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ABSTRACT 

Edhriz Siraliev-Perez: DYNAMICS OF ALLOSTERIC REGULATION OF THE 
PHOSPHOLIPASE C-γ ISOZYMES 

(Under the direction of John Sondek) 

 
The phospholipase C (PLC)-γ isozymes (-γ1 and -γ2) are activated by 

phosphorylation downstream of numerous tyrosine kinases including receptor tyrosine 

kinases for growth factors. Once phosphorylated, PLC-γ isozymes catalyze the hydrolysis 

of the membrane phospholipid, phosphatidylinositol 4,5-bisphosphate (PIP2) into the 

second messengers 1,2-diacyglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3). The 

regulated activation of this signaling pathway controls diverse biological processes 

including vasculature, chemotaxis, and immunity. Conversely, aberrant PLC-γ isozyme 

signaling leads to human diseases including cancer and immune disorders. The work 

presented in this dissertation describes a protocol for the quantification of PLC activity in 

vitro, the crystal structure of autoinhibited PLC-γ1, and a model of allosteric control of PLC-

γ isozyme activation based on hydrogen deuterium exchange coupled to mass 

spectrometry (HDX-MS). 

First, we developed a protocol for the quantification of PLC activity in vitro using a 

fluorogenic substrate that partitions into membranes. This assay permits the continuous 

monitoring of PLC activity at a pH of 7.4 ± 0.2 and at a concentration of free calcium of 

approximately 400 nM. This assay can be modified to include small molecules, peptides, 

and effectors. 

Second, we describe the crystal structure of PLC-γ1 in the autoinhibited state. The 

structure illustrates the arrangement of the regulatory domains relative to the catalytic core 
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to form two interfaces that effectively block access to the active site. Simultaneously, the 

regulatory domains are arranged to integrate inputs from adaptor and signaling proteins.  

Finally, the dynamics of PLC-γ isozyme activation were assessed with a 1:1 

complex of PLC-γ1 bound to phosphorylated kinase domain of the fibroblast growth factor 

receptor 1 (FGFR1K). According to HDX-MS, binding of PLC-γ1 to the kinase causes 

widespread changes in deuterium incorporation that suggest a loosening of the interfaces 

between the regulatory domains and the catalytic core. These results suggest that kinase 

engagement shifts the dynamic equilibrium of PLC-γ isozymes from an autoinhibited 

conformation to a more active conformation. In addition, oncogenic substitution of PLC-γ1 

mimics the effects of kinase engagement and uncovers functional cooperativity of kinases 

and lipid bilayers.
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from Springer Nature Group (publisher of Methods in Molecular Biology) as explained at 

https://www.springer.com/authors/book+authors/helpdesk?SGWID=0-1723113-12-
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Fig. 3b and 7b-c. Nicholas C. Keith performed in cell activity assays, Brenda R. S. Temple 

performed and analyzed molecular dynamic simulations, Weigang Huang provided the 

fluorogenic substrate. Qisheng Zhang, T. Kendall Harden, and John Sondek were 
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CHAPTER I: PHOSPHOLIPASE C-γ ISOZYME SIGNALING 

Cell signaling 

Cells maintain homeostasis by responding to numerous extracellular signals. 

These signals bind and activate cell-surface receptors to elicit intracellular responses. The 

conglomerate of proteins that receive, interpret, and relay this information is known as a 

signaling pathway or axis. In addition, signaling pathways amplify the incoming signal and 

modulate the time and duration of the response. A key step in the amplification of a signal 

is the creation of second messengers (1). One such example is the formation of 1,2-

diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3) produced from the hydrolysis 

of phosphatidylinositol 4,5-bisphosphate (PIP2) by phospholipase C (PLC) isozymes (2). 

PLC isozyme signaling 

A multitude of extracellular signals including neurotransmitters, hormones, and 

growth factors stimulate the activation of the thirteen mammalian PLC isozymes (3). These 

isozymes are divided into six subgroups (-β, -γ, -δ, -ε, -ζ, -η) based on sequence similarity 

and share a conserved catalytic core (Fig. 1.1) (4). Upon release of autoinhibition, all PLC 

isozymes hydrolyze the minor membrane phospholipid PIP2 at the inner leaflet of the 

plasma membrane. Hydrolysis of the phosphodiester bond between the inositol head 

group and the glycerol backbone generates the second messengers DAG and IP3. DAG 

remains at the inner leaflet of the plasma membrane and activates conventional protein 

kinase C (PKC) isozymes while IP3 diffuses throughout the cytosol and binds IP3 receptors 

to liberate calcium ions sequestered inside the endoplasmic reticulum (Fig. 1.2) (2, 3, 4). 
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In addition, the consumption of PIP2 modulates the function of membrane proteins 

including ion channels and phosphoinositide-binding proteins (3, 4). This bifurcated 

signaling axis initiates and amplifies numerous biological processes including cell division, 

differentiation, and migration (2, 3, 4). 

PLC isozyme domain architecture 

The structure of the ancestral homolog PLC-δ1 highlights the conserved domain 

architecture shared among all PLC isozymes, which consists of an N-terminal pleckstrin 

homology (PH) domain, two pairs of EF hands, a catalytic triosephosphate isomerase 

(TIM) barrel, and a C-terminal C2 domain (Fig. 1.3A) (5). The following subsections aim 

to briefly describe the structure and function of these domains. 

PH domain 

PH domains were first described in pleckstrin, a protein in platelets, and later found 

in a wide variety of proteins including kinases, small G protein regulators, and cytoskeletal 

proteins (6, 7). The domain is approximately 120 residues and comprised of perpendicular 

β strands centered between a C-terminal amphipathic α helix and three unstructured loops 

of varying length and amino acid composition at the amino terminus (4, 7). 

Typically, PH domains bind membrane-embedded phosphoinositides with high 

affinity (low µM to nM range) (8) and high specificity thus enabling the recruitment of 

cytosolic proteins to membranes, cellular compartments, and signaling hubs. For example, 

structural and biochemical studies have shown that the PH domain of PLC-δ1 

preferentially binds to PIP2 with high affinity (~1µM) (9) and is responsible for membrane 

recruitment of full-length PLC-δ1 (Fig. 1.4A) (10). Interestingly, the residues responsible 

for coordinating the inositol head group are not conserved among the PLC isozymes 

suggesting that the N-terminal PH domain is not functionally redundant. In fact, the PH 
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domain of PLC-β isozymes do not bind phosphoinositides, instead it binds Rac isozymes 

in the GTP-bound form (4). This high affinity interaction (Kd = 5-10 µM for PLC-β2 and >25 

µM for PLC-β3) (11) is proposed to stabilize PLC-β isozymes at the membrane after 

recruitment by G proteins (Fig. 4, center). A similar scenario is present in PLC-γ1 where 

the PH domain is proposed to bind PIP3 instead of PIP2 (4) although the crystal structure 

of essentially full-length PLC-γ1 contradicts this idea (12). 

EF hands 

Most EF hands are calcium-binding motifs comprised of two α helices, helix E and 

helix F, connected through an unstructured loop (13). Conserved acidic residues within 

these loops bind calcium ions with high affinity eliciting structural changes first described 

in parvalbumin (14). There is little evidence to suggest calcium-dependent activation or 

regulation of the PLC isozymes mediated through their EF hands. This notion is further 

supported by the structures of several PLCs. The structure of PLC-δ1 highlights a lack of 

electron density in the loop regions of the EF hands, suggesting that the loops are highly 

mobile (5). Moreover, there is no calcium bound in the structures of PLC-δ1 (5), PLC-β2 

(15), PLC-β3 (16), or PLC-γ1 (12). However, a new function of the EF hands was 

highlighted by the structure of active PLC-β3 in complex with Gαq. The structure describes 

an insertion of eight amino acids between the third and fourth EF hands that have GTPase 

activating protein (GAP) function (16). This insertion is unique in the PLC-β isozymes and 

robustly stimulate hydrolysis of GTP by the Gαq subunit. Hydrolysis of GTP results in the 

simultaneous shut-off of Gαq signaling and alters the dynamics of PLC-β signaling (17). 

C2 domain 

The C-terminal C2 domain is a β-sandwich consisting of eight antiparallel β strands 

that are capped by three loops (18). Together, the loops form calcium binding sites that, 
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upon binding, elicit conformational changes of the loops. Generally, these conformational 

changes are described as jaws that open in the presence of calcium ions (19). In PLC-δ1, 

residues responsible for calcium binding are required for plasma membrane association 

(20). This mechanism of membrane recruitment has not been proved for PLC-β2 and PLC-

γ1. Another putative function of the C2 domain is maintenance of structural integrity of the 

catalytic core. This idea is supported by the structures of PLC-δ1 (5, 19), PLC-β2 (16), and 

PLC-γ1 (12) where the C2 domain is tightly packed against the catalytic TIM barrel. 

TIM barrel 

The TIM barrel is the most common protein fold found in nature (21). This fold 

consists of eight β strands and α helices that form a cylinder where numerous and 

biologically unrelated chemical reactions are catalyzed (21). In the PLC isozymes, the TIM 

barrel constitutes the active site where hydrolysis of membrane-bound PIP2 is catalyzed 

(Fig. 1.3B) (3). Of note, the TIM barrel is split into two halves, the X and Y boxes, by a 

linker of varying length known as the X-Y linker (4). 

The structure of PLC-δ1 illustrates the organization of the TIM barrel and describes 

a mechanism for the hydrolysis of PIP2 (5). The active site is formed as a solvent-

accessible cavity with several residues responsible for ligation of the substrate, 

coordination of the essential calcium cofactor, and orientation of the nucleophile (Fig. 

1.3D). First, substrate binding is achieved by an extensive network of hydrogen bonds 

between the side chains of Lys438, Lys440, Ser522, and Arg549 with the 4’ and 5’ 

phosphorylated hydroxyl groups of the inositol head group. In addition, the aromatic ring 

of Tyr551 forms numerous van der Waals contacts with the parallel inositol ring. Second, 

hydrolysis of PIP2 requires a calcium cofactor that is ligated by surrounding acidic residues 

Asn312, Glu341, Asp343, and Glu390.  
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Finally, hydrolysis of PIP2 follows a general acid-base catalysis where the 2’-

hydroxyl group of the inositol group is deprotonated by a general base (Glu341). The 2’-

hydroxyl group then carries out a nucleophilic attack on the 1’-phosphate leading to the 

formation of DAG and a cyclic intermediate that is stabilized by His311 and the calcium 

ion. Subsequently, His356 coordinates an incoming water molecule that carries out a 

nucleophilic attack on the cyclic intermediate thus forming IP3. Mutation of any of the 

residues involved in substrate binding, calcium coordination, or catalysis, lead to a 

spectrum of catalytically-deficient enzymes as measured by hydrolysis of [3H]-PIP2 

embedded in phospholipid vesicles (22). These residues are strictly conserved across all 

PLCs indicating that the mechanism for substrate hydrolysis is conserved. 

The PLC isozymes are basally cytosolic whereas their substrate, PIP2 is 

membrane bound. Therefore, access to PIP2 requires membrane association and partial 

insertion of the TIM barrel into lipid bilayers This is attained by a ridge of hydrophobic 

residues (Leu320, Tyr358, Phe360, Leu529, and Trp555 in PLC-δ1) that surround the 

active site (Fig. 1.3C). These residues are highly conserved across all PLCs and their 

orientation is the same in the structures of PLC-β2 and PLC-β3. Alanine substitutions of 

these bulky nonpolar residues decreased PIP2 hydrolysis only in the context of 

phospholipid vesicles (22).  

X-Y linker 

As mentioned above, the catalytic TIM barrel is bisected by a linker of varying 

length known as the X-Y linker. In most PLCs the X-Y linker basally autoinhibits 

phospholipase activity and its removal leads to a significant increase in phospholipase 

activity both in vitro and in cells (4). The chemical and physical properties of the X-Y linker 

diverge across PLCs and thus, engender unique regulatory mechanisms to individual 

isozymes (Fig. 1.4A-C, lower panels). 
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The PLC-δ isozymes share a negatively charged linker that precludes membrane 

association via electrostatic repulsion (Fig. 1.4A). The crystal structure of PLC-δ1 

highlights a lack of electron density in this region suggesting that the linker is disordered 

and highly mobile (5). The X-Y linker of the PLC-β isozymes is also negatively charged 

and largely unstructured except at the C-terminus where a single α helix physically 

occludes access to the active site (Fig. 1.4B) (16, 23). In contrast, the PLC-ζ possess a 

positively-charged linker that associates with membranes and drives elevation of 

phospholipase activity (5). Finally, the PLC-γ isozymes are unique as the X-Y linker 

contains an array of additional regulatory domains poised to basally autoinhibit 

phospholipase activity and to simultaneously bind additional scaffolding proteins (Fig. 

1.4C) (12, 24). The PLC-γ isozymes are the focus of this dissertation and are discussed 

in more detail in the following sections. 

PLC-γ isozymes 

The PLC-γ isozymes, PLC-γ1 and PLC-γ2, are unique among the PLCs in that they 

are directly activated by tyrosine phosphorylation and possess an array of additional 

regulatory domains comprised of a split PH domain (sPH), an N-terminal SH2 (nSH2) 

domain, a C-terminal (cSH2) domain, and an SH3 domain (3) (Fig. 1.5). The following 

section describes how these regulatory domains mediate autoinhibition, and the interplay 

between phosphorylation-dependent activation and the scaffolding properties of the 

regulatory domains. Next, a mechanistic model of PLC-γ isozyme activation is proposed. 

Autoinhibition 

The array of additional regulatory domains unique to the PLC-γ isozymes 

autoinhibit phospholipase activity as removal of the entire array leads to a robust increase 

in PLC-γ1 activity (24). Subsequent systematic deletion of the regulatory domains 
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implicated the cSH2 domain as the major determinant mediating autoinhibition of 

phospholipase activity since removal or mutation of this domain also leads to a robust 

elevation of PLC-γ isozyme activity in vitro and in cells (24). 

The crystal structure of the isolated cSH2 of PLC-γ1 describes a patch of positively 

charged residues that comprise the BG and EF loops (25) suggesting that the cSH2 

domain may mediate autoinhibition through interactions with a complementary surface 

within PLC-γ1 of negative charge. Consequently, charge swap mutations within the 

catalytic core resulted in an increase in phospholipase activity suggesting that disruption 

of interactions between the cSH2 domain and the catalytic core release autoinhibition (25). 

In fact, the isolated cSH2 domain binds with approximately 0.36µM binding affinity to a 

peptide encompassing phosphorylated Tyr783 (pY783) of PLC-γ1 (24). A crystal structure 

of the isolated cSH2 domain bound to this peptide illustrates that the peptide-binding 

surface is the same electropositive surface that mediates autoinhibition (25). Together, 

these data suggest that autoinhibitory contacts between the cSH2 domain and the 

catalytic core are disrupted by binding of phosphorylated tyrosines of PLC-γ1 to the cSH2 

domain. 

The recent crystal structure of essentially full-length PLC-γ1 provides a premier 

look into two major interfaces that position the regulatory domains on top of the catalytic 

core to mediate autoinhibition (Fig. 1.6) (12). One interface is formed by the cSH2 domain 

and the catalytic core. Specifically, the structure illustrates how the BG and EF loops of 

the cSH2 domain clasp prominent turns of the C2 domain of the catalytic core (Fig. 1.6D). 

Importantly, these turns serve as anchor points to membranes in PLC-δ1, where calcium 

ions mediate interaction with negatively-charged membranes and the C2 domain (20) (Fig. 

1.3A-B). The second interface is formed between the sPH domain which lies directly on 

top of the catalytic TIM barrel (Fig. 1.6C). Here, residues of the sPH domain interdigitate 
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with residues of the hydrophobic ridge thus sterically occluding access to the active site. 

Although these interfaces do not overlap, a C-terminal portion of the SH3 domain supports 

and maintains the cSH2 and sPH domain together. 

Prior to the advent of the crystal structure of PLC-γ1, Bunney et al. described a 

structure of PLC-γ1 using small-angle X-ray scattering (SAXS) (26). The model describes 

the regulatory domains in a completely different arrangement relative to the crystal 

structure. The authors propose that the sPH and cSH2 domain occupy the central volume 

of the SAXS envelope with the nSH2 and SH3 domains occupying flanking positions. This 

arrangement of the regulatory domains would require a different mode of autoinhibition as 

the sPH domain does not contact the TIM barrel implicating only the cSH2 domain in 

mediating autoinhibition. 

Phosphorylation-dependent activation 

The activation of the PLC-γ isozymes requires phosphorylation of tyrosine residues 

within the regulatory domains. Several classes of tyrosine kinases phosphorylate and 

activate PLC-γ isozymes including both soluble and receptor tyrosine kinases (RTKs) (2, 

4). Depending on the cell context, the PLC-γ isozymes are activated by soluble kinases 

coupled to immune receptors as well as by receptors for fibroblast growth factor (FGF), 

epidermal growth factor (EGF), platelet-derived growth factor (PDGF), and nerve growth 

factor (NGF) (3). 

Activation of PLC-γ isozymes downstream of RTKs is initiated in the presence of 

an extracellular stimuli. The receptors dimerize and autophosphorylate tyrosine residues 

C-terminal to the kinase domain, e.g. Tyr766 in FGFR1 (27). These phosphorylated 

tyrosines serve as docking sites for the nSH2 domain within the regulatory domains to 

recruit PLC-γ isozymes from the cytosol to membranes (28). Subsequently, active kinases 

phosphorylate tyrosine residues within the regulatory domains of PLC-γ isozymes 
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including positions 186, 472, 481, 771, 775, 783, 959, 977, and 1254 (29, 30). Of these, 

only Tyr775 and Tyr783 are conserved in PLC-γ2 (equivalent positions Tyr753 and 

Tyr759) (3). Additional tyrosines in PLC-γ2 (positions 1197 and 1217) are also 

phosphorylated and implicated in regulation although these sites are not conserved in 

PLC-γ1 (31). 

Phosphorylation of Tyr783 in PLC-γ1 is required for phosphorylation-dependent 

elevation of phospholipase activity (32). This model is further supported by biochemical 

studies in which Tyr783 was mutated to phenylalanine. This PLC-γ1 variant had a 

reduction in total phosphorylation and is refractory to kinase-stimulated elevation of 

phospholipase activity (24). Phosphorylation of Tyr775 in PLC-γ1 has also been shown to 

be essential for PLC-γ isozyme activation downstream of the B-cell receptor (30) and 

RTKs (32). Surprisingly, mutation of Tyr775 in PLC-γ1 did not substantially affect total 

phosphorylation or kinase-stimulated activity with purified components (24). The non-

essential function of Tyr775 is further supported by mutation of this site along with six 

other tyrosines, which did not affect phospholipase activation and appear to be 

dispensable for FGF-dependent stimulation of endothelial cells (26). 

Dual phosphorylation of Tyr775 and Tyr783 in PLC-γ1 and the equivalent positions 

in PLC-γ2 are required downstream of soluble tyrosine kinases associated to immune 

receptors (30). How dual phosphorylation drives elevation of phospholipase activity in this 

context remains to be understood. However, binding affinity experiments with the isolated 

cSH2 domain of PLC-γ1 and peptides encompassing phosphorylated tyrosines revealed 

that phosphorylation of Tyr775 decreased binding affinity of pY783 toward the cSH2 

domain suggesting that phosphorylation at this site may modulate the magnitude of 

activation upon binding of pY783 to the cSH2 domain (24). 
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Scaffolding properties of the regulatory domains 

The regulatory domains confer unique properties for the regulated activation of the 

PLC-γ isozymes. First, the sPH domain binds the small GTPase Rac2 (33). This is 

supported by a nuclear magnetic resonance (NMR) structure of the sPH domain of PLC-

γ2 bound to active Rac2 (34). Subsequent biochemical studies showed that this interaction 

elevates PLC-γ2 activity in cells and with purified components. This interaction is thought 

to stabilize the active ensemble of membrane-bound PLC-γ2 instead of disrupting the 

overall structure of autoinhibited PLC-γ2. 

Adjacent to the sPH domain are two SH2 domains in tandem, the nSH2 and the 

cSH2 domains. The nSH2 domain is required for binding to active tyrosine kinases (28) 

and binds with high affinity (Kd = 0.40µM) to a peptide encompassing phosphorylated 

Tyr769 of FGFR2 (24). The role of the nSH2 domain as the site for association with active 

tyrosine kinases is further supported by a structure of the tandem SH2 domains in complex 

with the kinase domain of FGFR1 (FGFR1K) (35). In this structure, phosphorylated Tyr766 

(pY766) of FGFR1K is bound to the nSH2 domain – not the cSH2 domain. However, this 

study also shows that isolated cSH2 domain can bind phosphorylated FGFR1K albeit with 

approximately 15-fold lower binding affinity than the isolated nSH2 domain. The authors 

also describe a secondary binding site outside of the canonical phosphotyrosine (pTyr)-

binding pocket of the nSH2 domain. Residues within this secondary binding site are 

implicated in binding FGFR1K as mutation of these residues decreased binding affinity 

approximately 4-fold. 

Although the pTyr-binding pocket of the cSH2 domain is buried in the structure of 

PLC-γ1, the isolated cSH2 domain binds with nanomolar affinity to a peptide 

encompassing phosphorylated Tyr783 (pY783) of PLC-γ1 (24). As mentioned above, a 

crystal structure of the isolated cSH2 domain bound to this peptide (25) illustrates that the 
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pTyr-binding surface of the cSH2 domain is the same surface that clasps prominent turns 

of the C2 domain in full-length PLC-γ1 (12). Together, these data suggest that 

autoinhibition is disrupted, in part, by the intramolecular interactions between 

phosphorylated tyrosines of PLC-γ1, e.g. Tyr783, and the cSH2 domain. 

