

1.45 NA oil-immersion objective lens and a Nikon A1R confocal scan head with a laser 

unit (LU-NV) containing four laser lines (405, 488, 561, and 640 nm). 

4. Motorized stage. 

5. Image acquisition software such as Elements (Nikon). 

Appendix B.1.4 Image analysis 

1. Open-access image analysis package Fiji. 

2. Analysis software such as GraphPad Prism. 

Appendix B.2 Methods 

Instructions to maintain cell culture and transfection procedures are standard. Particular 

indications are provided in Appendix A.  

Appendix B.2.1 Transfection  

Per 35-mm glass-bottom dish at ~50% confluence: 

1. Dilute 3.1μL of lipofectamine 2000 into 96.9 μL of Opti-MEM in a sterile 1.5-mL plastic 

tube and mix. 
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2. Dilute up to 1μg of total plasmid DNA into a total of 100 μL of Opti-MEM in a 1.5-mL 

plastic tube and mix. As a preliminary experiment, begin with the following masses of 

DNA (see Note 3): 

a. 300 ng of piRFP-N1-Lyn11-FRB, 

b. 300 ng of pmCherry-C1-FKBP-INPP5E, 

c. 400 ng of pTagBFP2-N1-Tubby (see Note 4). 

3. Combine tubes containing plasmids and lipofectamine dilution. 

4. Incubate for 20 min at room temperature to allow lipid–DNA complex formation. 

5. Gently add complex lipid–DNA to cells and mix by swirling the dish. 

6. Incubate for 4 h and replace the transfection mix with 2 mL of fresh DMEM. 

7. Cells are imaged 18–24 h after transfection. 

Appendix B.2.2 Microscope setup 

1. Use a fiber-coupled laser device equipped with 405-nm (for TagBFP2), 561-nm (for 

mCherry), and 640-nm (for iRFP) laser lines to excite the indicated fluorescent protein (see 

Note 5).  

2. Collect fluorescence emission with bandwidths at 425–475 nm (for TagBFP2), 570–620 

nm (for mCherry), and 663–737 nm (for iRFP). Differential interference contrast (DIC) is 

used on a transmitted light channel (see Note 6).  

3. Our experiments are optimized with the Nikon A1R laser scanning confocal microscope. 

If available, use the resonant mode of A1R confocal scan head (see Note 7).  

4. Set pinhole at 1.2x Airy disc size based on the longest wavelength channel (see Note 8).  
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5. A motorized stage is used to register up to 16 fields for each time frame during the whole 

recording (see Note 9).  

6. Our experiments are optimized with the acquisition software “Elements” by Nikon (see 

Note 10).  

7. Configure software acquisition to take a sequence of frames each 30 s for 17 m (see Note 

11). 

Appendix B.2.3 Time-lapse imaging and rapamycin addition 

1. Turn on a microscope at least 20 min before starting the experiment to allow stabilization 

of the optical system.  

2. Prepare a fresh dilution of rapamycin at 5 μM in FluorBrite DMEM (see Note 12).  

3. Clean 100X objective lens with appropriate wipes and cleaning solution.  

4. Apply immersion oil on the 100X plan apochromatic, 1.45 NA objective lens.  

5. Before placing the dish on the microscope, remove growth medium and rinse once with 1 

mL of pre-warmed FluoroBrite DMEM.  

6. Add 1.6 mL of FluroBrite DMEM and mount the dish on the microscope.  

7. Find the focus plane and look for cells showing fluorescent signal in the three channels 

(see Note 13).  

8. Save the number of positions to register during the experiment (see Note 14).  

9. Start acquisition allowing 2 min of baseline before inducing recruitment of mCherry-

FKBP-INPP5E with rapamycin (see Note 15).  

10. Add 400 μL of 5 μM rapamycin (see Note 16). 

11. Continue acquisition and save experiment. 
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Appendix B.3 Data Analysis 

Using the above plasmids and protocol, depletion of PI(4,5)P2 on the PM can be performed. 