The SH2 domains may work in concert upon engagement of kinases to facilitate 

intramolecular interactions between pY783 of PLC-γ1 to the cSH2 domain. This idea is 

supported by comparison of the structure of full-length PLC-γ1 (12) to the aforementioned 

structure of the tandemSH2 domain bound to phosphorylated FGFR1K (35).  This 

comparison illustrates that the βA/αA loop of the nSH2 domain is rearranged to 

accommodate pY766 of FGFR1K and that this rearrangement leads to additional 

movements of the cSH2 domain. If true, equivalent movements in full-length PLC-γ1 would 

partially expose the pTyr-binding surface of the cSH2 domain, thus priming the cSH2 

domain to accept phosphorylated tyrosines, e.g. pY783. Engagement of pY783 by the 

cSH2 domain is presumed to disrupt interactions between the cSH2 domain and the C2 

domain of the catalytic core to initiate rearrangements of the regulatory domains relative 

to the catalytic core effectively releasing autoinhibition. 

A competing model for the roles of the SH2 domains in PLC-γ isozymes was 

proposed by Huang et al. (36). This study postulates that the cSH2 domain – not the nSH2 

domain – is responsible for association with tyrosine kinases downstream of a panel of 

growth factors. Moreover, the study shows that mutation of the cSH2 domain is sufficient 

to abrogate binding to the phosphorylated kinase domain of FGFR2. The study also 

describes a crystal structure of the isolated cSH2 domain of PLC-γ1 bound to two kinase 

domains of FGFR2. The authors suggest that this interaction is biologically relevant and 

propose that one kinase is responsible for recruiting PLC-γ isozymes to signaling hubs 

whereas a second kinase phosphorylates PLC-γ1. In contrast, in the structure of PLC-γ1, 
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the nSH2 has unfettered access to the solvent whereas the pTyr-binding surface of the 

cSH2 domain is buried and contacts prominent turns of the C2 domain, effectively 

mediating autoinhibition (12). 

The array of regulatory domains is completed by an SH3 domain. Typical SH3 

domains engage various proteins via the canonical polyproline binding site (37). In the 

PLC-γ isozymes, the SH3 domain serves as a scaffolding module that engages proteins 

of T cell signaling including Vav1 (38) and SH2 domain-containing leukocyte protein of 

76kDa (SLP-76) (39). A comparison of the unbound structure of the isolated SH3 domain 

of PLC-γ1 and this domain bound to a peptide encompassing SLP-76 reveals that several 

residues within the SH3 domain shift toward SLP-76 to optimize shape complementarity 

and hydrophobic contacts (40). 

Model of activation 

The biochemical and structural studies described above evoke a mechanism for 

the regulated activation for the PLC-γ isozymes. The model posits that the regulatory 

domains sit atop the highly conserved catalytic core to prevent the core from accessing 

membranes and spuriously hydrolyzing PIP2. Moreover, the regulatory domains are 

poised to integrate numerous inputs that control phospholipase activity and serve as 

scaffolding modules for adaptor proteins. 

In general, PLC-γ isozyme activation is initiated by an extracellular signal that 

activate cell-surface receptors, e.g. RTKs. These receptors recruit PLC-γ isozymes via 

interaction with the nSH2 domain which is optimally arranged to engage phosphorylated 

kinases. This interaction brings PLC-γ isozymes in close vicinity to kinases and other 

adaptor proteins that consequently promote the phosphorylation of tyrosine residues 

within the regulatory domains of PLC-γ1, e.g. Tyr783. These phosphorylated tyrosines 

bind to the cSH2 domain and unlatch the cSH2 domain from the C2 domain in the catalytic 



13 

core. Presumably, this interaction initiates an ill-defined rearrangement of the regulatory 

domains relative to the catalytic core. Consequently, the TIM barrel inserts into lipid 

bilayers to hydrolyze the membrane-embedded PIP2. 

Understanding the arrangement of the regulatory domains in active PLC-γ 

isozymes will provide mechanistic details into their regulated activation. The dissertation 

research presented here aims to fill this gap by quantifying deuterium incorporation in 

PLC-γ1 in three different states: bound to phosphorylated FGFR1K, in the presence of 

PIP2-containing liposomes, and with both, kinase and liposomes. The studies also include 

a constitutively active variant, PLC-γ1 (D1165H), to describe the effect of oncogenic 

substitution on the structure of PLC-γ isozymes. This information will be useful during drug 

discovery efforts that aim to target aberrant PLC-γ isozyme signaling in human diseases. 

PLC-γ isozymes in normal physiology 

PLC-γ1 plays a pivotal role in many physiological processes due to its ubiquitous 

expression (2, 3). In contrast, PLC-γ2 is primarily expressed in cells of the hematopoietic 

system indicative of its role in immunity (3). This section seeks to provide a brief overview 

of the diverse physiological processes that the PLC-γ isozymes mediate (Fig. 1.7). Many 

of the cited studies use genetically modified organisms with conventional or conditional 

knock-outs, as well as knocking-in mutant forms of PLC-γ isozymes and their regulators. 

Vascular development 

Vasculogenesis is the formation of new blood vessels and occurs throughout 

embryonic development and adulthood (41). Mouse embryos lacking PLC-γ1 fail to grow 

and die approximately 9 days after fertilization due to an impairment in endothelial cell 

maturation and in the formation of blood vessels (42). A similar phenotype is observed in 

mutant zebrafish with impaired PLC-γ1 function. These embryos displayed defects in the 
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formation of arteries, but not veins (43). Consistent with these observations, PLC-γ1 is 

directly activated by vascular endothelial growth factor (VEGF) further implicating PLC-γ1 

in the proper development of a mature vascular system (44). 

Brain development and function 

PLC-γ1 is highly expressed in the brain and is reported to be critical in many 

neurological processes (45). For example, PLC-γ1 is a known substrate of the Trk family 

of tyrosine kinases, which are activated by neurotrophins such as NGF (46). In vivo studies 

with mice carrying mutant forms of TrkB with impaired PLC-γ1 binding, fail to activate 

calcium/calmodulin-dependent kinase IV and cyclic adenosine monophosphate (cAMP) 

response element-binding protein thus abolishing transcriptional regulation necessary for 

memory consolidation (47). Similar mutations that impair binding of adaptor proteins and 

PLC-γ1 to TrkB were shown to abrogate formation of the cerebral cortex in developing 

mice (48). PLC-γ1 is also activated by members of the fibroblast growth factor receptor 

family during development (49). Blockage of PLC-γ1 recruitment by this receptor abolished 

neurite outgrowth (50). Moreover, the overexpression of PLC-γ1 in the rat ventral 

tegmental area of the midbrain led to changes in reward behavior and locomotor activity 

(51, 52) suggesting that PLC-γ1 is involved in physiological and behavioral functions 

including pain perception, mood, and motor control. 

Immunity 

The growth and proliferation of T cells requires the activation of PLC-γ1 

downstream of the T-cell antigen receptor (TCR) (53). The TCR is a large complex of 

several signaling proteins that includes two TCR chains, typically α and β chains, that are 

associated with cluster of differentiation 3 (CD3). The TCR is completed by a couple of 

accessory molecules known as the ζ-chains. Importantly, CD3 and the ζ-chains possess 
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conserved sequences known as immunoreceptor tyrosine-based activation motifs (ITAM) 

(54). These tyrosine residues are phosphorylated by Src tyrosine kinases, e.g. 

lymphocyte-specific protein tyrosine kinase (Lck) and serve as docking sites for other 

kinases that activate adaptor proteins. One such example is linker for activation of T cell 

(LAT) that harbors docking sites for PLC-γ1 (55). In this context, phosphorylation of PLC-

γ1 leads to the activation of three transcriptional pathways, NF-κB, Ras-ERK, and nuclear 

factor of activated T-cells (NFAT), that are necessary for the maturation and proper 

function of T cells (56). These signaling pathways have been investigated with transgenic 

mice harboring LAT mutations that eliminate PLC-γ1 binding. Mutation of LAT led to partial 

blockage of early T cell development with a polyclonal lymphoproliferative disorder and 

signs of autoimmune disease (57). Subsequent studies suggested that this phenotype is 

due to severe defects in positive and negative thymocyte selection (58).  

B cells possess a parallel mechanism in which PLC-γ2 is activated downstream of 

the B-cell antigen receptor (BCR) (59). The BCR is associated with cluster of 

differentiation (CD79) which has ITAMs that recruit and activate soluble kinases, e.g. 

Bruton’s tyrosine kinase (BTK), that phosphorylate PLC-γ2 (31). The generation of second 

messengers by PLC-γ2 mediate the activation of transcriptional reprogramming necessary 

for B cell maturation. This notion is supported by studies with PLC-γ2-null mice. These 

mice have several deficiencies in B cell development concurrent with a decrease in mature 

B cells in the bone marrow and spleen (60). Moreover, these cells had poor proliferative 

response upon BCR and Fc receptor stimulation. Together, these results illustrate that 

both PLC-γ1 and PLC-γ2 are necessary for the proper function of the immune system and 

mounting of an immune response. 
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Cell migration 

The PLC-γ isozymes regulate various types of cell migration. For example, knock-

down or knock-out of PLC-γ1 in mouse fibroblasts resulted in failed formation of cellular 

protrusions, spreading, and elongation in response to integrin engagement (61). 

Moreover, this same study identified β1 integrin, adaptor proteins, and Src kinases as key 

players in the activation of PLC-γ1 and the concomitant accumulation of intracellular 

calcium. Another study implicated PLC-γ2 in integrin-mediated adhesion and migration of 

B cells (62). Specifically, stimulation of murine and human B cells with stromal cell-derived 

factor 1 or chemokine ligand 13 caused integrin-mediated B cell migration downstream of 

BTK and PLC-γ2. In the same vein, in vivo studies revealed that immature B cells lacking 

BTK had impaired homing in lymphoid organs (62). These results indicate that both PLC-

γ1 and PLC-γ2 mediate integrin-mediated migration downstream of tyrosine kinases. 

PLC-γ1 is also required in growth factor-dependent cell migration. For example, 

Asokan et al. (63) showed that migration of mesenchymal cells required the selective 

inactivation of myosin IIA by PKCα and that activation of PKCα was achieved by an 

intracellular gradient of DAG produced and maintained by PLC-γ1. 

PLC-γ isozymes in human diseases 

The PLC-γ isozymes have recently emerged as causative of several human 

diseases, including cancers and immune disorders. The following section briefly describes 

how PLC-γ isozymes drive these malignancies (Fig. 1.7).  

Cancers 

PLC-γ isozymes are directly activated by numerous growth factors receptors that 

promote the growth and proliferation of cells. It is therefore expected that PLC-γ isozyme 
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activity contributes to the aberrant growth of cells characteristic of cancers. For example, 

overexpression of PLC-γ1 has been identified in breast (64, 65), prostate (65), and colon 

(66, 67) cancers. Direct evidence that PLC-γ isozymes promote cancer was found in 

glioblastoma where pharmacological inhibition of PLC-γ1 led to a decrease in glioma cell 

motility and invasion into brain aggregates in a fetal rat model (68). Studies have also 

implicated PLC-γ1 in angiosarcoma. Specifically, a single substitution (R707Q) within the 

cSH2 domain provoked resistance to apoptosis concurrent with an increase in migration 

and invasion of endothelial cells in in vitro assays (69). Together, these studies suggest 

that inhibition of PLC-γ1 may serve as an anti-invasive therapy in both glioblastoma and 

angiosarcoma. 

With the advent of genome-wide sequencing, studies have identified acquired 

mutations in both PLC-γ1 and PLC-γ2 in a variety of immunoproliferative malignancies. 

Notably, single substitutions have been identified in human subjects with cutaneous T cell 

lymphoma (CTCL) (70), chronic lymphocytic leukemia (CLL) (71), and adult T-cell 

leukemia/lymphoma (ATL) (72). 

Approximately 20% of patients with cutaneous T cell lymphoma (CTCL) possess 

missense mutations of PLC-γ1 including mutations within the TIM barrel (S345F) and the 

sPH domain (S520F) (70). Notably, both mutations are within the interface between the 

catalytic core and the regulatory domains of PLC-γ1 and are predicted to disrupt 

autoinhibitory contacts and elevate phospholipase activity to enhance TCR signaling. This 

prediction is further supported by the S345F mutation which was described in patients 

diagnosed with peripheral T cell lymphomas (PTCLs), a group of heterogeneous 

lymphomas characterized by chronic TCR signaling (73). 

Variants of PLC-γ2 were found in approximately 30% of patients with relapsed CLL 

after treatment with ibrutinib, a covalent inhibitor of BTK (71). Mutation of PLC-γ2, a major 



18 

substrate for BTK, is likely the result of selective pressure by the inhibitor and may function 

as escape mutations to reactive the signaling pathways that control B cell survival and 

proliferation. This idea is demonstrated by the expression of mutant forms of PLC-γ2 in B 

cells, including R665W and L845F (74). These cells are unable to reestablish calcium 

homeostasis after BCR engagement compared to cells expressing wild-type enzyme and 

that quickly return to basal levels of intracellular calcium. Together, these results suggest 

that these mutations do not release autoinhibition; instead, the mutations maintain 

phospholipase activity subsequent to phosphorylation by BTK. 

PLC-γ1 is also mutated in approximately 40% of patients with adult T cell 

leukemia/lymphoma (ATL) with a multitude of single nucleotide variants decorating the 

entire primary sequence of the protein (72). Mapping these substitutions onto the three-

dimensional structure of PLC-γ1 reveals that most of the substitutions localize to the 

interface between the catalytic core and the regulatory domains. The overexpression of 

these substitutions in HEK293 cells led to the accumulation of intracellular inositol species 

indicative of high phospholipase activity (12). In fact, some of the substitutions had 

approximately 1,500-fold greater activity compared to wild-type PLC-γ1. The analogous 

substitutions also increased phospholipase activity in PLC-γ2. In contrast, mutations 

outside of the interface between the catalytic core and the regulatory domain are thought 

to have more nuanced and context-specific effects such as increased association with 

membranes and/or tyrosine kinases. This idea has not been tested directly. 

Together, the examples discussed above demonstrate that most cancer-

associated mutations disrupt PLC isozyme autoinhibition and elevate catalytic activity. The 

aberrant activation of PLC-γ isozymes culminates with the upregulation of the 

transcriptional programs that signal immune cells to proliferate and thus lead to disease. 
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Immune disorders 

The relationship between germline mutations in PLC-γ2 and immune disorders 

was established via large-scale mutagenesis screens with mice. A study identified a gain-

of-function substitution (D993G) in PLC-γ2 that resulted in severe autoinflammation 

characterized by morphological changes associated with arthritis including inflammatory 

infiltrates in the paws and growth retardation (75). At the molecular level, murine B cells 

had an increase in extracellular calcium entry and expansion of inflammatory cells. 

Another study identified PLC-γ2 (Y495C) which resulted in an abnormal level of murine B 

and T cells, and an increase in antibodies (76). Subsequent studies showed that PLC-γ2-

null mice were protected from inflammation and bone erosion in a model of arthritis via the 

downregulation of inflammatory cell spreading and degranulation (77). 

More evidence that PLC-γ2 mediates immune function was found in a cohort of 27 

human patients with manifestations of immune deficiency characterized by a decrease in 

immunoglobulins as well as an increase in autoinflammation (78). Genome sequencing 

studies identified germline deletions of portions of the cSH2 and SH3 domains that led to 

increased phospholipase activity. Paradoxically, these mutations led to a decrease in 

intracellular calcium and in natural killer cell degranulation suggesting that hyperactive 

PLC-γ2 supports inhibitory feedback loops through the depletion of PIP2 pools (79). 

Another study identified two patients with a single substitution (S707Y) within the cSH2 

domain. These individuals had chronic autoinflammation characterized by an increase in 

phosphorylated ERK (80). Subsequent structural studies suggested that this mutation also 

disrupts autoinhibitory contacts between the catalytic core and the regulatory domains 

(26). 
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Neurological disorders 

As mentioned previously, PLC-γ1 mediates physiological processes necessary for 

proper brain development and function. Consequently, PLC-γ1 has been implicated in 

several neurological pathologies including epilepsy as well as Huntington’s and 

Alzheimer’s disease (81) 

Huntington’s disease is a neurodegenerative disease associated with mutant 

forms of the huntingtin protein (82). Mouse models of this disease have low levels of 

phosphorylated PLC-γ1 (83) in addition to decreased expression of TrkB and the agonist, 

brain-derived neurotrophic factor (84), which are necessary for long-term potentiation in 

the hippocampus suggesting that downregulation of this pathway may lead to 

neurodegeneration characteristic of the disease. Moreover, mutant forms of TrkB that lack 

PLC-γ1-binding sites impair hippocampal long-term potentiation in mice similar to those 

induced by mutant huntingtin protein (85) supporting a correlation between disease 

progression and PLC-γ1. 

Another example that highlights the importance of PLC-γ1 in neurological disorders 

is found in epilepsy. This disease is characterized by uncontrollable jerking movements 

(seizures) of the limbs that stem from a disruption in the normal excitation and inhibition 

patterns of neuronal cells (86). Excessive excitation of the TrkB has been implicated in 

prolonged seizures suggesting that this receptor is a plausible target for the treatment of 

epilepsy (87). Recent studies have shown that genetic (88) or pharmacological (89) 

inhibition of TrkB reduced PLC-γ1 activation and chemoconsulvant-induced seizures 

suggesting that inhibition of this signaling axis may benefit in patients with epilepsy. 

Alzheimer’s disease (AD) is a neurodegenerative disease characterized by the 

accumulation of amyloid plaques (90). Genetic susceptibility studies associated variants 

of apolipoprotein E (ApoE) with increased risk in developing AD (90). Recent susceptibility 
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studies identified polymorphisms in triggering receptor expression on myeloid cell-2 

(TREM2), a cell-surface receptor expressed in non-neuronal cells including microglia, that 

is activated by ApoE and amyloid plaques (90). Activation of TREM2 recruits the tyrosine 

kinase Syk, which subsequently phosphorylates PLC-γ2 and the concomitant mobilization 

of intracellular calcium required for the liberation of inflammatory cytokines (90). Notably, 

a naturally-occurring and moderately active variant of PLC-γ2 (PLC-γ2 P522R) has been 

associated with neuroprotective phenotype in AD (91). Expression of PLC-γ2 P522R co-

localizes with TREM2 and with amyloid plaques in microglial cells (91). How this single 

substitution within the loop that connects the sPH and the nSH2 domain is protective 

against AD remains to be described. Regardless, these results suggest that a small 

molecule that activates PLC-γ2 activity may be beneficial to treat this disease.
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Concluding remarks 

The PLC-γ isozymes are important signaling proteins downstream of a multitude 

of soluble and receptor tyrosine kinases that control diverse physiological processes. The 

activity of these enzymes has been directly linked to many human diseases including 

cancers and immune disorders. Therefore, it is essential to understand the mechanistic 

underpinnings of PLC-γ isozyme activation. The primary focus of this dissertation was to 

describe the regulation of PLC-γ isozymes using a combination of biochemistry and 

biophysical techniques. Chapter two describes a methodology to assess PLC activity at 

membranes. Chapter three describes the crystal structure of essentially full-length PLC-

γ1 in detail and posits a model on how phosphorylation and cancer-associated mutations 

disrupt autoinhibition. Chapter four represents the bulk of my graduate work examining 

the dynamics of PLC-γ1 activation by kinases and membranes.
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Figure 1.1 – The thirteen mammalian phospholipase C (PLC) isozymes. The human 
genome encodes thirteen phospholipase C (PLC) isozymes that are grouped into six 
groups (-β, -γ, -δ, -ε, -ζ, -η) based on sequence similarity. The ancestral PLC-δ isozymes 
illustrate the conserved catalytic core shared among all PLCs, which consist of an N-
terminal PH domain (purple), four pairs of EF hands (yellow), a catalytic triosephosphate 
isomerase (TIM) barrel (red), and a C-terminal C2 domain (blue). The rest of the PLC 
isozymes contain additional domains. For example, the PLC-β isozymes possess a C-
terminal tail (CT), while PLC-ε has guanine nucleotide exchange factor (RasGEF) activity 
as well as two Ras-associating (RA) domains. The PLC-γ isozymes are unique as they 
possess an array of additional regulatory domains including a split pleckstrin homology 
domain, two Src-homology 2 (SH2) domain, and an SH3 domain. 
 
Figure reprinted from Harden, T. K., and Sondek, J. (2006) Regulation of phospholipase 
C isozymes by Ras superfamily GTPases. Annu. Rev. Pharmacol. Toxicol. 46, 355-79 
(10.1146/annurev.pharmtox.46.120604.141223) © 2006, Annual Reviews; used with 
permission



24 

 
 
Figure 1.2 – General and versatile activation of the PLC isozymes. The majority of the 
mammalian PLC isozymes are basally autoinhibited. In the presence of an extracellular 
signal, cell-surface receptors recruit PLC isozymes from the cytosol to signaling hubs. 
Release of autoinhibition allows binding to membrane-embedded substrate 
phosphatidylinositol 4,5-bisphopshate (PIP2). Hydrolysis of the phosphodiester bond 
between the inositol head group and the glycerol backbone generates the second 
messengers 1,2-diacylglycerol (DAG) and inositol 1,4,5-trisphoshate (IP3). DAG remains 
at the membrane and activates protein kinase C (PKC) isozymes whereas IP3 diffuses 
throughout the cytosol to elicit the release of intracellular calcium (Ca2+) stores. This 
signaling pathway is required for the control of diverse biological processes.
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Figure 1.3 – Structure of PLC-δ1 highlights conserved domain architecture. A, 
Crystal structure the PLC-δ1. The N-terminal PH domain (sand, PDB ID: 1MAI) is 
connected to the rest of the protein via a 70-residue loop. The rest of the catalytic core 
(PDB ID: 1DJX) consists of an two pairs of EF hands (magenta), a catalytic 
triosephosphate isomerase (TIM) barrel (gray), and a C-terminal C2 domain (green). The 
autoinhibitory loop of 45 residues is absent from the crystal structure and depicted with a 
dashed line. The PH domain and the TIM barrel are bound to inositol 1,4,5-trisphohate 
(IP3) shown in sticks. B, Same arrangement as in A rotated 180° to illustrate the active 
site cavity and hydrophobic ridge. Active site is denoted by a calcium (Ca2+) ion (orange 
sphere) and IP3 shown as sticks. C, Hydrophobic residues that line the cavity of the active 
site are shown as sticks. Calcium (Ca2+) ion is depicted as an orange sphere and bound 
IP3 shown as sticks. D, Residues necessary for coordination of the calcium (Ca2+) ion 
(orange sphere), binding of IP3, and catalysis of the hydrolysis reaction as labeled and 
shown as sticks. Bound IP3 is shown as sticks.
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Figure 1.4 – Isozyme-specific modes of regulation. A, The PLC-δ isozymes are 
recruited to membranes via interactions between the N-terminal PH domain and 
membrane-embedded phosphatidylinositol 4,5-bisphosphate (PIP2). Membrane 
association is stabilized by interactions between the C-terminal C2 domain and calcium 
(Ca2+) ions that help coordinate membrane phospholipids. The X-Y linker of the PLC-δ 
isozymes is disordered, negatively charged, and prevents membrane association via 
electrostatic repulsion (inset). B, The PLC-β isozymes are activated downstream of G-
protein coupled receptors (GPCR). The small GTPase Rac1 binds the N-terminal PH 
domain while Gα contacts portions of the EF hands as well as an extension of the C-
terminal C2 domain. The X-Y linker of the PLC-β isozymes are mostly disordered and 
negatively charged except for a C-terminal α helix that sterically occludes access to the 
active site (inset). C, The PLC-γ isozymes are unique due to their phosphorylation-
dependent activation downstream of tyrosine kinases and a highly elaborate X-Y linker 
that contains additional regulatory domains (inset). In the presence of an extracellular 
signal, receptor tyrosine kinases (RTKs) dimerize and autophosphorylate tyrosine 
residues C-terminal to the kinase domain. These phosphorylated tyrosines (pTyr) act as 
docking site for PLC-γ isozymes through interactions with the N-terminal SH2 domain 
within the regulatory domains. Subsequently, PLC-γ1 is phosphorylated on tyrosine 
residues, e.g. Tyr783 in PLC-γ1. Calcium (Ca2+) ions cofactors are depicted as orange 
semicircles in all three panels.
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Figure 1.5 – Additional regulatory domains in the PLC-γ isozymes. A, Domain 
architecture of full-length PLC-γ1 drawn to scale. The regulatory array is comprised of a 
split pleckstrin homology (sPH) domain (red), an N-terminal Src-homology 2 (nSH2) 
domain (wheat), a C-terminal Src-homology 2 (cSH2) domain (slate), and an SH3 domain 
(cyan). These domains have been previously described in isolation and are shown in 
ribbon diagram. B, Structure of the PLC-γ1 SH3 domain (cyan, PDB ID: 1Y0M). C, 
Structure of the sPH domain (red) of PLC-γ2 (PDB ID: 2FJL). D, Structure of the PLC-γ1 
cSH2 domain (slate) bound to a peptide (sticks) encompassing phosphorylated Tyr783 
(pY783) of PLC-γ1 (PDB ID: 4K45). E. Structure of the PLC-γ1 nSH2 (wheat) and the 
cSH2 (slate) in tandem (PDB ID: 4EY0).
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Figure 1.6 – Crystal structure of PLC-γ1.  A, Domain architecture of full-length PLC-γ1 
drawn to scale. B. Crystal structure of autoinhibited PLC-γ1 (PDB ID: 6PBC) with loops 
modeled. Domains colored as in A. The calcium ion cofactor (orange sphere) marks the 
active site. C, Structural details at the interface between the sPH domain (red) and the 
catalytic TIM barrel (grey). D, Structural details at the interface between the cSH2 domain 
(slate) and the C2 domain (green). 
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Figure 1.7 – PLC-γ isozymes as gatekeepers of health and disease. The PLC-γ 
isozymes are activated downstream of a multitude of cell-surface receptors. Depending in 
the cell context, PLC-γ isozymes are activated by vascular endothelial growth factor 
receptor (VEGFR), Trk family of tyrosine kinases, immune receptors such as the B-cell 
antigen receptor (BCR) and the T-cell antigen receptor (TCR), and integrins. The 
intracellular portions of these receptors are phosphorylated (orange circles) that act as 
docking sites for PLC-γ isozymes. Upon phosphorylation-dependent activation, the PLC-γ 
isozymes control a variety of physiological processes including endothelial cell 
differentiation, brain cortex development, proliferation of immune cell, and cell migration. 
Either silencing or constitutive activation of PLC-γ isozyme activity leads to human 
diseases including cancers and immune dysregulation.
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CHAPTER II: FLUOROGENIC XY-69 TO MEASURE PLC ACTIVTIY1 

Background 

The thirteen mammalian phospholipase C (PLC) isozymes are divided into six 

subgroups (-β, -γ, -δ, -ε, -ζ, -η) based on sequence similarity and share a conserved 

catalytic core (1). Due to autoinhibition, the basal activities of PLCs are minimal in cells 

(2, 3). When activated, PLCs hydrolyze the minor membrane phospholipid 

phosphatidylinositol 4,5-bisphosphate (PIP2) at the inner leaflet of the plasma membrane 

to generate the second messengers 1,2-diacylglycerol (DAG) and inositol 1,4,5-

trisphosphate (IP3). These second messengers activate protein kinase C (PKC) isozymes 

and promote the release of intracellular Ca2+ stores, respectively (4). The consumption of 

PIP2 also contributes to changes in the functions of membrane proteins such as ion 

channels (5). Consequently, PLCs are important signaling proteins that regulate diverse 

cellular processes including proliferation, migration, and nerve conductance. Conversely, 

aberrant regulation of PLCs contributes to various diseases such as cancer (6-8), 

Alzheimer’s disease (9, 10), and rheumatoid arthritis (11, 12). PLCs, particularly the PLC-

γ isozymes, have emerged as promising therapeutic targets. 

Despite extensive studies on PLCs, it remains challenging to continuously and 

directly monitor PLC activity at membranes with high sensitivity and throughput. 

Traditionally, the phospholipase activities of PLCs have been quantified using 

radiolabeled substrates (13-16). However, these formats have substantial limitations. 
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Primarily, they do not allow for continuous monitoring of PLCs. In addition, the use of 

radioactive materials requires special training, handling, storage, equipment, and facilities 

that are less common than in previous decades. Indeed, radioactive PIP2 has recently 

been discontinued by all chemical vendors and it is expensive to obtain such reagents 

through custom synthesis. Several chromogenic or fluorogenic PIP2 analogs have been 

developed to continuously monitor PLC activity (17-21). However, most of these 

compounds are either inefficient substrates of PLCs or have other issues such as requiring 

a secondary enzymatic reaction not related to PLCs. Importantly, none of these 

compounds reliably report PLC activity at the membranes. 

We created XY-69 as a membrane-associated PIP2 analog that works as a 

selective fluorogenic reporter of PLC activity (22). XY-69 contains fluorescein as a 

fluorophore and 4-(dimethylaminoazo)benzene-4-carboxylic (DABCYL) acid as a dark 

quencher that absorbs emission energy from fluorescein and dissipates it as heat. PLC 

isozymes hydrolyze XY-69 to separate DABCYL from fluorescein leading to a large 

increase in fluorescence intensity that is readily monitored in real-time. The assay works 

both in detergent micelles and in lipid vesicles that more closely resemble biological 

membranes and avoids the quench and work-up steps otherwise needed in radioactivity-

based assays. Furthermore, XY-69 functions in a microplate format which enables high-

throughput discovery of molecules that modulate PLC activity. When presented in lipid 

vesicles, XY-69 captures the membrane-dependent activation of PLC activity by Gαq (22), 

the subunit of G-protein Gq that is known to activate PLC-β isozymes (14, 23, 24), or by 

conformational changes due to mutations (25). Consequently, XY-69 is a compelling 

replacement for radioactive PIP2 to monitor PLC activity with the added advantages of 

continuous reaction monitoring and high-throughput. Assays based on XY-69 are readily 

applicable to both purified PLC isozymes and lysates from cell lines or animal tissues. 
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To further optimize the assays based on XY-69 to measure PLC activity, we have 

investigated the impact of varying lipid composition, pH, free Ca2+ concentration, and 

vesicle size on assay performance. Here, we describe optimized assay conditions and a 

detailed protocol to measure the activity of purified, cancer-associated mutant PLC-γ1 

(D1165H) (8) with XY-69 embedded in lipid vesicles. The described protocol also applies 

to other PLC isozymes and may be modified to include kinases, effectors, peptides, and 

small molecules in the assay. 

Materials 

Equipment and supplies 

1. Basic pH meter 

2. 0.45 µm polyethersulfone (PES) syringe filters 

3. 12 x 75 mm borosilicate culture tubes 

4. Dry nitrogen (N2) line equipped with plastic hose and glass Pasteur pipet 

5. Vacuum pump 

6. Black 384-shallow well microplate 

7. Ultrasonic dismembrator 

8. 5/64" Probe microtip for sonicator 

9. Multimode plate reader 

10. Ring stand 

11. Dynamic light scattering (DLS) instrument 

12. 40 µL plastic cuvettes with stoppers 

13. Water bath 

14. Dewar flask 

15. Septum 
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16. Pipette 

17. Pipette tips 

18. Syringe 

19. Vortex mixer 

Lipids and other chemicals 

1. 10 mg/mL (13.2 mM) L-α-phosphatidylethanolamine (PE; liver, bovine) stock 

solution in chloroform (CHCl3), stored at -20°C under N2 

2. 1 mg/mL (912 µM) L-α-phosphatidylinositol-4,5-bisphosphate (PIP2; brain, 

porcine; ammonium salt) stock solution in CHCl3:methanol (MeOH):H2O 

(20:9:1; v/v/v), stored at -20°C under N2 

3. 210 µM XY-69 stock solution in H2O, stored at -80°C under N2, wrapped in 

aluminum foil 

4. HPLC grade MeOH 

5. Acetone 

6. Sodium hydroxide (NaOH) 

7. 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) 

8. Potassium chloride (KCl) 

9. Ethylene glycol-bis(2-aminoethylether)-N,N,N’,N’-tetraacetic acid (EGTA) 

10. Calcium chloride (CaCl2) 

11. 1,4-Dithiothreitol (DTT) 

Proteins 

1. PLC-γ1 (residues 21-1215) referred to as PLC-γ1 (WT) 

2. PLC-γ1 (residues 21-1215) D1165H referred to as PLC-γ1 (D1165H) 

3. Fatty acid-free bovine serum albumin (FAF BSA) 
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Methods 

Overview 

The final assay is carried out in a 384-well plate at a volume of 12 µL. The assay 

mixture contains HEPES (33.9 mM, pH 7.4), KCl (70 mM), EGTA (3 mM), CaCl2 (2.35 

mM), DTT (2 mM), FAF BSA (0.17 mg/mL), PE (192 µM), PIP2 (48 µM), XY-69 (0.5 µM), 

and the desired concentration of PLC isozyme (see Note 1). Under these conditions, the 

free Ca2+ concentration is approximately 390 nM (see Notes 2, 3). The assay takes 

approximately 3 hours from reagent set-up to completion of data acquisition. 

Preparation of buffers 

1. Prepare stock solution A (see Note 4) containing 120 mM HEPES (pH 7.4) (see 

Note 5), 420 mM KCl, 18 mM EGTA, and 14.1 mM CaCl2. 

2. Make 1 mL of lipid vesicle assay buffer (LVAB) fresh for the assay by adding 12 

µL of 1 M DTT (stored at -20°C) to 988 µL of the stock solution A. 

3. Make 1.2 mL of PLC dilution buffer (PLCDB) by mixing 200 µL of LVAB, 120 µL of 

10 mg/mL FAF BSA, and 880 µL of H2O (see Note 6). 

4. Make lipid sonication buffer containing 20 mM HEPES (pH 7.4).  



 

44 

Generation of lipid films and lipid vesicles 

1. Briefly vortex and spin-down a thawed aliquot of XY-69 stock solution (210 µM in 

H2O), then transfer 1.5 µL to the bottom of a borosilicate culture tube. 

2. Dry with a gentle stream of N2 for 5 min. 

3. Allow PIP2 and PE stock solutions to equilibrate to room temperature, then vortex 

briefly. 

4. Transfer 34.1 µL of PIP2 stock solution (912 µM) to the bottom of the tube 

containing XY-69. Tap the tube gently to re-dissolve the XY-69 flake. 

5. Add 9.4 µL of PE stock solution (13.2 mM) into the PIP2/XY-69 solution, followed 

by 20 µL of HPLC grade MeOH (see Note 7). Dry this mixture down to an opaque 

film on the bottom of the tube using a gentle stream of N2 (see Note 8). 

6. Leave the lipid film (see Note 9) under a gentle stream of N2 for at least another 

60 min to remove the bulk of organic solvent, then remove remaining traces of 

solvent by applying high vacuum (0.5 mtorr) for at least 60 min (see Note 10). 

7. Add 450 µL of lipid sonication buffer to the dry lipid film, and then clamp the tube 

securely to a ring stand (see Note 11). 

8. Submerge the probe tip of a sonicator halfway down into the solution. The probe 

tip should be positioned vertically and centered in the tube (see Note 12). 

9. Place the tube in a Dewar flask containing iced-water (ice bath) and cool the 

solution for 45 seconds. 

10. Pulse the sonicator at 20% output for three cycles of 5 seconds ON, 15 seconds 

OFF (see Note 13). 

11. Remove the tube from the ice bath and cover the opening with a septum. Confirm 

that the solution is free of particulate matter and that no lipid film remains on the 
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bottom of the tube. Allow the solution to equilibrate to room temperature for at least 

15 min. 

12. Subject the lipid vesicles to freeze-thaw (see Note 14) by immersing the tube in a 

Dewar flask containing acetone-dry ice (dry ice bath, -78°C) for 40 seconds with 

gentle shaking, followed by immersing in a water bath (35°C) for 70 seconds with 

gentle shaking. Repeat this process for a total of 6 cycles. 

13. Add 90 µL of LVAB directly to the solution at room temperature, and then vortex 

on a medium intensity setting for 20 sec. 

14. Protect the resulting lipid vesicle solution (LVS) from light and store at room 

temperature (~20°C) until needed for the assay. This solution is calculated to give 

1.2 times the desired concentration of lipids in the final assay, since 10 µL of LVS 

will be mixed with 2 µL of PLC solution to make a 12 µL reaction mixture. 

Measurement of PLC activity 

1. Dilute PLC proteins using ice-cold PLCDB to 6 times the final concentration in the 

assay, since PLC solution composes 2 µL out of the final 12 µL in the reaction (see 

Note 15). 

2. Keep PLC solutions on ice until needed for the assay. 

3. Warm up the plate reader and allow to equilibrate to assay temperature (see Note 

16). 

4. Set the excitation wavelength at 485 nm and emission detection wavelength at 520 

nm by using a FITC 485 excitation filter and emission 520 filter (see Note 17).  

5. To perform the assay in quadruplicate, distribute 2 µL aliquots of PLC solution of 

a given concentration into four sequential wells of a 384-well microplate (see Note 

18). Repeat for each desired concentration of enzyme. Blank PLCDB can be used 

as a PLC-free or “BSA-only” control.  
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6. Add 10 µL of LVS into each well containing PLC solution to initiate the assay and 

immediately insert the assay plate into the plate reader for measurement (see Note 

19). 

7. Record fluorescence at required time points at 60 second intervals for 20 to 60 min 

(see Note 20). 

8. Use the remaining LVS for dynamic light scattering (DLS) analysis. 

9. Add 8 µL of blank PLCDB to a cuvette, followed by 40 µL of LVS and mix gently 

with a pipette. The resulting mixture contains the same buffer and lipid component 

concentrations as the microplate PLC assay. Cap the cuvette and insert the 

sample into the DLS instrument for measurement at a temperature matching the 

relevant PLC assay conditions (see Note 21). 

Notes 

1. The parameters presented here are optimal for the range of 1 to 100 nM PLC-γ1 

(WT), and 0.1 to 50 nM PLC-γ1 (D1165H). 

2. The concentration of free calcium ion is calculated using the Maxchelator program, 

which accounts for temperature, pH, and ionic strength of the assay mixture, as 

well as the concentrations of EGTA and total calcium (CaCl2). 

3. All PLC isozymes are calcium-dependent, and a calcium ion binds to the active 

site within the TIM barrel. Therefore, the concentration of free Ca2+ is an essential 

component for signal generation in the XY-69 assay. Fig. 2.1A shows that with 0.3 

nM PLC-γ1 (D1165H), 100 nM free Ca2+ (this is near basal cytosolic levels)(26) 

produces modest rate of hydrolysis. However, rates of hydrolysis plateau at 

concentrations of free Ca2+ greater than 400 nM. These results are consistent with 

a binding affinity (Kd) of ~250 nM for CaCl2 in PLC-γ1 (WT). At 100 µM free Ca2+ 

the assay reagents precipitated, which terminated PLC activity. 



 

47 

4. All stock solutions are made with Milli-Q grade water, adjusted to the desired pH 

using 8 M NaOH, filtered through a 0.45 µm filter, and stored at 4 °C. 

5. The pH of the XY-69 assay buffer controls the protonation state of key amino acid 

residues and influences the concentration of free Ca2+ ions, thereby regulating PLC 

activity. PLC-γ isozymes are typically purified using HEPES buffer at a pH of 7.4. 

We have examined PLC-γ1 activity in 34 mM HEPES across a pH range of 6.5 to 

8.5 at 20°C and 30°C with the results shown in Fig. 2.1B. These data suggest an 

optimal assay buffer pH of 7.4 ± 0.2, and that deviating from this range causes 

precipitous loss of PLC-γ1 activity. 

6. The final composition of PLCDB includes 20 mM HEPES (pH 7.4), 70 mM KCl, 3 

mM EGTA, 2.35 mM CaCl2, 2 mM DTT, and 1 mg/mL FAF BSA. We recommend 

making PLCDB fresh for the assay and cool the solution on ice prior to making 

PLC dilutions. 

7. The addition of MeOH leads to a more even, homogenous film as the volume is 

reduced under the N2 stream. Warmth from the hands also helps to prevent early 

precipitation of lipids due to evaporative cooling. 

8. The goal is to maintain XY-69, PE, and PIP2 on the bottom of the tube where the 

resulting film will be most efficiently reached by energy from the sonication probe 

tip. We recommend drying the film gently to avoid blowing lipid solutions up the 

sides of the tube and rotate the tube slowly while drying in order to form an even 

layer. 

9. We have investigated the effects of composition of the lipid film on the assay. The 

assay tolerates a wide range of vesicles with different lipid compositions. We 

obtained the best data quality using lipid vesicles with a final PE/PIP2 content of 

220/20 or 192/48 µM. 
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10. We recommend use of high vacuum when drying lipid films, but if one is not 

available then leave the lipid films under streaming N2 for at least two hours. 

11. The outcome of lipid vesicle formation by probe sonication depends on several 

factors, including solution volume, temperature, vessel size and shape, lipid 

concentration, transducer percent output, pulse time, probe tip immersion depth, 

and probe tip diameter. Due to the sensitivity of this assay to the properties of lipid 

vesicles, deviation from the recommended parameters may affect assay 

performance and require re-optimization. 

12. If probe tip placement is too high, then foaming of the solution may occur. If probe 

placement is too low, inadequate circulation of contents may cause a problem. 

Review manufacturer’s instructions for additional tips on optimizing this step. 

13. If the scale of LVS is changed, this step may require re-optimization of tube size, 

sonication power output, sonication time, and/or probe tip depth. 

14. The freeze-thaw step increases the size of lipid vesicle. 

15. When the solutions containing PLC isozymes are mixed, we recommend gentle 

pipette mixing or inversion only. 

16. This assay has been successfully performed in our laboratory at temperatures 

ranging from 20°C to 37°C. Running the assay at room temperature offers 

simplicity, and PLC activity generally increases with temperature under the listed 

conditions without detriment to data quality. 

17. Other default settings may need to be optimized depending on the type of 

microplate and plate reader used. 

18. The use of multichannel pipettes is recommended for minimizing error and 

reducing the amount of time it takes to assemble the assay. Otherwise, the 

experimenter should work quickly to avoid losing early data points on highly active 

samples. Keep any microplates and feeder solutions covered as much as practical 
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to exclude dust, minimize evaporation, and protect fluorescent molecules from 

light. 

19. The addition of 10 µL LVS into 2 µL PLC solution should provide adequate mixing 

of assay components. A single gentle pipette mix of each well may be useful for 

homogenizing more complex samples. Additionally, gentle tapping on the side of 

the microplate may help even out all menisci prior to placing in the reader. 