In addition, the strategy described above leaves the green channel to record an additional 

fluorescent reporter (e.g., a second GFP-tagged lipid biosensor). Using these image data, we can 

obtain fluorescence intensity measurements on a given cellular location for each channel. These 

selective measurements over a cellular compartment of interest are done by producing a binary 

mask. Usually, the recruiter channel is used to construct the mask. 

 

Appendix B.3.1 Confocal microscopy 

1. Import images into the open-access image analysis platform Fiji (see Note 17). 

2. Single series are analyzed, first producing a binary mask using the recruiter channel (Lyn11-

FRB-iRFP) for each frame along the whole time-series (see Note 18). 

3. Draw regions of interest (ROIs) containing the whole cell (see Note 19). 

4. Measure fluorescence intensity on each mask at a specific timeframe for all channels, 

including the recruiter channel (see Note 20). 

5. Normalize signal between experiments by using the ratio of fluorescence intensity raw data 

divided by the fluorescence at the first frame for the same cell. 

6. Expected results must show an increase in fluorescence intensity of mCherry-FKBP-

INPP5E after inducing dimerization with rapamycin. As consequence, a decrease of the 

signal of TubbyC-TagBFP2 must occur and no changes on Lyn11-FRB-iRFP are expected 

to happen. 
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Appendix B.3.2 TIRF microscopy 

1. Import files into Fiji using the LOCI Bio-Formats importer. 

2. Draw an ROI in the background of the image(s) to be analyzed. 

3. Measure the intensity of the background ROI. 

4. Subtract the background data from the images. 

5. Draw ROIs around labeled cells in each frame (see Note 21). 

6. Measure the intensity within the ROI in each channel at each timepoint. 

7. Copy and paste data into GraphPad Prism and format as desired. 

Appendix B.4 Notes 

1. Keep in mind the topology of protein of interest. The FKBP-tagged protein must be 

cytosolic. If you are working with an enzyme that has a membrane-interacting domain, it 

will be necessary to remove it and test that the enzymatic function of protein remains 

unaltered. Verify plasmids by DNA sequencing before using them.  

2. Experiments were optimized for this reagent. Fluorobrite is a DMEM-based formulation 

presenting low background to enhance signal-to-noise ratio on fluorophores.  

3. The amount of FRB expression is limiting to recruit FKBP (Appendix Figure 1). For this 

reason, the first time the experiment is run, different ratios of FRB/FKBP expression should 

be tested. Because transfection efficiency is variable for each plasmid and several factors 

affect the expression of the protein of interest, this step is experimentally determined by 

changing plasmid concentrations during transfection (Fig. 2). 
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4. An appropriate spectral separation is performed by using these three fluorescent proteins. 

In addition, this configuration allows an extra emission window to add another fluorophore 

in the green channel.  

5. Under this configuration, a 488-nm laser line is available to excite another fluorophore. 

This excitation is most commonly used to excite GFP with an emission of 500–550 nm.  

6. To avoid crosstalk, images are sequentially acquired by avoiding spectral overlapping: 

TagBFP2 followed by mCherry, then GFP, and lastly iRFP.  

7. Other microscope systems equipped with similar settings as mentioned above can be used.  

8. Increasing Airy disc size increases signal but decreases both Z and X–Y resolution.  

9. A total of 8 or 16 frames are averaged to improve the signal to noise ratio. This step is 

optional, but registering more than one field per dish makes for more efficient and robust 

data gathering and statistically tractable results. It also minimizes cell variability effects 

and obtains more reliable data when single treatment experiments are performed, as occurs 

with irreversible chemical dimerizers. The number of positions is determined as the 

maximum number of fields accommodated by the time frame.  

10. Other systems and proprietary image acquisition software may be used, though the user 

may need to optimize.  

11. High affinity and fast permeability of rapamycin induces dimerization in the order of 

seconds. In this way, kinetics of depletion of PPIns can be recorded in 5 min, with 2 min 

of baseline signal. For custom experiments, establish time-lapses by considering the time 

frame of changes that will be observed. This later point is determined in pilot experiments.  