20. The representative enzymatic reaction progression curves with different 

concentrations of PLC-γ1 (D1165H) in two lipid vesicle conditions are shown in 

Fig. 2.2. 

21. Membrane curvature and vesicle size have been shown to influence vesicle 

binding (27), domain conformation (28), and catalytic activity (29, 30) of 

phospholipase enzymes. Consequently, we investigated the effects of vesicle size 

on the XY-69 based assay. Lipid vesicles generated from probe sonication alone 

have Z-average size (Zav) in the range of 150-160 nm (Fig. 2.3A). We noticed that 

repeated freezing and thawing (freeze-thaw) of sonicated lipids produces larger 

vesicles ranging from 180 to 250 nm (Fig. 2.3B). The autoinhibited, wild type PLC-

γ1 has significantly higher activity in smaller-sized lipid vesicles (Fig. 2.3C) than in 

larger-sized ones (Fig. 2.3D). The relative activity of constitutively active mutant 

PLC-γ1 (D1165H) to that of wild type enzyme is approximately 2-fold in vesicles 

prepared from probe sonication alone. This ratio increased to 9-fold when lipid 

vesicles were prepared by first probe sonication and then freeze-thaw. Therefore, 

membrane-dependent regulation of PLC activity due to external stimulations or 

mutations are better monitored with XY-69 embedded in larger lipid vesicles.
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Figure 2.1 – Effects of pH and free Ca2+ concentration on XY-69 hydrolysis. A. pH 
effect. Lipid vesicles consisting of PE (192 µM), PIP2 (48 µM) and XY-69 (0.5 µM) in assay 
buffers with varying pH were added to PLC-γ1 (D1165H) (1 nM) at 20°C or 30°C. The 
initial velocity of XY-69 hydrolysis was measured and plotted against pH. The free Ca2+ 
concentration was 390 nM. B. Effect of free Ca2+ concentration. The initial velocity of XY-
69 (0.5 µM) hydrolysis by PLC-γ1 (D1165H) (1 nM) was measured with varying 
concentration of free Ca2+ in the assay buffer (pH 7.4) at 20°C or 30°C.  
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Figure 2.2 – Phospholipase activity of PLC-γ1 (D1165H) in lipid vesicles. A. XY-69 
(0.5 µM) was embedded into lipid vesicles containing PE (200 µM) and PIP2 (20 µM) and 
added to PLC-γ1 (D1165H) with indicated concentration to initiate the hydrolysis. The 
reaction progression at 20°C was monitored continuously for 60 min by fluorescence 
(λex/λem = 344/520 nm). The final assay buffer has a pH of 7.4 and free Ca2+ concentration 
at 390 nm. B. The concentration of PE and PIP2 in lipid vesicles was 192 and 48 µM, 
respectively. The experiment was run similarly as described in A.  
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Figure 2.3 – Size of lipid vesicle affects the relative rate of XY-69 hydrolysis. A, B. 
The z-average (zav) particle size of lipid vesicles were measured by dynamic light 
scattering (DLS). Lipid vesicles were formed either by probe sonication only (A) or by first 
probe sonication and then freeze-thaw (B). C, D. XY-69 (0.5 µM) hydrolysis by PLC-γ1 
(WT) or PLC-γ1 (D1165H) at 20°C was monitored by fluorescence (λex/λem = 344/520 
nm). Lipid vesicles were formed either by probe sonication only (C) or by first probe 
sonication and then freeze-thaw (D). All lipid vesicles contain PE (192 µM) and PIP2 (48 
µM). The final pH of the assay buffer was 7.4 and the free Ca2+ concentration was 390 
nM.
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CHAPTER III: STRUCTURAL BASIS FOR ACTIVATION OF PLC-γ ISOZYMES2 

Background 

The 13 phospholipase C (PLC) isozymes expressed in humans preferentially 

hydrolyze the membrane phospholipid phosphatidylinositol 4,5-bisphosphate (PIP2) to 

generate the second messengers diacylglycerol and inositol 1,4,5-trisphosphate (IP3) (1, 

2). Diacylglycerol is retained within membranes where it recruits and activates numerous 

proteins including conventional isoforms of protein kinase C. In contrast, IP3 diffuses 

throughout the cytosol where it binds to IP3 receptors embedded in endoplasmic reticulum 

leading to mobilization of sequestered calcium. PLC-mediated depletion of PIP2 also 

modulates the activities of several ion channels and proteins with phosphoinositide-

binding domains. Thus, the PLCs coordinate fluctuations in PIP2 levels and the bifurcating 

signaling pathways emanating from PIP2 hydrolysis to regulate numerous cellular 

processes, including fertilization and embryogenesis, cell proliferation and differentiation, 

as well as various types of cell migration (3-6). 

The two PLC-γ isozymes, PLC-γ1 and PLC-γ2, are unique among the PLCs in that 

they are directly activated by tyrosine phosphorylation. PLC-γ1 and PLC-γ2 are 

phosphorylated on equivalent sites, Tyr783 and Tyr759, respectively, and this 

phosphorylation is typically required to stimulate phospholipase activity. Several classes 

of tyrosine kinases phosphorylate and activate the PLC-γ isozymes. These include many 

receptor tyrosine kinases (RTKs) including Trk receptors (7, 8) and many growth factor 

receptors such as EGFR (9-13).
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A second large group is soluble tyrosine kinases coupled to immune receptors and 

includes members of the Src, Syk, and Tec families (14-16). In this way, the PLC-γ 

isozymes are poised to transduce signals initiated by a wide variety of extracellular stimuli. 

The regulated, phosphorylation-dependent activation of PLC-γ1 and -γ2 controls 

numerous aspects of biology including proper development of the vascular, neuronal, and 

immune systems during embryonic development, adaptive immune responses, neuronal 

transmission, bone homeostasis, chemotaxis, and platelet aggregation (17). The PLC-γ 

isozymes have also recently emerged as drivers of several human diseases (18). Notably, 

genome-wide sequencing studies have demonstrated that PLC-γ1 and PLC-γ2 are 

frequently and recurrently mutated in several leukemias and lymphomas. In fact, PLC-γ1 

is the most frequently (~40%) mutated gene in adult T cell leukemia/lymphoma, where 

mutant forms of the isozyme are presumed to drive oncogenesis through enhanced 

phospholipase activity coupled to elevated NFAT- and NF-κB-dependent transcription 

(19-20). Moreover, activating mutations in PLC-γ2 arise with high frequency (~30%) in 

patients with B cell leukemias treated with ibrutinib (21), a covalent inhibitor of Bruton’s 

tyrosine kinase (BTK). PLC-γ2 is a major BTK substrate and mutations in PLC-γ2 likely 

function as escape mutations, reactivating pathways controlling cell survival and 

proliferation that are usually rendered quiescent by ibrutinib treatment. Mutated, and 

presumably active, forms of the PLC-γ isozymes are also found in patients with 

angiosarcomas (22), and several disorders associated with dysregulated immune 

responses (23, 24), inflammatory bowel disease (25), and familial steroid-sensitive 

nephrotic syndrome (26, 27). A naturally occurring variant of PLC-γ2 that is moderately 

active is strongly associated with protection from late-onset Alzheimer’s disease (28, 29) 

and highlights the notion that aberrant PLC activity can be either deleterious or beneficial 
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depending on the context. However, for the vast majority of mutant forms of PLC-γ1 and 

PLC-γ2, an increase in lipase activity has not been demonstrated directly. 

While the PLC-γ isozymes control essential aspects of both normal and disease-

associated cellular processes, the molecular mechanisms controlling these enzymes 

remain elusive. Broadly, phosphorylation-dependent activation of PLC-γ1 and PLC-γ2 is 

controlled by an array of regulatory domains unique to these isozymes. In particular, the 

regulatory array harbors the obligatory sites of tyrosine phosphorylation (9, 10, 30), and 

also includes an SH2 domain (nSH2) required for tyrosine kinase binding (31). The array 

also mediates basal autoinhibition of phospholipase activity, since removal or mutation of 

a second SH2 domain (cSH2) within the array results in robust and constitutive activation 

of PLC-γ isozymes in vitro and in cells (30, 32). The regulatory array is completed by a 

split PH (sPH) domain and an SH3 domain, which modulate PLC activity by scaffolding 

numerous signaling and adaptor proteins (33, 34). 

Although these general aspects of the regulation of PLC-γ1 and PLC-γ2 are well-

documented, several fundamental questions remain unresolved. For example, the other 

half of the autoinhibitory interface formed by the cSH2 domain has not been identified, 

and how this domain enforces autoinhibition of phospholipase activity is unknown. 

Possibilities include physical occlusion of the lipase active site, steric hindrance that 

prevents the enzyme from engaging membranes, or a combination of both as is observed 

for the PLC-β isozymes (35). Although the cSH2 domain is presumed to be the primary 

arbiter of autoinhibition, several reports have also implicated the sPH domain in 

maintaining an autoinhibited state (30, 36). How this domain might contribute to 

autoinhibition is unknown. 

Similarly unclear is how autoinhibition is relieved by tyrosine phosphorylation. 

Phosphorylated Tyr783 in PLC-γ1 binds with nanomolar affinity to the cSH2 domain, and 
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this engagement presumably couples a large, but ill-defined conformational 

rearrangement within the array to activation (30, 32, 37). However, even these few 

mechanistic details are under debate since an alternative model posits engagement of 

RTKs by the cSH2 domain as an initial step required for activation (38). 

The paucity of mechanistic understanding of the activation of the PLC-γ isozymes 

is largely attributable to a lack of structural information. While structures of isolated 

portions of the regulatory array of PLC-γ1 are available, these structures provide an 

incomplete and sometimes erroneous context for defining how the array integrates the 

functions of basal autoinhibition and phosphorylation-dependent activation. There are no 

structures of full-length PLC-γ isozymes. 

Here we describe the 2.5 Å-resolution crystal structure of essentially full-length 

PLC-γ1. The structure highlights a regulatory array exquisitely positioned to prevent 

membrane engagement of the catalytic core while simultaneously arranged to scaffold 

tyrosine kinases and additional regulatory proteins into a signaling nexus. Kinases have 

unfettered access to the nSH2 domain of the regulatory array and will dock here initially. 

In contrast, the phosphotyrosine binding pocket within the cSH2 domain is buried through 

interactions with the catalytic core. Docked kinases are well positioned to phosphorylate 

Tyr783 located within a nearby solvent-exposed loop and phosphorylated Tyr783 

(pTyr783) is expected to bind the cSH2 domain to disrupt its interaction with the catalytic 

core. This disruption is predicted to favor a substantial rearrangement of PLC-γ1 required 

for productive membrane engagement and hydrolysis of PIP2. The structure also explains 

how cancer-associated substitutions disrupt autoinhibition to elevate basal PLC-γ1 activity 

and contribute to supra-activation of the isozyme in the context of receptor 

overexpression. The combined effects of substitution and tyrosine phosphorylation 
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suggest that cellular context, e.g., overexpression of EGFR found in many cancers, will 

be especially important for understanding diseases modulated by the PLC-γ isozymes. 

Materials and Methods 

DNA constructs 

Mammalian expression constructs- Gibson Assembly cloning (39) was used to 

introduce single amino acid substitutions into full-length rat PLC-γ1 (UniProt accession 

number P10686; 96% identical to human PLC-γ1) and human PLC-γ2 (P16885) in a 

modified pcDNA3.1 expression vector that incorporates an HA epitope tag at the N-

terminus of the expressed protein. The entire open reading frame of all constructs was 

confirmed by automated dideoxy sequencing. 

Bacterial expression constructs- The construct encoding a constitutively active 

form of the soluble kinase domain of FGFR2 (FGFR2K E565A) was described previously 

(30). 

Baculovirus transfer vectors- PLC-γ1(21-1215) was amplified from full-length rat 

PLC-γ1 by PCR and then subcloned into a modified pFastBacHT1 vector that incorporates 

a His6 tag followed by a tobacco etch virus (TEV) protease recognition sequence at the N-

terminus of the expressed protein. Transfer vectors encoding PLC-γ1(21-1215) harboring 

the P867R or D1165H substitutions were generated similarly, using the full-length mutant 

forms of PLC-γ1 as PCR templates. The ∆25 deletion, which replaces residues 766-790 

of PLC-γ1 with a Ser-Gly-Ser linker, was introduced into the transfer vector encoding PLC-

γ1(21-1215) by standard primer-mediated mutagenesis. PLC-γ1(21-1215) and PLC-γ1(21-

1215) ∆25 were amplified by PCR and subcloned into the modified pcDNA3.1 expression 

vector described above using a ligation-independent cloning strategy (40). 
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Protein expression and purification 

PLC-γ1(21-1215) ∆25- Recombinant baculovirus encoding His6-PLC-γ1(21-1215) 

∆25 was prepared using the Bac-to-Bac Baculovirus Expression System according to the 

manufacturer’s protocol (Invitrogen). Four liters of HighFive (T. ni) cells at a density of ~2.0 

x 106 cells/mL were infected with amplified baculovirus stock (10 - 15 mL/L) and harvested 

~60 h post-infection by centrifugation at 6,000 rpm in a Beckman JA-10 rotor at 4°C. All 

subsequent centrifugation and chromatography steps were performed at 4°C. 

The cell pellet was resuspended in 200 mL of ice-cold buffer N1 (20 mM HEPES 

(pH 7.5), 300 mM NaCl, 10 mM imidazole, 10% v/v glycerol, 0.1 mM EDTA, and 0.1 mM 

EGTA) supplemented with 10 mM 2-mercaptoethanol and protease inhibitor cocktail prior 

to lysis using an EmulsiFlex-C5 homogenizer. Crude lysate was centrifuged at 50,000 rpm 

for 1 h in a Beckman Ti70 rotor. The supernatant was filtered through a 0.45 µm PES low 

protein-binding filter and loaded onto a 5 mL HisTrap HP IMAC column equilibrated in 

buffer N1 supplemented with 5 mM 2-mercaptoethanol. The column was washed with 15 

column volumes (CV) of buffer N1, followed by 15 CV of 2.5% buffer N2 (buffer N1 + 1 M 

imidazole and 5 mM 2-mercaptoethanol). Bound proteins were eluted with 40% buffer N2. 

Fractions containing PLC-γ1 were pooled and dialyzed overnight in the presence of 2% 

w/w TEV protease to remove the His6 tag in buffer containing 20 mM HEPES (pH 7.5), 

300 mM NaCl, 10% v/v glycerol, 1 mM DTT, 1 mM EDTA, and 0.1 mM EGTA. The sample 

was subsequently diluted 2-fold with buffer N1 and applied to a 5 mL HisTrap HP column. 

Flow-through fractions containing cleaved PLC-γ1 were pooled, diluted 3-fold with buffer 

Q1 (20 mM HEPES (pH 7.5) and 2 mM DTT), and loaded onto an 8 mL SourceQ anion 

exchange column equilibrated in 10% buffer Q2 (buffer Q1 + 1 M NaCl). Bound proteins 

were eluted in a linear gradient of 10% - 60% buffer Q2 over 50 CV. Fractions containing 

PLC-γ1 were pooled, concentrated using a VivaSpin 50K MWCO centrifugal concentrator, 
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and applied to a 16 mm x 700 mm HiLoad Superdex 200 size exclusion column 

equilibrated in buffer containing 20 mM HEPES (pH 7.5), 150 mM NaCl, and 2 mM DTT. 

Pure PLC-γ1 was concentrated as described above to a final concentration of 40 - 50 

mg/mL, aliquoted, snap-frozen in liquid nitrogen, and stored at -80°C until use. Wild-type 

PLC-γ1(21-1215), PLC-γ1(21-1215) P867R, and PLC-γ1(21-1215) D1165H used for 

biochemical assays were purified using the method described above except that the buffer 

for size exclusion chromatography was supplemented with 5% v/v glycerol. 

FGFR2K E565A - The soluble kinase domain of FGFR2 (residues 458-778) 

harboring a His6 tag at its N-terminus was expressed in the Rosetta2 pLysS strain of E. 

coli (Novagen). Cells were grown at 37°C in TB medium containing 0.1 mg/mL ampicillin 

and 0.034 mg/mL chloramphenicol to an OD600 of ~3.0. Protein expression was induced 

for 2 h at 30°C with 0.1 mM IPTG (final concentration). Cells were collected by 

centrifugation, resuspended in lysis buffer (20 mM HEPES (pH 7.5), 300 mM NaCl, 10 

mM 2-mercaptoethanol, 10 mM imidazole, 10 mM MgCl2, 10 µM ATP, 10% v/v glycerol, 

and protease inhibitor cocktail), and lysed using an EmulsiFlex-C5 homogenizer. CHAPS 

was then added to a final concentration of 0.5% w/v and the lysate incubated at 4°C for 

30 min. Soluble lysate was prepared by ultracentrifugation and the kinase domain isolated 

by IMAC on a HisTrap HP column. The protein was further purified by size exclusion 

chromatography on a Sephacryl 200 size exclusion column equilibrated in 20 mM HEPES 

(pH 7.5), 200 mM NaCl, 2 mM DTT, and 5% v/v glycerol. Protein was aliquoted, snap-

frozen in liquid nitrogen, and stored at -80°C until use. 

Size-exclusion chromatography coupled to multi-angle light scattering 

Multi-angle light scattering measurements were performed using a Wyatt DAWN 

HELEOS II light scattering instrumentation (with Wyatt Optilab T-rEX refractometer and 

Wyatt dynamic light scattering module) coupled to a Superdex 200 10 mm x 300 mm GL 
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size exclusion column. Following equilibration with buffer containing 20 mM HEPES (pH 

7.4), 150 mM NaCl, and 0.02% w/v NaN3, 50 µL of PLC-γ1(21-1215) proteins at 2 mg/mL 

were loaded onto the column. Data analysis was performed with ASTRA software version 

6 (Wyatt Technologies). 

Crystallization of PLC-γ1(21-1215) ∆25 

Native PLC-γ1(21-1215) ∆25- Crystals of PLC-γ1(21-1215) ∆25 were grown initially 

by sitting drop vapor diffusion. PLC-γ1(21-1215) ∆25 was diluted to 20 mg/mL in buffer 

containing 20 mM HEPES (pH 7.5), 150 mM NaCl, 5 mM DTT, and 0.25% w/v CHAPSO. 

Two hundred nanoliters of this protein solution was mixed with 100 nanoliters of reservoir 

solution (200 mM di-sodium tartrate and 20% w/v PEG 3,350) and equilibrated against a 

30 µL reservoir. Crystals grew as a cluster of thin plates and appeared after 9 days at 

20°C. Diffraction quality crystals of PLC-γ1(21-1215) ∆25 were grown at 20°C by 

microseeding hanging drops. Protein solution was prepared by diluting PLC-γ1(21-1215) 

∆25 to 40 mg/mL in buffer containing 20 mM HEPES (pH 7.5), 150 mM NaCl, 5 mM DTT, 

and 0.25% w/v CHAPSO. Solutions of seed crystals were obtained by vortexing crystals 

of PLC-γ1(21-1215) ∆25 with a glass bead in buffer containing 200 mM di-sodium tartrate, 

25% w/v PEG 3,350, 150 mM NaCl, 5 mM DTT, and 0.25% w/v CHAPSO. Seed crystals 

were diluted 100-fold in the same buffer prior to use. Drops were prepared by mixing, in 

order, 1 µL of reservoir solution (12.5% w/v PEG 3,350, 50 mM di-sodium tartrate, and 5% 

v/v glycerol), 2 µL of protein solution, and 0.5 µL of seed solution. Drops were equilibrated 

against a 500 µL reservoir. Crystals ~100 µm on the longest edge appeared after 1-2 days 

and were flash-frozen in liquid nitrogen on nylon loops. 

Gadolinium-derivatized PLC-γ1(21-1215) ∆25- PLC-γ1(21-1215) ∆25 (335 µM) 

was treated with a 50-fold molar excess of EGTA for 1 h at 4°C. The protein was then 
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exchanged into crystallization buffer (20 mM HEPES (pH 7.5), 150 mM NaCl, 5 mM DTT, 

5 µM EGTA, 1 mM GdCl3, and 0.25% w/v CHAPSO) using a 7K MWCO Zeba spin 

desalting column (Thermo Scientific). The final protein concentration in this solution was 

36 mg/mL. A solution of seed crystals was prepared as described above except that the 

buffer contained 50 mM di-sodium tartrate, 20% w/v PEG 3,350, 5% v/v glycerol, 150 mM 

NaCl, 5 mM DTT, 0.25% w/v CHAPSO, 5 µM EGTA, and 1 mM GdCl3. Drops were 

prepared by mixing, in order, 1 µL of reservoir solution (12.5% w/v PEG 3,350, 25 mM di-

sodium tartrate, and 10% v/v glycerol), 2 µL of protein solution, and 0.5 µL of seed solution. 

Drops were equilibrated against a 500 µL reservoir. Crystals grew at 20°C and were 

transferred from the mother liquor and soaked in buffer containing 25 mM HEPES (pH 

7.5), 150 mM NaCl, 5 mM DTT, 0.25% w/v CHAPSO, 12.5% w/v PEG 3,350, 10% v/v 

glycerol, and 5 mM GdCl3 for 3 min at room temperature. Crystals were mounted on nylon 

loops and flash-frozen in liquid nitrogen. 

X-ray diffraction data collection and structure determination 

X-ray diffraction data were collected on crystals of native PLC-γ1(21-1215) ∆25 at 

the Southeast Regional Collaborative Access Team (SER-CAT) beamline 22-BM at the 

Advanced Photon Source at Argonne National Laboratory. One scan totaling 200° of data 

was collected at 100 K on a MAR 200 CCD detector. Each frame was exposed for 10 sec 

and consisted of a 1° oscillation. 

Gadolinium-derivatized crystals of PLC-γ1(21-1215) ∆25 were used to collect a 

single-wavelength anomalous diffraction (SAD) dataset at the gadolinium absorption peak 

(λ = 7,244.3 eV). Data were acquired at SER-CAT beamline 22-ID on a Rayonix MX300-

HS CCD detector. Each frame consisted of a 1° oscillation and was exposed for 1 sec. A 
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total of 240° of data were collected at 100 K in 30° wedges using an inverse beam strategy. 

Both sets of diffraction data were indexed, integrated, and scaled using HKL2000 (41). 

Phases for the gadolinium-bound form of PLC-γ1(21-1215) ∆25 were solved by 

SAD using the AutoSol routine in the Phenix software suite (42). A partial model of this 

structure was built using AutoBuild (43) and used as a molecular replacement search 

model to solve phases for the structure of native PLC-γ1(21-1215) ∆25. The remainder of 

the model was then built in an iterative process that consisted of manual model building 

in Coot (44) followed by restrained refinement in Phenix. The structure was validated using 

MolProbity (45) and molecular representations produced with PyMOL. Complete data 

collection and refinement statistics are shown in Supplementary File 1. 

Quantification of phospholipase activity in cells 

To quantify basal phospholipase activity, HEK293 cells were plated at a density of 

~75,000 cells/well in 12-well cluster plates and transiently transfected with 100 ng of vector 

encoding wild-type or mutant forms of PLC-γ1. Twenty-four hours post-transfection, cells 

were metabolically labeled overnight in serum-free, inositol-free medium containing 1 µCi 

of [3H]myo-inositol and 10 mM LiCl. Accumulation of [3H]inositol phosphates was 

quantified as described previously (46). In all experiments, counts that accumulated in 

cells transfected with empty vector (~500 - 1,000 cpm) were subtracted as background. 

EGFR-dependent activation of PLC-γ1 and PLC-γ2 was quantified in HEK293 cells 

transiently co-transfected with 200 ng of vector expressing various forms of the PLC-γ 

isozymes and 100 ng of vector expressing wild-type EGFR. Cells were metabolically 

labeled as described above, except LiCl was omitted from the radiolabeling medium. Cells 

received a 30 min challenge with the indicated concentrations of recombinant human EGF 

(Invitrogen) diluted in Hank’s Balanced Salt Solution containing 20 mM HEPES (pH 7.5), 

10 mM LiCl, and 200 µg/mL fatty acid-free bovine serum albumin (BSA). 



 

66 

Expression of each form of PLC-γ1 and PLC-γ2 was confirmed by immunoblotting 

of cell lysates using a monoclonal antibody against the HA epitope (BioLegend, clone 

16B12). Lysates were also probed with a monoclonal antibody against β-actin 

(SigmaAldrich, clone AC-15) as a loading control. All immunoblots represent a single 

exposure from one experiment, and the HA epitope and α-actin were detected on the 

same blot. Immunoblots were loaded with all mutant versions of PLC-γ1 or PLC-γ2 in 

numerical order; bands were subsequently cropped and then reordered in Photoshop to 

reflect the order in which data are presented in bar graphs and dose-response curves. 

The identity of the HEK293 cell line was not authenticated, and testing for mycoplasma 

contamination was not performed. 

In vitro quantification of phospholipase activity 

WH-15 fluorogenic assay - Assays utilizing WH-15 as enzyme substrate were 

performed as described previously (47) with the following modifications. WH-15 (3 µM, 

final concentration) was solubilized in a final assay buffer containing 50 mM HEPES (pH 

7.4), 70 mM KCl, 3 mM EGTA, 2.9 mM CaCl2, 50 µg/mL fatty acid-free BSA, 2 mM DTT, 

and 0.25% w/v sodium cholate. Baseline fluorescence was stabilized for 10 min, and 

fluorescence intensity then was quantified for an additional 15 min following addition of 

various forms of purified PLC-γ1(21-1215) (1 nM, final concentration). Fluorescence 

intensity was converted to pmol of 6-aminoquinoline using a standard curve, and initial 

rates of WH-15 hydrolysis were calculated from the slope of linear data points. 

XY-69 fluorogenic assay - All assays with XY-69 (48) were performed at 30°C in 

384-well plates in a PHERAstar multi-mode plate reader. Data were recorded for 30 min 

at intervals of 1 min using excitation and emission wavelengths of 485 nm and 520 nm, 

respectively. Fluorescence intensity was normalized to a blank reaction lacking 

phospholipase, and initial rates of XY-69 hydrolysis were calculated from the slope of the 
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linear portion of the curve. The amount of wild-type and mutant forms of PLC-γ1(21-1215) 

used in all experiments was adjusted to maintain assay linearity with respect to time and 

protein concentration. To prepare mixed micelles, XY-69 (5 µM, final concentration) was 

dried under a stream of nitrogen and solubilized by sonication in a final assay buffer 

containing 30 mM HEPES (pH 7.4), 70 mM KCl, 3 mM EGTA, 2.35 mM CaCl2, 2 mM DTT, 

and 0.5% w/v sodium cholate. PLC-γ1(21-1215) proteins (0.5 - 1 nM, final concentration) 

were diluted in 20 mM HEPES (pH 7.4), 50 mM NaCl, 1 mg/mL fatty acid-free BSA, and 

2 mM DTT. Reactions were initiated by adding 10 µL of detergent micelles to 2 µL of PLC-

γ1. 

Phospholipid vesicles were prepared by combining XY-69, porcine brain 

phosphatidylinositol 4,5-bisphosphate (PIP2), and bovine liver phosphatidylethanolamine 

(PE) and drying the mixture under a stream of nitrogen. Lipids were resuspended by 

sonication in 20 mM HEPES (pH 7.4). PLC-γ1(21-1215) proteins (0.5 - 1 nM, final 

concentration) were diluted as described above for mixed micelle assays. Assays were 

initiated by adding 10 µL of phospholipid vesicles to 2 µL of PLC-γ1 and performed in a 

final assay buffer consisting of 20 mM HEPES (pH 7.4), 70 mM KCl, 3 mM EGTA, 2.35 

mM CaCl2, and 2 mM DTT. Final concentrations of XY-69, PIP2, and PE were 5 µM, 20 

µM, and 220 µM, respectively. 

In vitro kinase assay- Equimolar concentrations (35 µM) of PLC-γ1(21-1215) and 

FGFR2K E565A were incubated on ice in buffer containing 20 mM HEPES (pH 7.4), 50 

mM NaCl, 10 mM MgCl2, 0.2 mM Na3VO4, 50 ng/mL fatty acid-free BSA, 2 mM DTT, and 

0.5 mM ATP. After 1 h, a portion of the reaction mixture was diluted with 20 mM HEPES 

(pH 7.4), 50 mM NaCl, 1 mg/mL fatty acid-free BSA, and 2 mM DTT. Phospholipase 

activity was quantified using XY-69 incorporated into mixed micelles or phospholipid 

vesicles as described above. The concentrations of PLC-γ1(21-1215) and FGFR2K 
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E565A were both 1 nM in the final reaction mixture. Phosphorylation of PLC-γ1(21-1215) 

was analyzed by native PAGE on PhastGel homogeneous medium containing 7.5% 

polyacrylamide followed by staining with Coomassie Brilliant blue. 

[3H]PIP2 hydrolysis assay- Quantification of lipase activity using phospholipid 

vesicles consisting of 200 µM PE, 20 µM PIP2, and ~5,000 cpm/assay [3H]PIP2 was 

performed as described previously (46). 

Homology modeling 

PLC-γ2(14-1190) - A model of PLC-γ1(21-1215) containing residues 766-790 was 

generated with Modeller v9.16 (49) using the structure of PLC-γ1(21-1215) ∆25 as the 

template. This model of PLC-γ1 was then used as the template to build a model of PLC-

γ2(14-1190). 

Molecular dynamics simulations 

Structural model of PLC-γ1(21-1215) ∆25- The X-ray crystal structure of 

autoinhibited PLC-γ1 included a number of missing regions presumably due to local 

disorder. Missing regions that were expected to contain secondary structural elements 

included: i) helix E of EF hand 2 (residues 190-206) and ii) helix E of EF hand 3 (residues 

226-246). In order to build the missing helices, HHpred (50) was used to search for 

suitable templates. The fragment from the structure of cuttlefish PLC21 (PDB code: 3QR0) 

(51) containing helix F of EF hand 2 through helix F of EF hand 3 provided the best 

superimposition on the PLC-γ1 structure and was used as a template for building helix E 

of EF hand 3. Residues 226 - 233 were deleted from the X-ray structure prior to building 

a model of this EF hand. The apo structure of troponin C (PDB code: 1TNP) (52) 

containing helix F of EF hand 1 through helix F of EF hand 2 provided the best 

superimposition on the structure of PLC-γ1 and was used as the template for building helix 
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E of EF hand 2. The remaining loops missing from the structure of PLC-γ1 were built as 

random coils with no regular secondary structural elements. A structural model of PLC-γ1 

containing all residues from Glu21 - Lys1215, except for the shortened activation loop, 

was generated with Modeller v9.16 using the autoinhibited PLC-γ1 structure as the 

template. The wild-type PLC-γ1 model was subsequently mutated in PyMOL to generate 

the PLC-γ1(D1165H) model used for molecular dynamics simulations. 

Accelerated molecular dynamics simulations- Accelerated molecular dynamics 

(aMD) simulations utilize an enhanced sampling method that applies a bias or boost 

potential to the true potential that effectively raises the minima in the potential energy 

surface, leading to an enhanced escape rate and sampling of longer timescale events with 

shorter MD simulations. Using the Amber v14 software package (53), conventional MD 

(cMD) simulations of PLC-γ1 and PLC-γ1(D1165H) in explicit solvent were used for 

equilibration, followed by a 5 nsec cMD simulation for calculating the boost potential, 

followed by completion of 145 nsec of boosted aMD simulations. The explicit solvent 

systems for PLC-γ1 and PLC-γ1(D1165H) were generated using LEaP and contained 

1,173 amino acid residues (PLC-γ1: 18,877 atoms, PLC-γ1(D1165H): 18,882), Na+ ions 

for charge neutralization (PLC-γ1: 25 ions, PLC-γ1(D1165H): 24 ions), and TIP3P water 

molecules in an octahedral box (PLC-γ1: 39,688 TIP3P, PLC-γ1(D1165H): 39,700), for 

total system sizes of ~138,000 atoms. The ff14SB force field (54) was used for 

parameterization and simulations run using pmemd.cuda. First, the systems underwent 

minimization for 10,000 steps with a convergence criterion of 0.05 kcal/mol-Å. This was 

followed by 200 psec dynamics (NVT ensemble) for heating, with the thermostat target 

temperature increasing linearly from 0K to 300K over the course of the 200 psec using a 

Berendsen thermostat with a relaxation time of 0.5 psec. Protein atoms were restrained 

with a harmonic potential of weight 1.0 kcal/mol-Å2. For relaxation and density 
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equilibration, 300 psec dynamics (NPT ensemble) were completed using the Langevin 

thermostat with a collision frequency of 2.0 psec-1 and isotropic pressure scaling with a 

relaxation time of 1.0 psec. At this stage, protein atoms were restrained with weight 0.1 

kcal/mol-Å2. During the next 500 psec of dynamics (NPT ensemble), there were no 

restraints placed on protein atoms. The last step of cMD was a 5 nsec simulation with 

snapshots saved every 5 psec. All simulations were under periodic boundary conditions, 

with a 1 fsec time-step with hydrogen atoms constrained by SHAKE. 

Boost potential parameters were determined from the average dihedral energy 

(Ed) and total potential energy (Ep) over the last 5 nsec of cMD according to the protocol 

described by Pierce, et al. (55): 

EthreshD  = Ed + (4 kcal mol-1 residue-1 * # solute residues) 

alphaD = (0.2)*(4 kcal mol-1 residue-1 * # solute residues) 

EthreshP = Ep + (0.16 kcal mol-1 atom-1 * # atoms) 

alphaP = (0.16 kcal mol-1 atom-1 * # atoms) 

Using this formulation, the boost potential parameters were EthreshD=19821, 

alphaD=938.4, EthreshP=-395856, and alphaP=22075. for PLC-γ1 aMD, and 

EthreshD=19842, alphaD=938.4, EthreshP=-395818, and alphaP=22081 for PLC-

γ1(D1165H) aMD. 

Two independent simulations with the same starting conformation but different 

velocity distributions were completed for both PLC-γ1 and PLC-γ1(D1165H). Results from 

the analysis were consistent between each pair of replicate trajectories, and results from 

one representative trajectory for each protein are presented in Fig. 2.4. Coordinate 

trajectories were processed using cpptraj for determining the average structure over the 

75 - 150 nsec period of the simulation, where the conformation appeared to settle into a 
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meta-stable state, as well as the correlated motions for Cα atoms during the first 75 nsec 

leading to the meta-stable state. 

Results 

Structure of full-length PLC-γ1 

In addition to the aforementioned array of regulatory domains, the PLC-γ isozymes 

also possess a set of core domains common to most other isoforms of PLC: an N-terminal 

PH domain, two pairs of EF hands, a catalytic TIM barrel, and a C2 domain. The regulatory 

array bisects the TIM barrel, subdividing this domain into the X- and Y-boxes (Fig. 3.1a, 

3.2). To facilitate crystallization, several regions predicted to be disordered were removed 

from the construct used for structure determination. In particular, 20 and 75 residues were 

deleted from the N- and C-terminus, respectively. In addition, an internal loop of 25 

residues connecting the cSH2 and SH3 domains was removed and replaced with a flexible 

linker; we refer to this internal deletion as ∆25 (Fig. 3.2, also see Materials and Methods). 

The crystallized construct therefore contains residues 21-765 and 791-1215 of PLC-γ1. 

The cSH2/SH3 domain loop contains Tyr783, which is required for 

phosphorylation-dependent activation of PLC-γ1. However, we have demonstrated 

previously that this loop is not directly required for autoinhibition (30), and consistent with 

this notion, the crystallized form of PLC-γ1 was autoinhibited in cells (Fig. 3.3a). While 

nuanced differences in regulation between the wild-type and crystallized version of PLC-

γ1 cannot be excluded, the latter faithfully recapitulated the mutational activation of the 

wild-type enzyme (Fig. 3.3a). In addition, deletion of the cSH2/SH3 domain loop had no 

measurable effect on the hydrodynamic radius or specific activity of the purified protein 

(Fig. 3.3b), further demonstrating that removal of the loop did not significantly alter the 

biochemical properties of the enzyme. 
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The 2.5 Å crystal structure of essentially full-length rat PLC-γ1 readily explains the 

autoinhibition of the PLC-γ isozymes. In particular, the regulatory array sits “atop” the 

conserved catalytic core and blocks the core from productively engaging membranes (Fig. 

3.1b). In addition, the overall structure is highly electronegative (Fig. 3.4), and this property 

will also inhibit lipase activity by disfavoring interactions with negatively charged 

membranes. In particular, the overall negative charge of the PH domain indicates that it is 

unlikely to bind phosphatidylinositol 3,4,5-trisphosphate as previously reported (56). For 

PLCs to hydrolyze membrane-embedded PIP2, the hydrophobic ridge of the catalytic TIM 

barrel must insert into lipid bilayers (57). However, in the case of PLC-γ1, the hydrophobic 

ridge interacts with portions of the sPH domain in the regulatory array; this arrangement 

is expected to effectively block membrane engagement. The active site sits beneath the 

hydrophobic ridge and is readily located by the bound Ca2+ cofactor (Fig. 3.3c). As implied 

by the visibility of the Ca2+ cofactor, the active site is fully solvent exposed and could 

presumably hydrolyze soluble substrates not embedded in lipid bilayers. 

Two major interfaces lock the regulatory array on top of the catalytic core. The first 

is the aforementioned sPH domain interacting with the hydrophobic ridge of the TIM barrel 

(Fig. 3.1c). Here, residues from the sPH domain interdigitate with residues of the 

hydrophobic ridge in a “zipper-like” arrangement. A second interface is formed between 

loops of the cSH2 domain and the C2 domain of the catalytic core (Fig. 3.1d). In this case, 

the BG and EF loops of the cSH2 domain clasp prominent turns of the C2 domain—almost 

as if the loops are pinching the C2 domain. The pinched region of the C2 domain is an 

additional membrane anchor point in the PLC-δ isozymes, where Ca2+ mediates between 

the C2 domain and negatively-charged membranes (58, 59). Based on sequence 

conservation and overall charge distribution, this region of the C2 domain of PLC-γ1 also 

seems likely to interact with Ca2+ and membranes, although this idea has not been tested. 
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The analogous portion of the C2 domain of PLC-γ2 is anticipated to engage Ca2+ in a 

similar manner. Of note, this loop was implicated in the Ca2+-dependent translocation of 

PLC-γ2 to the plasma membrane necessary for amplification of the Ca2+ signaling cascade 

in B cells (60). The two interfaces between the regulatory array and catalytic core do not 

overlap, but the sPH and cSH2 domains within the regulatory array brace each other 

through the C-terminal portion of the SH3 domain that lies between them (Fig. 3.1e): 

picture an arch with the tail end of the SH3 domain acting as the keystone. 

The structure of full-length and autoinhibited PLC-γ1 immediately evokes a 

straightforward mechanism for its activation upon tyrosine phosphorylation. The same BG 

and EF loops of the cSH2 domain that pinch the C2 domain are also used to engage 

pTyr783 and surrounding regions (32) (Fig. 3.1f, 3.5). Therefore, when Tyr783 is 

phosphorylated, we propose that it will compete with the C2 domain for binding to the 

cSH2 domain. This competition would presumably disengage the cSH2 domain from the 

C2 domain to initiate a rearrangement of the regulatory array relative to the catalytic core. 

Moreover, perturbations at the interface of the cSH2 and C2 domains may propagate to 

the interface between the sPH domain and TIM barrel through keystone residues of the 

SH3 domain tail to amplify the original structural rearrangements. Indeed, the structure 

suggests that a wholesale rearrangement of the regulatory array relative to the catalytic 

core is required for productive membrane engagement by PLC-γ1 (Fig. 3.1g). This idea is 

consistent with previous studies using small-angle X-ray scattering (SAXS) that showed 

phosphorylation of PLC-γ1 is coupled to a conformational change that has yet to be 

defined (61). 

The SAXS studies were also used by Bunney and colleagues to analyze the 

arrangement of domains within PLC-γ1. They posited a fundamentally distinct 

arrangement of domains relative to the crystal structure presented here. In particular, the 
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sPH and cSH2 domains were modeled as occupying the central volume of the SAXS 

envelope with the nSH2 and SH3 domains assuming flanking positions. In this model, the 

sPH domain does not contact the PLC core. This arrangement of domains would 

necessarily require a different mode of autoinhibition with the main autoinhibitory interface 

formed between the cSH2 domain the TIM barrel. 

The overall structure of PLC-γ1 also supports the multivalent scaffolding properties 

of the PLC-γ isozymes required for proper signaling (62-64). In particular, both the nSH2 

and SH3 domains are organized within the overall structure for unfettered access to 

cognate ligands (Fig. 3.5, 3.6). For example, the phosphotyrosine binding pocket of the 

nSH2 domain is fully solvent exposed and the major site for engagement of 

phosphorylated RTKs (31, 65, 66). Likewise, the canonical polyproline binding site of the 

SH3 domain is positioned to readily engage various proteins. Relevant examples include 

the scaffolding protein SLP-76 (67), the E3 ubiquitin ligase Cbl (68), and the guanine 

nucleotide exchange factor Vav1 (33, 69, 70)—all of which must be engaged by PLC-γ1 

for the proper clustering of T cell receptors and subsequent downstream signaling. PLC-

γ2 mediates similar clustering in response to active B cell receptors (71) and presumably 

will be structurally similar to PLC-γ1. 

In addition, the monomeric GTPase Rac2 binds the sPH domain of PLC-γ2 to 

elevate lipase activity (72, 73) and the equivalent surface within the sPH domain of PLC-

γ1 is fully exposed to solvent (Fig. 3.5). This last observation suggests that binding of Rac2 

would not disrupt the overall structure of autoinhibited PLC-γ2. Rather, Rac2 may stabilize 

an active conformation of PLC-γ2 once PLC-γ2 is engaged with membranes as previously 

suggested (74). 

In counterpoint to the above examples, the canonical phosphotyrosine binding site 

of the cSH2 domain is buried in the structure of PLC-γ1. This site is presumably reserved 
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as the “trigger” for phospholipase activation upon engagement of pTyr783. Therefore, 

pTyr783 is suggested to function as an intramolecular ligand that can effectively compete 

for the buried surface of the cSH2 domain. This situation is in contrast to intermolecular 

competitors such as kinases that would need to overcome substantial entropic penalties 

in order to bind the cSH2 domain. 

Tyr783 in PLC-γ1 is presumed to be the primary site of phosphorylation coupled to 

enzyme activation (9, 30). Eight additional tyrosines are phosphorylated (positions 186, 

472, 481, 771, 775, 959, 977, and 1254), but these sites appear dispensable for RTK-

dependent activation in cells (61). In contrast, activation of PLC-γ1 by soluble tyrosine 

kinases requires phosphorylation of both Tyr775 and Tyr783 (75) and this situation is 

similar for PLC-γ2 where the analogous tyrosines (positions 753, 759) are also 

phosphorylated during phospholipase activation (76-79). How dual sites of 

phosphorylation cooperate to drive phospholipase activity is an open question but 

presumably shares aspects of regulation described above. Additional tyrosines (positions 

1197, 1217) of PLC-γ2 are also phosphorylated and implicated in regulation (79), but these 

sites are not conserved in PLC-γ1. 