12. Final concentration of rapamycin in cells is 1 μM. A dilution 1:5 is used at the moment of 

the experiment.  
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13. Set confocal Z-axis position on the equatorial section of cells to reduce out-of-focus 

changes during acquisition. In addition, the maximal signal on the PM is recorded at this 

z-section.  

14. Increase movement efficiency of motorized stage by using a looping pattern.  

15. Pre-addition frames will be used to normalize baseline correction.  

16. Add rapamycin gently after the fifth frame capture.  

17. Use LOCI’s Bio-Formats plugin to open images on a standard ImageJ compatible format. 

A series containing information of three or four channels will be open. Each series 

represents one field of acquisition along the time.  

18. Detailed instructions about the mask constructions are provided in Appendix A.  

19. Measurements of total fluorescent intensity are performed on the respective mask for each 

frame; ROIs delimit signal by cell in order to get an average signal of all the cells.  

20. Basic protocol registers the depletion of specific PPIns on the recruiter localization, but 

another subcellular region can be monitored simultaneously, taking advantage of additional 

channels.  

21. Draw each ROI around a minimum intensity projection to capture PM footprint, which is 

always in contact with the glass-bottom dish. 
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Appendix Table 1.1 Suggested cell suspension volumes to seed cells for transfections. 

Volume of 
Suspension 
(µL) 

Days Post 
Seeding for 
Transfection 

Confluence 
at Seeding 
(%) 

Ending 
Surface 
Area 
(cm2) 

Starting Surface 
Area (cm2) 

Resuspension 
Volume (mL) 

80 2 12.5 9.6 75 5 
160 1 25 9.6 75 5 
320 0 (same day) 50 9.6 75 5 
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Appendix Table 2.2 Representative phosphoinositide phosphatases. 

Categorization Phosphatase Lipid substrate1 Product1 

3-phosphatase 
(pptase) 

TPIP PI(3,4,5)P3 PI(4,5)P2 

MTM and MTMR PI(3,5)P2 and/or 
PI3P 

PI3P and/or 
PI 

PTEN PI(3,4,5)P3 and/or 
PI(3,4)P2 

PI(4,5)P2 and/or 
PI(3)P 

4-pptase Sac1 PI4P and/or 
PI3P PI 

INPP4A/B PI(3,4)P2 PI3P 

5-pptase 

ORCL 
PI(4,5)P2 and/or 
PI(3,4,5)P3 and/or 
PI(3,5)P2 

PI(4)P and/or 
PI(3,4)P2 and/or 
PI(3)P 

Synaptojanins PI(3,4,5)P3 and/or 
PI(3,5)P2 

PI(3,4)P2 and/or 
PI(3)P 

INPP5B PI(4,5)P2 and/or 
PI(3,4,5)P3 

PI(4)P and/or 
PI(3,4)P2 

SKIP PI(4,5)P2 and/or 
PI(3,4,5)P3 

PI4P and/or 
PI(3,4)P2 

SHIP1 PI(3,4,5)P3 and/or 
PI(4,5)P2 

PI(3,4)P2 and/or 
PI4P 

SHIP2 
PI(4,5)P2 and/or 
PI(3,4,5)P3 and/or 
PI(3,5)P2 

PI4P and/or 
PI(3,4)P2 and/or 
PI3P 

INPP5E PI(3,4,5)P3 and/or 
PI(4,5)P2 

PI(3,4)P2 and/or 
PI4P 

1 (9) 
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Appendix Figure 1 Rapamycin induces recruitment at different efficiencies of FRB-FKBP ratios. 

Plasmid encoding Lyn11-FRB-iRFP transfected at a ratio of 1.4:1 with plasmid encoding mCherry-FKBP produces 

little apparent localization change. When the plasmid encoding Lyn11-FRB-iRFP is transfected at a ratio of 3:1 to the 

plasmid encoding mCherry-FKBP instead, then rapamycin induces clear localization of mCherry at the PM. Scale Bar 

~10 μm. 
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