Interfacial regulation 

While the structure of PLC-γ1 strongly suggests that it must undergo a substantial 

rearrangement in order to gain access to its membrane-resident substrate, PIP2, this idea 

is speculative without substantiation. We formally tested this idea using two bespoke 

fluorescent substrates of mammalian PLCs (Fig. 3.7). The first case, WH-15, is a soluble 

analogue of PIP2 (80). It is predicted to have unimpeded access to the active site of PLC-

γ1 and mutations assumed to relieve autoinhibition by wholesale rearrangement should 

not affect basal specific activity for the hydrolysis of WH-15. This is in fact the case since 

wild-type PLC-γ1 and a set of mutated forms that are constitutively active in cells (32) (also 
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see below) have essentially identical capacity to hydrolyze WH-15 in vitro (Fig. 3.7a). In 

contrast, XY-69 is a fluorescent substrate of PLCs that was specifically designed to embed 

into lipid bilayers (48). When XY-69 in lipid vesicles was presented to the same set of 

PLCs, there was now a dramatic difference in hydrolytic rates (Fig. 3.7b). Wild-type PLC-

γ1 had very low specific activity, while the mutated forms were up to 30-fold more active. 

This discrimination presumably reflects the capacity of mutations to disrupt the interface 

between the regulatory domains and the catalytic core to favor a form of PLC-γ1 better 

able to engage PIP2 in membranes. Discrimination was greatly diminished—albeit not 

completely eliminated—when XY-69 was solubilized in detergent micelles (Fig. 3.7c). 

These results are consistent with the postulation that autoinhibition arises from the overall 

spatial arrangement of PLC-γ1 that prevents it from productively engaging membranes. 

Mutations that destabilize this arrangement are proposed to concomitantly relieve 

autoinhibition and allow PLC-γ1 better access to membranes and PIP2. 

Accelerated molecular dynamics (aMD) simulations support the proposed 

mechanism of activation. In particular, all-atom simulations of PLC-γ1 reproducibly 

highlighted a flexible set of regulatory domains relative to a virtually static catalytic core 

(Fig. 3.8a, 3.9). Moreover, this flexibility increased for simulations of a constitutively active 

mutant form of PLC-γ1 harboring a single substitution (D1165H) within the C2 domain at 

the interface with the phosphotyrosine-binding site of the cSH2 domain (Fig. 3.10). Of 

note, D1165H corresponds to the D1140G substitution in PLC-γ2; PLC-γ2(D1140G) has 

been identified in patients with relapsed chronic lymphocytic leukemia treated with ibrutinib 

(81). For both wild-type and mutant PLC-γ1, the correlated motions indicate that the 

regulatory domains tended to move as a relatively rigid block (Fig. 3.8b). 

Comparisons of average structures derived from the aMD simulations highlight 

increased disorganization within the interface between the cSH2 and C2 domains upon 
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mutation (Fig. 3.8c). For example, Asp 1165 resides within the β5/β6 turn of the C2 domain 

where it participates in two hydrogen bonds that stabilize the turn that forms a major part 

of the interface with the cSH2 domain. Substitution of Asp 1165 to His (D1165H) disrupts 

the proximal hydrogen-bonding network and results in the partial unfolding of the β5 and 

β6 strands of the C2 domain during simulations. The collapse of this region is linked to an 

approximately 30° rotation of the cSH2 domain as it moves toward the C2 domain by 

approximately 10 Å. The relative movements of the C2 and cSH2 domains are propagated 

to the rest of the regulatory array due to its propensity to move as a block. Movements are 

essentially identical for a constitutively active mutant form of PLC-γ1 harboring two 

substitutions (Y747E+R748E) within the phosphotyrosine-binding site of the cSH2 domain 

and on the opposite side of the interface from Asp 1165 (Fig. 3.9-3.11). This result 

suggests that diverse mutations within the cSH2/C2 domain interface will favor similar 

movements. 

PLC-γ isozymes in cancers 

The PLC-γ isozymes are frequently mutated in several leukemias (19, 81) and 

lymphomas(20, 82-84). In particular, PLC-γ1 is the most frequently mutated protein in adult 

T cell leukemia/lymphoma (19). In this disease, sites of substitution in PLC-γ1 are found 

throughout the entire primary sequence with clusters at several hotspots (Fig. 3.12a). This 

rather uninformative arrangement is dramatically clarified when the entire set of 

substitutions is mapped onto the structure of autoinhibited PLC-γ1 (Fig. 3.12b). Now, the 

majority of sites localize to the interfaces formed between the PLC core and the regulatory 

array. This three-dimensional clustering strongly suggests that most cancer-associated 

substitutions in PLC-γ1 disrupt the placement of the regulatory domains atop the core to 

disfavor autoinhibition. Indeed, in a panel of PLC-γ1 isozymes expressed in HEK293 cells, 
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cancer-associated substitutions at these interfaces produced a spectrum of constitutively 

active phospholipases—sometimes exceeding 1,500-fold greater activity than wild-type 

PLC-γ1 (Fig. 3.12c). Cancer-associated mutations within the equivalent regions of PLC-

γ2 produced similar enhancements, indicating conserved regulation between the two 

isozymes (Fig. 3.13). 

Cancer-derived mutations outside the autoinhibitory interfaces generally produced 

the smallest increases in basal lipase activities—but these increases were nonetheless 

significant in comparison to the wild-type isozyme (Fig. 3.12c, inset). How might these 

additional mutations lead to constitutive phospholipase activity? Based on the sites of 

mutation within the structure of autoinhibited PLC-γ1, three mechanisms are likely. First, 

substitutions may increase the affinity of the active form of PLC-γ1 for membranes. This 

option is likely the case for R48W located in the PH domain near the presumed interface 

with membranes. A similar mode leading to elevated phospholipase activation was 

proposed for a substituted form of PLC-γ2 that causes arthritis in mice and has increased 

affinity for membranes relative to wild-type PLC-γ2 (85). Second, substitutions might 

disrupt interactions provided by the keystone residues of the SH3 domain that buttress the 

organization of the sPH and cSH2 domains needed to maintain autoinhibition. 

Representative substitutions include R687W and R753H and additional examples are 

found in both PLC-γ1 (Fig. 3.12) and -γ2 (Fig. 3.13, 3.14). Of note, R687W is analogous 

to R665W in PLC-γ2 and arises in patients with relapsed chronic lymphocytic leukemia 

treated with ibrutinib (21). Finally, mutations within the nSH2 domain, e.g., Q606R and 

D625Y, are near the binding site for phosphotyrosine (31) and may increase affinity for 

phosphorylated kinases. 

The PLC-γ isozymes are normally activated upon phosphorylation, especially by 

diverse growth factor receptors. Therefore, the cancer-associated mutations in PLC-γ1 
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were further tested for effects on lipase activity after co-expression of PLC-γ1 and the 

epidermal growth factor receptor (EGFR) (Fig. 3.15). In all cases, a high concentration of 

EGF used to activate the receptor produced elevated lipase activity relative to wild-type 

PLC-γ1. This result indicates an untapped reserve of lipase activity that is, at least partially, 

released by these cancer-associated mutations in response to EGF. This point is further 

emphasized for lipase responses measured at varying concentrations of EGF for a 

representative subset of mutant PLC-γ1 isozymes with varying levels of constitutive 

activation (Fig. 3.15b, upper graph). Both P867R and D1165H occur at the autoinhibitory 

interfaces and produced substantially elevated lipase activity relative to wild-type PLC-γ1 

at all concentrations of EGF. In contrast, R48W occurs at the predicted interface of the 

active isozyme with membranes and abnormally elevated lipase activity of PLC-γ1(R48W) 

manifests only at high concentrations of EGF. This functional difference possibly reflects 

a mechanistic difference: P867R and D1165H likely destabilize the inactive ensemble of 

PLC-γ1 while simultaneously favoring active forms of the isozyme; in contrast, R48W has 

no substantive effect on the inactive population under these conditions and presumably 

only stabilizes the active isozyme once bound to membranes (Fig. 3.15b, lower graph). 

Regardless of the mechanistic details, these functional results suggest important 

biological ramifications. Namely, the lipase activity of mutant PLC-γ isozymes should be 

dependent on cellular context. For example, PLC-γ1 or -γ2 harboring mutations such as 

R48W that preferentially stabilize active ensembles may be essentially quiescent until the 

isozymes are activated by phosphorylation. These situations are relatively nuanced in 

comparison to more robustly activating mutations, e.g., P867R and D1165H, that disrupt 

core aspects of autoinhibition. However, the more subtly activating substitutions may 

nonetheless contribute to cancer in cells with high levels of active kinases such as upon 
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the overexpression of EGFR or other growth factor receptors—situations with widespread 

clinical relevance (86) 

Discussion 

The structure of full-length, autoinhibited PLC-γ1 provides a first clear view of the 

regulated activation of the PLC-γ isozymes. The overall picture is of a catalytic core that 

is conserved among all PLCs and that is prevented from spuriously hydrolyzing PIP2 by a 

set of interdependent regulatory domains stationed to preclude access of the active site 

to membranes. Additionally, the regulatory domains are organized to integrate numerous 

molecular inputs that ultimately control phospholipase activity and mediate necessary 

scaffolding functions (Fig. 3.16). Importantly, the nSH2 domain is optimally positioned to 

readily bind phosphorylated kinases and align them to promote the phosphorylation of 

Tyr783 needed for activation of PLC-γ1. Although capable of engaging phosphorylated 

portions of kinases (87), the equivalent surface of the cSH2 domain is buried through 

interactions with the C2 domain and is unlikely to initiate engagement of kinases as 

previously suggested (38). 

However, the two SH2 domains might work in concert upon receptor engagement 

to facilitate the binding of phosphorylated Tyr783 to the cSH2 domain. This idea is 

supported by the comparison of the full-length structure of PLC-γ1 with a structure of the 

two SH2 domains of PLC-γ1 bound to the phosphorylated kinase domain of FGFR1 (31). 

Based on this comparison, the βA/αA loop of the nSH2 domain is rearranged to 

accommodate pTyr766 of FGFR1 and this rearrangement leads to additional movements 

of the cSH2 domain (Fig. 3.17). In the full-length structure, equivalent movements upon 

binding FGFR1 would open the surface of the cSH2 domain that binds pTyr783, effectively 

priming it to engage pTyr783. Engagement of pTyr783 by the cSH2 domain is presumed 

to unlatch the cSH2 domain from the catalytic core and initiate what is likely to be a 
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relatively massive rearrangement of the regulatory domains with respect to the core before 

the core can engage membranes and hydrolyze PIP2. 

The model of activation described above provides the mechanistic underpinnings 

for understanding the mutational landscape of the PLC-γ isozymes associated with 

disease. In particular, most of the substitutions and small deletions in these isozymes that 

are linked to cancers (19, 21, 81) or autoimmune disease (23) occur at the interfaces 

between the core and regulatory domains based on the structure of autoinhibited PLC-γ1. 

These mutations disrupt these interfaces, release autoinhibition, and favor conformations 

that engage membranes to promote constitutive phospholipase activity. Shifted 

conformational equilibria may also explain the supra-activation of mutant forms of PLC-γ1 

by EGFR. That is, mutant forms of PLC-γ1 that are predisposed to be “open” may also 

have a greater propensity to bind EGFR and a lower probability of turning off. 

Constitutive activation varies greatly, ranging from approximately 10-fold to over 

1,500-fold, with important cellular implications: highly active forms are expected to drive 

downstream signaling under all circumstances while more subtly active forms are likely to 

promote disease only within specific cellular contexts. An excellent example of this latter 

class includes mutated forms of PLC-γ2 (R665W or L845F) that arise in patients treated 

with ibrutinib. B cells harboring either mutant of PLC-γ2 possess normal calcium 

homeostasis until B cell receptors are activated, at which point intracellular calcium levels 

rise and remain elevated, while in the equivalent wild-type case, calcium homeostasis is 

rapidly reestablished (21). Both mutant forms have essentially wild-type phospholipase 

activity at low levels of expression but are hypersensitive to activation by Rac2 (74). These 

results suggest that once active, the mutant forms of PLC-γ2 are stabilized at membranes 

by binding to Rac2. That is, the mutations are cryptic until the isozymes are activated, at 

which point the mutated PLC-γ2 isozymes are slow to return to their autoinhibited state. 
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Similar context-dependent activation of mutant forms of the PLC-γ isozymes 

should also occur upon activation by kinases. PLC-γ1(R48W) provides an example: it has 

essentially wild-type phospholipase activity until co-expressed with high levels of active 

EGFR. Analogous scenarios may be wide-spread in cancers where tyrosine kinases are 

constitutively active upon substitution, truncation, fusion, or overexpression—all 

conditions shown to activate PLC-γ1 (88, 89). Alternatively, the activation of RTKs by 

stromal components contributes to treatment-resistant cancers (90) and roles for wild-type 

and mutant PLC-γ isozymes under these conditions need to be explored. 

On a final note, the interfacial regulation of the PLC-γ isozymes suggests promising 

avenues for their isozyme-specific, allosteric modulation by small molecules to advance 

related chemical biology and on-going drug discovery. Namely, compounds that inhibit the 

movement of the regulatory domains relative to the catalytic core should also prevent 

membrane engagement and consequent PIP2 hydrolysis. Such compounds might treat 

cancers and immune diseases driven by constitutively active forms of the PLC-γ isozymes. 

Conversely, allosteric modulators that stabilize active forms of the PLC-γ isozymes might 

bolster immunotherapies (91) or provide promising leads for the treatment of Alzheimer’s 

disease where a naturally occurring hypermorphic variant of PLC-γ2 is linked to protection 

from this disease (28).
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Figure 3.1 – Crystal structure of autoinhibited PLC-γ1. a, Domain architecture of PLC-
γ1 drawn to scale. b, 2.5 Å resolution structure of PLC-γ1, domains are colored as in a; 
TIM barrel and C2 domain are depicted as surfaces to highlight interactions with regulatory 
domains. The calcium cofactor (orange sphere) marks the active site and dashed lines 
indicate regions not built due to the absence of observable electron density. Borders of 
the ∆25 deletion (residues 766-790) used to facilitate crystallization are indicated with 
spheres. The hydrophobic ridge of the TIM barrel, which interacts with lipid membranes to 
facilitate catalysis, is occluded by the sPH domain. This arrangement of the sPH domain 
is supported by contacts with the cSH2 domain and further reinforced by a “brace” formed 
by the C-terminal extension of the SH3 domain. c-d, Structural details between the 
regulatory and core domains of PLC-γ1. e, Expanded view of the SH3 domain. f, Structure 
of the isolated cSH2 domain of PLC-γ1 bound to a peptide (spheres) encompassing 
phosphorylated Tyr783 (red) of PLC-γ1. Orientation is approximately the same as in 
panels b and d. For panels c-f, interfacial residues are numbered, dashed lines are 
hydrogen bonds, and residues mutated in Figure 7 are underlined. g, Schematic 
emphasizing large conformational change that is proposed to occur before PLC-γ1 can 
access membrane-resident PIP2.



 

84 

 
Figure 3.2 – Primary sequence alignment of PLC-γ isozymes. The sequence of rat 
PLC-γ1 (PLC-γ1_rn, UniProt accession number P10686), human PLC-γ1 (PLC-γ1_hs, 
P19174), and human PLC-γ2 (PLC-γ2_hs, P16885) were aligned using ClustalW. Dots 
denote every 10th residue. Underlined residues were removed from the crystallization 
construct and the D25 deletion is highlighted with a dashed underline. Electron density 
was not observed for residues in italics. Secondary structure (α-helices, cylinders; β-
strands, arrows) was assigned using DSSP. Tyr783 in PLC-γ1 and Tyr759 in PLC-γ2 are 
highlighted in red. Substrate ligation defined based on structural homology to PLC-γ1 and 
-γ2.
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Figure 3.3 – Crystallographic-grade PLC-γ1(21-1215) ∆25 is fully autoinhibited in 
cells and in vitro. a, Phospholipase activity of various forms of PLC-γ1 in cells. Data are 
the mean ± SEM of triplicate samples from a single experiment that is representative of 
data obtained in two independent experiments. Immunoblots of cell lysates are presented 
in the same order as the bar graph. b, Analysis of purified PLC-γ1(21-1215) and PLC-
γ1(21-1215) ∆25 by size exclusion chromatography coupled to multi-angle light scattering. 
One hundred micrograms of the indicated protein were applied to a Superdex 200 size 
exclusion column. Elution was monitored by UV absorbance (colored lines) and 
simultaneously analyzed by multi-angle light scattering to determine hydrodynamic radius 
(colored squares). The mean radius for each protein is indicated in angle brackets. Two 
micrograms of each protein were separated by SDS-PAGE and stained with Coomassie 
Brilliant blue (left inset) to assess purity. Specific activities were quantified using 
phospholipid vesicles containing 200 µM PE and 20 µM [3H]PIP2 (right inset). Data are 
presented as the mean ± SEM and were pooled from three independent experiments. c, 
Electron density map (wire mesh) of the active site of PLC-γ1(21-1215) ∆25 (2Fo – Fc 
contoured at 1.5 σ).
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Figure 3.4 – Surface of autoinhibited PLC-γ1 is electronegative. The solvent-
accessible surface area of PLC-γ1 (a) or the core of the protein (b) was calculated and 
colored according to electrostatic potential (red, -5 kT/e; blue, 5 kT/e). Charges were 
calculated using AMBER and electrostatic surfaces were calculated using APBS executed 
within PyMOL.



 

87 

 
Figure 3.5 – Structural comparisons of autoinhibited PLC-γ1 and fragments. a-h, The 
structure of autoinhibited PLC-γ1 (gray) was aligned with the indicated structures of 
isolated domains from PLC-γ1 or PLC-γ2 (blue). Binding partners co-crystallized with 
isolated domains are red. PDB accession numbers are listed in parentheses. In a-b, the 
tandem SH2 domains were aligned using the nSH2 domain. 
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Figure 3.6 – The regulatory domains are organized to integrate multiple inputs. 
Structures of fragments of PLC-γ1 or -γ2 bound to biologically relevant proteins were 
superimposed on the structure of PLC-γ1 (gray ribbon) and partner proteins highlighted in 
color as space filling models. PDB accession numbers are listed in parentheses and the 
domain architecture of PLC-γ1 is shown at upper left in the same orientation.
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Figure 3.7 – Interfacial regulation of purified forms of PLC-γ1. a, Specific activities 
measured with the soluble substrate, WH-15 (3 µM). Purified PLC-γ1 variants (2 µg) 
shown in inset in the same order as bar chart. Data represent the mean ± SEM calculated 
from three independent experiments. b-c, Quantification of phospholipase activity at lipid 
interfaces. The membrane-associated substrate XY-69 (5 µM) was incorporated into 
phospholipid vesicles containing 220 µM PE and 20 µM PIP2 (vesicles) or detergent-mixed 
micelles containing 0.5% w/v sodium cholate (micelles) prior to the addition of indicated 
forms of PLC-γ1 (wild-type PLC-γ1, 1 nM; mutant forms, 0.5 nM). Phospholipase activity 
determined by quantifying XY-69 hydrolysis in real-time and presented as the mean ± 
SEM of three independent experiments. Phosphorylation of PLC-γ1 by a constitutively 
active version of the FGFR2 kinase domain confirmed by native PAGE followed by 
Coomassie Brilliant blue staining (inset).
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Figure 3.8 – The regulatory domains of PLC-γ1 are dynamic in aMD simulations. a, 
Root mean square deviations (RMSD) of backbone atoms for the indicated trajectories 
relative to the starting model of autoinhibited PLC-γ1. For comparison, the equivalent 
RMSDs for the PLC core (“core only”) are also shown. b, Correlation matrix for pairs of 
residues in PLC-γ1 and PLC-γ1(D1165H). Correlated motions were calculated over the 
first 75 nanoseconds of each simulation. c, Superimposition of the average structures of 
PLC-γ1 and PLC-γ1(D1165H). Structures were calculated over 75-150 nanoseconds of 
each simulation. Domains in wild-type PLC-γ1 and PLC-γ1(D1165H) are shown in light 
and dark colors, respectively; the remainder of the proteins are gray. Red arrows indicate 
displacement of select Cα atoms (yellow spheres).
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Figure 3.9 – Activated forms of PLC-γ1 have highly mobile regulatory domains. Root 
mean square fluctuations (RMSF) about the average structure of (a) PLC-γ1(D1165H) or 
(b) PLC-γ1(Y747E+R748E) were calculated for each Cα atom and divided by the 
equivalent RMSF of wild-type PLC-γ1.
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Figure 3.10 – Substitutions of PLC-γ1 analyzed in aMD simulations. The positions of 
substitutions (red spheres) studied are mapped onto the structure of PLC-γ1. 
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Figure 3.11 – Point mutations in the cSH2 domain recapitulate dynamics. a, Root 
mean square deviations (RMSD) of backbone atoms for the indicated trajectories relative 
to the starting model of auto-inhibited PLC-γ1. For comparison, the equivalent RMSDs for 
the PLC core (“core only”) are also shown. b, Correlation matrix for pairs of residues in 
PLC-γ1 and PLC-γ1(Y747E+R748E) calculated over the first 75 nanoseconds of each 
simulation. c, Superimposition of the average structures of PLC-γ1 and PLC-
γ1(Y747E+R748E) calculated over 75-150 nanoseconds of each simulation. Domains in 
wild-type PLC-γ1 and PLC-γ1(Y747E+R748E) are shown in light and dark colors, 
respectively; the remainder of the proteins are gray. Red arrows indicate displacement of 
select Cα atoms (yellow spheres).
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Figure 3.12 – Substitutions of PLC-γ1 found in cancers activate the enzyme. a, 
Position (n = 26) and frequency of substitutions (red spheres) in PLC-γ1 for a cohort of 
370 patients with adult T cell leukemia/lymphoma. b, Mutations from a mapped onto the 
structure of PLC-γ1. c, Basal phospholipase activity of mutant forms of PLC-γ1 in cells. 
Data represent the mean ± SEM of triplicate samples from a single experiment 
representative of three independent experiments. Inset shows mutant forms of PLC-γ1 
with the lowest relative basal activity. Immunoblots of cell lysates are presented in the 
same order as the bar graph.
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Figure 3.13 – Constitutive activation of PLC-γ2 in cancers. a, Domain architecture of 
PLC-γ2 drawn to scale. Position of substitutions (red spheres) in PLC-γ2 in patients with 
chronic lymphocytic leukemia are indicated. b, Substitutions (red spheres) mapped onto 
a homology model of PLC-γ2. c, Basal and receptor-dependent activation of PLC-γ2 
mutants in cells. Data are presented as the mean ± SEM of triplicate samples from one 
experiment representative of three independent experiments. Immunoblots of cell lysates 
are presented in the same order as the bar graph.
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Figure 3.14 – Oncogenic substitutions within the SH3 domain activate PLC-γ1. a, 
Basal phospholipase activities of the indicated mutant forms of PLC-γ1 were quantified 
after transient overexpression in cells. Data represent the mean ± SEM of triplicate 
samples from a single experiment representative of three independent experiments. 
Immunoblots of cell lysates are presented in the same order as the bar graph.
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Figure 3.15 – Oncogenic substitutions prime PLC-γ1 for activation by EGFR. a, 
Receptor-dependent activation of mutant forms of PLC-γ1. A substitution that abolishes 
phosphorylation-dependent activation of PLC-γ1 is indicated (cSH2*). Data are the mean 
± SEM of triplicate samples from one experiment representative of two independent 
experiments. b, EGF concentration-effect curves for wild-type and select mutant forms of 
PLC-γ1. Data are presented as the mean ± SEM of single data sets pooled from three 
independent experiments. Hypothetical reaction coordinates for each form of PLC-γ1 are 
shown below. In both panels, immunoblots of cell lysates transfected with PLC-γ1 are 
presented in the same order as the bar chart (top to bottom).
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Figure 3.16 – Model for phosphorylation-induced activation of PLC-γ1. In the basal 
state, the nSH2 domain of PLC-γ1 mediates recruitment of the autoinhibited enzyme to 
activated receptor tyrosine kinases, e.g. FGFR1. The nSH2 domain binds to 
phosphorylated Tyr766 (pTyr766) in the C-terminal tail of FGFR1, and its kinase domain 
acts as a lever to destabilize the interaction between the cSH2 and C2 domains of PLC-
γ1, priming the lipase for phosphorylation-dependent activation. PLC-γ1 is subsequently 
phosphorylated on Tyr783, and the engagement of pTyr783 by the cSH2 domain results 
in the full dissociation of the cSH2 domain from the C2 domain. Importantly, the 
phosphorylation of Tyr783 and its subsequent engagement by the cSH2 domain is 
predicted to induce a large-scale rearrangement of the regulatory domains with respect to 
the core before the phospholipase can hydrolyze membrane-resident PIP2.
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Figure 3.17 – Proposed mechanism for priming of PLC-γ1 by FGFR1. The structure 
of the SH2 domain array of PLC-γ1 bound to the kinase domain of FGFR1 (nSH2 domain, 
orange; cSH2 domain, blue; FGFR1 kinase domain, yellow; PDB code: 3GQI) was 
superimposed on the structure of autoinhibited PLC-γ1 (gray) using the nSH2 domain. 
Red arrows indicate displacement of select residues (spheres represent Cα atoms).
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CHAPTER IV: ALLOSTERIC REGULATION OF THE PLC-γ ISOZYMES3 

Background 

Cells maintain homeostasis by responding to a multitude of extracellular ligands 

including neurotransmitters, hormones, and growth factors. These extracellular ligands 

bind to cell-surface receptors that amplify and relay signals from the outside to the inside 

of the cell through the creation of second messengers (1). One such example is the 

creation of 1,2-diacyglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3) from the 

hydrolysis of membrane-embedded phosphatidylinositol 4,5-bisphosphate (PIP2) by the 

phosphoinositide-specific phospholipase C (PLC) isozymes (2, 3). The regulated 

activation of this signaling pathway is fundamental for the control of diverse biological 

processes including cell growth, proliferation, differentiation, and migration (2, 3). 

The thirteen mammalian PLC isozymes are grouped into six subgroups (-β, -γ, -δ, 

-ε, -ζ, -η) based on sequence similarity; they share a highly conserved catalytic core 

comprised of an N-terminal pleckstrin homology (PH) domain, two pairs of EF hands, a 

catalytic triosephosphate isomerase (TIM) barrel, and a C-terminal C2 domain (2, 3). In 

the majority of mammalian PLCs, enzymatic activity is basally autoinhibited by a mostly 

disordered and negatively charged linker that prevents membrane association via 

electrostatic repulsion (2-4). In contrast, the two PLC-γ isozymes (-γ1 and -γ2) possess an 

elaborate linker that includes additional regulatory domains: a split PH (sPH) domain, two 

Src-homology 2 (SH2) domains in tandem, and an SH3 domain (3, 5).
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The PLC-γ isozymes are unique because they require tyrosine phosphorylation for 

activation (6-8). Depending on the cell context, the PLC-γ isozymes are phosphorylated 

by soluble tyrosine kinases associated with immune receptors as well as by receptor 

tyrosine kinases (RTKs) for a variety of growth factors including members of the fibroblast 

growth factor receptor (FGFR) family (2, 3, 5, 9). Phosphorylation-dependent activation of 

the PLC-γ isozymes downstream of a multitude of extracellular ligands is necessary for 

the proper development of a mature vascular system, directed cell migration, and 

mounting of an immune response (10). 

Aberrant PLC-γ isozyme signaling has been identified in a variety of human 

diseases including cancers and immune disorders. For example, PLC-γ1 is overexpressed 

in human cancers such as breast (11, 12), prostate (12), and colon cancers (13, 14). With 

the advent of genome-wide sequencing, studies have identified acquired mutations in both 

PLC-γ1 and PLC-γ2 in several immunoproliferative malignancies. For example, PLC-γ1 is 

the most frequently mutated protein in approximately 40% of patients with adult T cell 

leukemia/lymphoma where hotspots of mutation where found wide-spread throughout the 

entire primary sequence of the protein (15). Moreover, variants of PLC-γ2 arise in 

approximately 30% of patients with relapsed chronic lymphocytic leukemia after treatment 

with ibrutinib, a covalent inhibitor of Bruton’s tyrosine kinase (16). 

We recently described the first crystal structure of essentially full-length PLC-γ1 in 

the autoinhibited state (17). The structure, together with biochemical and computational 

studies, provides insights into the regulated activation of the PLC-γ isozymes. The 

structure illustrates how the regulatory domains sit on top of the catalytic core to form two 

interfaces: residues of the sPH domain interdigitate with hydrophobic residues of the TIM 

barrel and the C-terminal SH2 domain (cSH2) clasps the C2 domain. This arrangement is 

poised to autoinhibit phospholipase activity while simultaneously integrating 
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phosphorylation-dependent activation and scaffolding properties of the regulatory 

domains. In addition, we demonstrated that most cancer-associated substitutions reside 

within the two interfaces between the regulatory domains and the catalytic core to elevate 

phospholipase activity in cells and with purified components. 

Based on these results, we developed a high-resolution model for the regulated 

activation of PLC-γ isozymes. In this model, kinases bind to the nSH2 domain, 

phosphorylate one or more tyrosines within the regulatory domains, and these 

phosphorylated tyrosines then bind to the cSH2 domain to unlatch this domain from the 

catalytic core. Unlatching presumably initiates a rearrangement of the regulatory domains 

relative to the catalytic core that liberates the active site to bind membranes (17, 18). 

The structure also provides unrealized opportunities to understand the dynamic 

regulation of the PLC-γ isozymes at atomic resolution. In particular, hydrogen-deuterium 

exchange mass spectrometry (HDX-MS) coupled with structural information has proven 

useful for mapping regions of large proteins that dynamically respond to mutations (19), 

the binding of additional proteins (20), or changes in solvent conditions as exemplified by 

the interaction of proteins with membranes (19, 21). Since an overall goal of our work has 

been to understand how PLC-γ isozymes operate at membranes, we used HDX-MS to 

define the exchange kinetics of PLC-γ1 as it interacts with the kinase domain of FGFR1 

and liposomes containing PIP2.  

In this report we show that binding of the phosphorylated kinase domain of FGFR1 

to PLC-γ1 allosterically disrupts autoinhibition and that kinases and membranes can 

cooperate to activate PLC-γ1, likely via stabilization of the ensemble of active PLC-γ1. 
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Materials and Methods 

Molecular cloning 

PLC-γ1 – Transfer vector (pFB-LIC2) encoding wild-type rat PLC-γ1 (residues 21-

1215) and PLC-γ1 (D1165H) have been previously described (17). The H335A mutation 

that renders PLC-γ1 catalytically inactive was introduced into the transfer vector encoding 

wild-type PLC-γ1 (residues 21-1215) or PLC-γ1 (D1165H) using standard primer-mediated 

mutagenesis (Agilent Technologies; QuikChange site-directed mutagenesis manual). 

Mutagenesis was confirmed by automated DNA sequencing of the open reading frame. 

These constructs are referred as PLC-γ1 (H335A) and PLC-γ1 (H335A+D1165H), 

respectively. 

FGFR1K – Plasmid DNA encoding the kinase domain (residues 458-774) of 

human fibroblast growth factor receptor 1 (FGFR1) with four substitutions (Y463F, Y583F, 

Y585F, Y730F) was synthesized by Genewiz (South Plainfield, NJ). The plasmid DNA 

encoding this variant of FGFR1K was then sub cloned from a pUC57-Amp vector to a 

modified pFastBac-HT vector (pFB-LIC2) using ligation-independent cloning (LIC) 

strategy (27). The baculovirus expression vector, pFB-LIC2, incorporates a His6 tag and 

a tobacco etch virus (TEV) protease site at the amino terminus of the expressed protein. 

This variant of FGFR1K is referred as FGFR1K (4Y/F). Two substitutions that render the 

kinase catalytically inactive (Y653F+Y654F) were introduced into the original transfer 

vector encoding FGFR1K (4Y/F) using standard primer-mediated mutagenesis s (Agilent 

Technologies; QuikChange site-directed mutagenesis manual). The Y766F substitution 

was introduced separately into the original transfer vector encoding FGFR1K (4Y/F) using 

standard primer-mediated mutagenesis. This substitution eliminates the PLC-γ1 binding 

site at the C-terminal tail of the kinase domain and is referred as FGFR1K (5Y/F). All 

FGFR1K variants were verified by automated DNA sequencing of the open reading frame. 
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Protein expression and purification 

PLC-γ1 – Expression and purification of PLC-γ1 variants have been previously 

described (17) and was employed here with minor modifications. Briefly, four liters of High 

Five (T. ni) cells at a density of approximately 2.0 x 106 cells/mL were infected with 

amplified baculovirus stock (10 - 15mL/L) encoding individual PLC-γ1 variants. Cells were 

harvested approximately 48 hr. post-infection by centrifugation at 6,000 rpm in a Beckman 

JA-10 rotor at 4°C. Cell pellet was resuspended in 200 mL of buffer N1 (20 mM HEPES 

(pH 7.5), 300 mM NaCl, 10 mM imidazole, 10% v/v glycerol, and 0.1 mM EDTA) 

supplemented with 10 mM 2-mercaptoethanol (BME) and four EDTA-free cOmplete 

protease inhibitor tablets (Roche Applied Science) prior to lysis using the Nano DeBEE 

High Pressure Homogenizer (BEE International). Lysate was centrifuged at 50,000 rpm 

for 1 hr. in a Beckman Ti70 rotor. The supernatant was filtered through a 0.45 µm 

polyethersulfone (PES) low protein-binding filter and loaded onto a 5 mL HisTrap HP 

immobilized metal affinity chromatography (IMAC) column equilibrated in buffer N1. The 

column was washed with 15 column volumes (CV) of buffer N1, followed by 15 CV of 2.5% 

buffer N2 (buffer N1 + 1 M imidazole). Bound proteins were eluted with 40% buffer N2. 

Fractions containing PLC-γ1 were pooled and dialyzed overnight in the presence of 2% 

(w/w) TEV protease to remove the His6 tag in a buffer solution containing 20 mM HEPES 

(pH 7.5), 300 mM NaCl, 10% v/v glycerol, 1 mM dithiothreitol (DTT), 1 mM EDTA. The 

sample was subsequently diluted 2-fold with buffer N1 and applied to a 5 mL HisTrap HP 

column. Flow-through fractions containing cleaved PLC-γ1 were pooled, diluted 4-fold with 

buffer Q1 (20 mM HEPES (pH 7.5) and 2 mM DTT), and loaded onto an 8 mL SourceQ 

anion exchange column equilibrated in 10% buffer Q2 (buffer Q1 + 1 M NaCl). Bound 

proteins were eluted in a linear gradient of 10% - 60% buffer Q2 over 50 CV. Fractions 

containing PLC-γ1 were pooled, concentrated using a GE Healthcare VivaSpin 50K 
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molecular weight cut-off (MWCO) centrifugal concentrator and applied to a 16 mm x 700 

mm HiLoad Superdex 200 size exclusion column equilibrated in a buffer solution 

containing 20 mM HEPES (pH 7.5), 150 mM NaCl, 5% v/v glycerol, and 2 mM DTT. Pure 

PLC-γ1 was concentrated to a final concentration of 40 - 80 mg/mL, aliquoted, snap-frozen 

in liquid nitrogen, and stored at -80°C until use. 

FGFR1K – Expression and purification of FGFR1K (6Y/F) follows that of PLC-γ1 

variants with the following modifications. After removal of His6 tag by TEV protease and 

subsequent 5 mL HisTrap HP IMAC column, the sample was concentrated using a GE 

Healthcare VivaSpin 10K MWCO centrifugal concentrator. Concentrated sample was 

applied to a 16 mm x 700 mm HiLoad Superdex 200 size exclusion column equilibrated in 

buffer containing 20 mM HEPES (pH 7.5), 200 mM NaCl, 5% (v/v) glycerol, and 2 mM 

DTT. Fractions containing pure FGFR1K (6Y/F) were concentrated to a final concentration 

of 20 - 30 mg/mL, aliquoted, snap-frozen in liquid nitrogen, and stored at -80°C until use. 

The FGFR1K (5Y/F) variant was expressed as described above and the purification 

protocol terminates after the first 5 mL HisTrap HP IMAC column. This variant of FGFR1K 

retains the His6 tag. 

In vitro phosphorylation of FGFR1K 

Equimolar concentrations (100 µM) of purified FGFR1K (6Y/F) were incubated with 

purified His6-tagged FGFR1K (5Y/F) in 20 mM HEPES (pH 7.5), 50 mM NaCl, 25 mM 

MgCl2, 50 ng/mL fatty-acid free bovine serum albumin (FAF BSA), 10 mM ATP, and 2 mM 

DTT. The phosphorylation reaction was terminated after 100 minutes and phosphorylation 

of the kinase was confirmed via native PAGE followed by staining with Coomassie Brilliant 

Blue. Sample was loaded onto a 1mL HisTrap HP IMAC to separate kinases using a 200 

µL sample loop. The sample loop was washed with 2 mL of buffer N1 (20 mM HEPES pH 

7.5, 100 mM NaCl, 10 mM MgCl2, and 2 mM DTT). The column was washed with 5 CV of 
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buffer N1, followed by 5 CV of 40% buffer N2 (buffer N1 + 1 M imidazole), and 5 CV of 

100% buffer N2. Flow-through fractions containing phosphorylated FGFR1K (6Y/F) were 

pooled and concentrated using a GE Healthcare Vivaspin 6 10K MWCO, aliquoted, snap-

frozen in liquid nitrogen, and stored at -80°C until use.  

LC-MS/MS of phosphorylated FGFR1K 

Phosphorylated FGFR1K was diluted and loaded onto a native PAGE followed by 

staining with Coomassie Brilliant Blue. Gel bands were excised and digested with trypsin 

overnight. Peptides were extracted, then analyzed by LC/MS/MS using the Thermo Easy 

nLC 1200-QExactive HF. Data were searched against a Uniprot Sf9 database including 

the sequence for FGFR1K using Sequest within Proteome Discoverer 2.1. All data were 

filtered using a false discovery rate (FDR) of 5%. 

Formation of PLC-γ1:FGFR1K complex 

Phosphorylated FGFR1K was generated as described above. Either PLC-γ1 

(H335A) or PLC-γ1(H335A+D1165H) was added in a 2-fold molar excess relative to 

kinase. The sample was immediately loaded onto a 10 mm × 300 mm Superdex 200 GL 

size exclusion column equilibrated with 20 mM HEPES (pH 7.5), 100 mM NaCl, 10 mM 

MgCl2, and 2 mM DTT. Pure complex was pooled and concentrated using a GE 

Healthcare Vivaspin 6 10K MWCO, aliquoted, snap-frozen in liquid nitrogen, and stored 

at -80°C until use. Formation of the complex was confirmed via SDS-PAGE followed by 

staining with Coomassie Brilliant Blue. 

In vitro quantification of phospholipase activity 

XY-69 fluorogenic assay – Liposomes with a final PE:PIP2 content of 80:20 were 

generated by mixing 750 nM XY-69 (24), 192 µM of liver phosphatidylethanolamine (PE, 

Avanti Polar Lipids), 48 µM brain phosphatidylinositol 4,5-bisphosphate (PIP2, Avanti Polar 
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Lipids) in 12 x 75 mm borosilicate tubes. Lipids were dried under a nitrogen stream 

followed by high vacuum (0.5 mtorr). Dried lipid mixture was suspended in 20 mM HEPES 

(pH 7.5) using a probe microtip sonicator of 5/64" at 20% output for 3 cycles of 5 sec ON, 

15 sec OFF. Concurrently, the PLC-γ1 proteins were diluted in a buffer containing 20 mM 

HEPES (pH 7.5), 50 mM NaCl, 2 mM DTT, and 1 mg/mL FAF BSA. The 6X assay buffer 

containing 80 mM HEPES (pH 7.5), 420 mM KCl, 10 mM DTT, 18 mM EGTA, and 14.1 

mM CaCl2 (~390 nM free Ca2+) was added to the resuspended lipid mixture in a 1:4 ratio. 

To a non-binding surface (NBS)-treated Corning 384-well plate, 2 µL of diluted PLC-γ1 

proteins were added. PLC-γ1 variants (WT or D1165H) were either alone or in the 

presence of a two-fold molar excess of unphosphorylated or phosphorylated FGFR1K 

relative to PLC-γ1. To initiate the assay, 10 µL of the lipid and assay buffer mixture was 

added. The plates were incubated at 30°C and data was recorded for 30 min at intervals 

of 1 min using excitation and emission wavelengths of 485 nm and 520 nm, respectively. 

Fluorescence intensity was normalized to a blank reaction lacking phospholipase, and 

initial rates of XY-69 hydrolysis were calculated from the slope of the linear portion of the 

curve. Final concentrations of XY-69, PIP2, and PE were 5 µM, 48 µM, and 192 µM, 

respectively. 

WH-15 fluorogenic assay – Assays with the soluble substrate WH-15 were 

performed as described previously (25) with the following modifications. WH-15 was 

diluted to a final concentration of 5 µM in assay buffer containing 50 mM HEPES (pH 7.5), 

70 mM KCl, 3 mM EGTA, 2.97 mM CaCl2 (~10 µM free Ca2+), 50 µg/mL FAF BSA, and  2 

mM DTT. Basal fluorescence was equilibrated for approximately 10 minutes before 

addition of PLC-γ1 (D1165) alone or in the presence of a two-fold molar excess of 

unphosphorylated or phosphorylated FGFR1K (6Y/F) relative to PLC-γ1 (1nM, final 

concentration). Data was recorded for 1 hr. at intervals of 30 sec using excitation and 
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emission wavelengths of 488 nm and 520 nm, respectively. Fluorescence intensity was 

normalized to the reaction lacking phospholipase, and initial rates of WH-15 hydrolysis 

were calculated from the slope of the linear portion of the curve. 

Liposome floatation assay 

Liposomes with a final content of 90% PE and 10% PIP2 were prepared as 

described above and resuspended in 20 mM HEPES (pH 7.5). Concurrently PLC-γ1 

(H335A), alone or in complex with phosphorylated FGFR1K (6Y/F) were diluted  in assay 

buffer containing 100 mM HEPES (pH 7.5), 150 mM NaCl, 10 mM KCl, 10 µM CaCl2, 0.5 

mM tris(2-carboxyethyl)phosphine (TCEP). PLC-γ1 and liposomes were mixed and 

incubated on ice for 2 min. Immediately after mixing, 100 µL of assay buffer with 75% 

sucrose were added to the protein-lipid mixture to a final concentration of 30% sucrose in 

250 µL total volume. The samples were overlaid with 200 µL of assay buffer with 25% 

sucrose and 50 µL of assay buffer. Samples were centrifuged at 55,000 rpm in a TLS-55 

rotor for 1 hr at 4°C. After centrifugation, three fractions were collected: bottom (B, 250 

µL), middle (M, 150 µL), and top (T, 100 µL). Samples (30 µL) of each fraction were mixed 

with 7 µL of 6X SDS sample buffer and analyzed by SDS-PAGE followed by staining with 

Coomassie Brilliant Blue. 

Hydrogen Deuterium eXchange-Mass Spectrometry 

Sample preparation – Exchange reactions were carried out at 18°C in 20 µL 

volumes with a final concentration of 1.25 µM PLC-γ1 (H335A), PLC-γ1 (H335A+D1165H), 

PLC-γ1 (H335A)-FGFR1K complex, or PLC-γ1 (H335A+D1165H)-FGFR1K complex. A 

total of eight conditions were assessed: four in the presence of liposomes containing 90% 

phosphatidylethanolamine (PE) and 10% phosphatidylinositol 4,5-bisphosphate (PIP2) 

and four in the absence of liposomes. The conditions were as follows:  
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• PLC-γ1(H335A) alone 

• PLC-γ1(H335A+D1165H) alone 

• PLC-γ1(H335A)-FGFR1K 

• PLC-γ1(H335A+D1165H)-FGFR1K 

• PLC-γ1(H335A) + liposomes 

• PLC-γ1(H335A+D1165H) + liposomes 

• PLC-γ1(H335A)-FGFR1K + liposomes 

• PLC-γ1(H335A+D1165H)-FGFR1K + liposomes 

For conditions containing lipid, liposomes were present at a final concentration of 

320 µM. Prior to the addition of D2O, 2.0 µL of liposomes (or liposome buffer [20 mM 

HEPES pH 7.5, 100 mM KCl]) was added to 1.5 µL of protein, and the solution was left to 

incubate at 18°C for 2 min. The hydrogen-deuterium exchange reaction was initiated by 

the addition of 16.5 µL D2O buffer (88% D2O, 150 mM NaCl, 100 mM HEPES pH 7.0, 10 

µM CaCl2, 0.5 mM TCEP pH 7.5) to 3.5 µL protein or protein-liposome solution for a final 

D2O concentration of 72%. Exchange was carried out over five time points (3, 30, 300, 

3000, and 10000 sec) and terminated by the addition of 50 µL ice-cold acidic quench 

buffer (0.8 M guanidine-HCl, 1.2% formic acid). After quenching, samples were 

immediately frozen in liquid nitrogen and stored at -80°C. All reactions were carried out in 

triplicate. 

Protein digestion and MS/MS data collection – Protein samples were rapidly 

thawed and injected onto an integrated fluidics system containing a HDx-3 PAL liquid 

handling robot and climate-controlled chromatography system (LEAP Technologies), a 

Dionex Ultimate 3000 UHPLC system, as well as an Impact HD QTOF Mass spectrometer 

(Bruker). The protein was run over two immobilized pepsin columns (Applied Biosystems; 

Poroszyme™ Immobilized Pepsin Cartridge, 2.1 mm x 30 mm; Thermo-Fisher 2‐3131‐00; 
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at 10°C and 2°C respectively) at 200 µL/min for 3 minutes. The resulting peptides were 

collected and desalted on a C18 trap column (Acquity UPLC® BEHTM C18 1.7µm column 

(2.1 x 5 mm); Waters 186002350). The trap was subsequently eluted in line with a C18 

reverse-phase separation column (Acquity 1.7 µm particle, 100 × 1 mm2 C18 UPLC 

column, Waters 186002352), using a gradient of 5‐36% B (Buffer A 0.1% formic acid; 

Buffer B 100% acetonitrile) over 16 minutes. Mass spectrometry experiments were 

performed on an Impact II QTOF (Bruker) acquiring over a mass range from 150 to 

2200 m/z using an electrospray ionization source operated at a temperature of 200 °C and 

a spray voltage of 4.5 kV. 

Peptide identification – Peptides were identified using data-dependent acquisition 

following tandem MS/MS experiments (0.5 s precursor scan from 150‐2000 m/z; twelve 

0.25 s fragment scans from 150-2000 m/z). MS/MS datasets were analyzed using 

PEAKS7 (PEAKS), and a false discovery rate was set at 1% using a database of purified 

proteins and known contaminants. 

Mass analysis of peptide centroids and measurement of deuterium incorporation 

– HD‐Examiner Software (Sierra Analytics) was used to automatically calculate the level 

of deuterium incorporation into each peptide. All peptides were manually inspected for 

correct charge state, correct retention time, appropriate selection of isotopic distribution, 

etc. Deuteration levels were calculated using the centroid of the experimental isotope 

clusters. Results for these proteins are presented as relative levels of deuterium 

incorporation and the only control for back exchange was the level of deuterium present 

in the buffer (72%). Changes in any peptide at any time point greater than specified cut-

offs (5% and 0.4 Da) and with an unpaired, two-tailed t-test value of p<0.01 were 

considered significant. 
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Results 

PLC-γ1 forms a stable complex with the phosphorylated kinase domain of FGFR1 

To undertake the experiments, it was first necessary to ensure that PLC-γ1 was 

amenable to HDX-MS and that conditions could be defined allowing PLC-γ1 to interact 

with liposomes during the exchange process. These preliminary experiments were 

undertaken in two steps. First, purified PLC-γ1 (Fig. 1A) was subjected to deuterium 

exchange over a wide range of times (t = 3, 30, 300, 3000 seconds) and amounts of 

exchange quantified. These initial measurements demonstrated that exchange was 

measured with greater than 90% coverage and levels of exchange varied substantially 

from regions with minimal incorporation at the longest time points to regions with rapid 

and almost total exchange.  

In the second set of preliminary experiments, it was necessary to design and 

ensure a system that would allow PLC-γ1 to interact with PIP2-containing liposomes over 

the time course of the exchange reaction without alterations to the liposomes. This 

outcome was accomplished by introducing a single substitution (H335A) into PLC-γ1 of a 

catalytic residue necessary for PIP2 hydrolysis (Fig. 1B). Although several substitutions of 

active site residues are known to render PLCs catalytically inactive, His335 was 

specifically chosen for its role in the enzymatic process. That is, His335 coordinates the 

incoming water molecule required for PIP2 hydrolysis; it is required during the transition 

state but should have little effect on the affinity of PLC-γ1 for PIP2 as a substrate. His335 

also does not ligate the calcium ion cofactor and for this reason is unlikely to globally 

perturb the structure of the active site.  

Consequently, PLC-γ1 (H335A) was purified and its lack of catalytic activity verified 

using a fluorescent substrate embedded within liposomes (Fig. 2A). In addition, a flotation 

assay was used to show that PLC-γ1 (H335A) and wild-type PLC-γ1 bound PIP2-
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containing liposomes with approximately equal propensity (~20%) (Fig. 2B). For these 

measurements, proteins were initially treated to chelate calcium and free calcium 

concentrations were maintained below 400 nM to prevent PIP2 hydrolysis by wild-type 

PLC-γ1. Finally, and perhaps most importantly, PLC-γ1 (H335A) preserved the exchange 

profile determined initially for wild-type PLC-γ1 indicating that H335A did not perturb the 

overall structure of the protein and that PLC-γ1 (H335A) was a suitable surrogate for wild-

type PLC-γ1 (Fig 2C).  

To measure deuterium incorporation in PLC-γ1 (H335A) upon binding the 

phosphorylated kinase domain of the fibroblast growth factor receptor 1 (FGFR1K; 

residues 458-774), six tyrosines in FGFR1K were mutated to phenylalanine to both render 

the kinase catalytically inactive and to ensure it was primarily phosphorylated at Tyr766 

upon incubation with the equivalent, active kinase (Fig. 3A-B). Tyrosine 766 is a major site 

of phosphorylation in FGFR1 used to recruit PLC-γ1 to membranes in cells. 

Phosphorylated Tyr766 of FGFR1K is also the major site of interaction between the kinase 

domain and the tandem SH2 array of PLC-γ1 in a crystal structure of these fragments in 

complex (22). Once phosphorylated at Tyr766, catalytically inactive FGFR1K was 

separated from active kinase, incubated with PLC-γ1 (H335A), and the resulting 1:1 

complex purified by gel exclusion chromatography (Fig. 1C, 2C-D, 4A). Phosphorylated 

FGFR1K bound to PLC-γ1 (H335A) was stable for up to 8 hours based on subsequent gel 

exclusion chromatography (Fig. 4B) and it was this complex that was used to assess 

changes in the exchange profile of PLC-γ1 (H335A) upon engagement of kinase and in 

the presence of PIP2-containing liposomes. 
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FGFR1K potentially disrupts autoinhibition 

In comparison to PLC-γ1 in isolation, PLC-γ1 (H335A) bound to phosphorylated 

FGFR1K exhibited widespread changes in its exchange profile (Fig. 5A, 6A). At one end 

of the spectrum, reduced exchange centered on the nSH2 domain. It is this domain that 

directly engages phosphorylated Tyr766 in the crystal structure of the kinase domain of 

FGFR1 bound to the tandem SH2 domains of PLC-γ1 (22). Consequently, the most 

straightforward interpretation of the reduced exchange in the complex is that it reflects the 

major site of interaction between phosphorylated Tyr766 of FGFR1 and PLC-γ1. This 

interpretation is also consistent with previously published reports (9). At the other end of 

the spectrum, increased exchange manifested throughout much of PLC-γ1. Most notably, 

increased exchange was widespread within the interface between the regulatory domains 

and the catalytic core as highlighted by the hydrophobic ridge of the TIM barrel and where 

this ridge contacts the sPH domain. Based on the superposition of the structure of 

essentially full-length PLC-γ1 with the complex of the two SH2 domains of PLC-γ1 bound 

to FGFR1K, the kinase does not directly impinge either the TIM barrel or the sPH domain. 

Therefore, while intriguing, it is difficult to speculate on the mechanistic details that 

promote increased exchange in these regions (Fig. 7). 

In contrast to the widespread changes in the exchange profile of PLC-γ1 upon 

engagement of FGFR1, PIP2-containing liposomes incubated with PLC-γ1 (H335A) 

produced minimal changes in exchange (Fig. 5B, 6B). This is best emphasized by 

comparisons of the absolute number of deuterons exchanged per peptide of PLC-γ1 

(H335A) (Fig. 5B, lower panel). Liposomes rarely altered exchange levels in PLC-γ1 

(H335A) by more than one deuteron, whereas phosphorylated FGFR1K produced 

exchange well beyond this level in several regions of PLC-γ1 (H335A). In this respect, 

PIP2-containing liposomes designed to approximate cellular membranes are relatively 
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ineffectual at altering the conformational dynamics of PLC-γ1. This result is consistent with 

the tight basal autoinhibition of purified PLC-γ1 when presented with PIP2 in liposomes as 

well as endogenous PLC-γ1 in unstimulated cells (12). 

The simultaneous incubation of PLC-γ1 (H335A) with both phosphorylated 

FGFR1K and PIP2-containing liposomes resulted in an exchange profile that essentially 

recapitulated the profile obtained for PLC-γ1 (H335A) in complex with phosphorylated 

FGFRK1K alone (Fig. 5C). Absolute exchange was slightly elevated, but the overall 

deuterium incorporation pattern was essentially preserved. Overall, these results suggest 

that autoinhibited PLC-γ1 is refractory to activation by membranes, but that in contrast, 

kinase engagement as exemplified by FGFR1K will produce widespread increases in the 

conformational flexibility at the interface between the regulatory domains of PLC-γ1 and 

its catalytic core. In this respect, kinase engagement might act as an allosteric step to 

prime the phospholipase for subsequent activation.  

Oncogenic substitution of PLC-γ1 mimics kinase engagement 

The PLC-γ1 interface between its regulatory domains and catalytic core is 

frequently mutated in certain cancers and immune disorders (15-16). We have previously 

proposed that these mutations likely disrupt this interface leading to elevated, basal 

phospholipase activity. If true, oncogenic substitutions at this interface in PLC-γ1 might 

recapitulate changes in deuterium exchange in PLC-γ1 observed upon binding 

phosphorylated FGFR1K and this idea was tested using HDX-MS and PLC-γ1 (D1165H) 

(Fig. 8). Asp1165 resides in a loop between strands β5 and β6 of the C2 domain; it is 

required to stabilize extensive interactions between the C2 and cSH2 domains. These 

interactions are required to maintain PLC-γ1 in an autoinhibited state since the basal 

activity of PLC-γ1 (D1165H) is ~1,500-fold higher than the wild-type phospholipase (17). 
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In comparison to PLC-γ1 (H335A), PLC-γ1 (H335A+D1165H) exhibited increased 

deuterium exchange throughout the interface between the regulatory domains and the 

catalytic core. In the immediate vicinity of D1165H, deuterium exchange increased within 

the β6 strand of the C2 domain suggesting that Asp1165 serves to support the position of 

the β6 strand. This idea is consistent with previous molecular dynamics simulations of 

PLC-γ1 that highlighted an unravelling of the β6 strand upon introduction of D1165H (17). 

The previous molecular dynamics simulations also highlighted a relatively large (~10 Å) 

movement of the cSH2 upon collapse of the β6 strand, and this movement may be 

reflected in the increased exchange of the αB helix and BG loop of the cSH2 domain. 

Other regions of increased exchange are more distant and include portions of the first EF 

hand, sPH domain, and TIM barrel. Overall, regions of increased exchange in catalytically-

inactive PLC-γ1 (D1165H) overlap well with regions of increased exchange in PLC-γ1 

(H335A) when it engages phosphorylated FGFR1K (Fig. 5A). This comparison further 

supports the notion that kinase engagement may enhance lipase activity, possibly through 

molecular mechanisms mimicked by oncogenic substitutions—namely a loosening of the 

interface between the regulatory domains and the catalytic core. Indeed, it should be noted 

that regions of increased exchange are more extensive in the complex of PLC-γ1 and 

FGFR1K suggesting that kinase engagement may more robustly activate PLC-γ1 relative 

to oncogenic mutations. Finally, it should also be mentioned that D1165H produced no 

regions of decreased exchange in PLC-γ1. This lack is consistent with the contention that 

FGFR1K binds to the nSH2 domain of PLC-γ1 to reduce exchange in this region. 

Oncogenic substitution uncovers functional cooperativity within PLC-γ1 

Constitutively active variants of PLC-γ1 have untapped reserves of lipase activity. 

For example, although PLC-γ1 (D1165H) possesses exceptionally high basal lipase 
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activity, this activity can be further enhanced in cells by the epidermal growth factor 

receptor (17) suggesting that normal cellular regulation is preserved in constitutively active 

forms of PLC-γ1. To test this idea, changes in the hydrogen-deuterium exchange profile 

of PLC-γ1 (H335A+D1165H) were determined in response to phosphorylated FGFR1K, 

liposomes, or both (Fig 9). In comparison to the identical measurements described earlier 

using PLC-γ1 (H335A) (Fig. 5), these measurements turned out to be particularly revealing 

for several reasons.  

First, phosphorylated FGFR1K produced almost identical changes in the exchange 

profiles of the two forms of PLC-γ1; compare figures 5A and 9A (see also Fig. 10A). Not 

only does this result attest to the reproducibility of the experimental design, it strongly 

suggests that wild-type and constitutively active forms of PLC-γ1 respond similarly to 

engagement of kinases.  

Second, and in contrast to effects mediated by phosphorylated FGFR1K, 

liposomes produced much more extensive and wide-spread changes in the exchange 

profile of the PLC-γ1 (H335A+D1165H) (Fig. 9B, 10B) compared to PLC-γ1 (H335A) (Fig. 

5B). Of note, the entire first EF hand as well the start of the second EF hand now have 

increased exchange in PLC-γ1 (H335A+D1165H), whereas before for PLC-γ1 (H335A), 

the exchange kinetics of all EF hands were essentially unchanged upon addition of 

liposomes. Similarly, the addition of liposomes increased exchange in all regulatory 

domains of the D1165H form of PLC-γ1 but only a minor subset of these regions 

experienced increased exchange under identical conditions for PLC-γ1 (H335A). In 

particular, the entire second half of the sPH domain of the constitutively active mimetic 

exhibited increased exchange with liposomes while no portion of this domain showed 

increased exchange for the basally inhibited form.  
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Perhaps even more intriguing, liposomes also led to decreased exchange within 

PLC-γ1 (H335A+D1165H) while there were no regions of decreased exchange under 

identical conditions for PLC-γ1 (H335A). These regions of decreased exchange are 

primarily in the TIM barrel: β2-β2’ and β7 strands as well as the subsequent loops 

comprising the majority of the hydrophobic ridge—known to insert into membranes during 

catalysis of membrane-resident PIP2 by PLCs (23). A second region of decreased 

exchange encompasses α1 of the sPH domain and the adjoining linker connecting to the 

second half of the TIM barrel. This linker region is disordered in the crystal structure of 

full-length PLC-γ1 (17). 

Overall, the exchange results with liposomes indicate that the oncogenic 

substitution, D1165H, leads to a much more conformationally flexible PLC-γ1 that more 

readily interacts with lipid bilayers, presumably in a fashion that mirrors interfacial catalysis 

by PLC isozymes. This process would require a large movement by the regulatory 

domains, which is represented by the icon in Figure 9B and consistent with the exchange 

data.  

Finally, the exchange profile of PLC-γ1 (H335A+D1165H) upon the addition of both 

phosphorylated FGFR1K and liposomes approximately resembles the composite profile 

of each component alone with two interesting caveats. First, the end of the cSH2 domain 

(βG) and a portion of the subsequent linker possess decreased exchange that cannot be 

accounted by a composite profile. This difference presumably reflects structural changes 

in PLC-γ1 (H335A+D1165H) that arise due to cooperative interactions among the PLC 

isozyme, FGFR1K, and liposomes. This presumption is reinforced by the second caveat: 

in the presences of both FGFR1K and liposomes, total exchange in specific portions of 

PLC-γ1 (H335A+D1165H) increase approximately 2-fold relative to exchange observed 

for either component alone (Fig. 9C, lower panel; Fig. 11). These regions include most of 
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the first and second EF hands as well as a large segment of the second half of the TIM 

barrel spanning strands β6 and β7 and including helices α5 and α5’.  

Phosphorylated FGFR1K increases PLC-γ1 specific activity 

The hydrogen-deuterium exchange kinetics described above strongly suggest that 

the initial engagement of PLC-γ isozymes by kinases may be sufficient to enhance 

phospholipase activity irrespective of subsequent phosphorylation. This idea was tested 

using a fluorescent analog of PIP2, XY-69 (24), embedded in lipid vesicles (Fig. 12). PLCs 

readily hydrolyze XY-69 leading to increased fluorescence that can be followed in real-

time. As shown previously, when XY-69 in lipid vesicles is mixed with PLC-γ1, the specific 

activity of the phospholipase is low, indicative of basal autoinhibition (17, 24). This activity 

remained unchanged upon pre-incubation of PLC-γ1 with catalytically-inactive FGFR1K 

that was not phosphorylated. In contrast, when PLC-γ1 was pre-incubated with 

catalytically-inactive FGFR1K phosphorylated at Tyr766 to promote complex formation 

with PLC-γ1, specific lipase activity of PLC-γ1 increased approximately three-fold. These 

results indicate that kinase engagement by PLC-γ1 is sufficient to enhance lipase activity 

and support the proposition that PLC-γ1 is allosterically modulated by FGFR1K upon 

complex formation and irrespective of the phosphorylation state of the lipase.  

Similar results were observed with PLC-γ1 (D1165H). In particular, addition of 

catalytically-inactive, phosphorylated FGFR1K increased the basal lipase activity of PLC-

γ1 (D1165H) approximately two-fold. The basal capacity of PLC-γ1 (D1165H) to hydrolyze 

vesicle-embedded XY-69 was substantially higher than the equivalent activity of wild-type 

PLC-γ1, but this result has been previously published and comports with the higher 

constitutive activity of PLC-γ1 (D1165H) in cells (17). Interestingly, the addition of 

catalytically-inactive but non-phosphorylated FGFR1K also led to a significant increase in 
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the specific activity of PLC-γ1 (D1165H). We are unable to readily account for this 

observation, but it should be noted that the crystal structure of phosphorylated FGFR1K 

bound to the two SH2 domains of PLC-γ1 highlights a secondary interface outside of the 

canonical pTyr-binding site that contributes to the affinity of the complex. Therefore, 

unphosphorylated FGFR1K may have sufficient affinity for PLC-γ1 such that it is able to 

enhance the lipase activity of constitutively active PLC-γ1 (D1165H) but not the more 

basally autoinhibited, wild-type form.  

Finally, WH-15 is a soluble, fluorescent substrate of PLCs that is insensitive to the 

autoregulation of the PLC-γ isozymes (25, 26). Its hydrolysis by PLC-γ1 (D1165H) is 

insensitive to either form of FGFR1K used above (Fig. 5B) and these results further 

support the idea that the complex of FGFR1K and PLC-γ1 diminishes autoregulation by 

loosening the conformational ensemble of the autoinhibited form of PLC-γ1.
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Discussion 

Model for PLC-γ isozyme activation - We previously described the crystal structure 

of autoinhibited PLC-γ1. The structure illustrates how the regulatory domains sit on top of 

the catalytic core to mediate autoinhibition by effectively blocking access to the active site. 

In addition, the regulatory domains are arranged to integrate inputs from signaling and 

adaptor proteins. One such example is the nSH2 domain of PLC-γ1 which docks to active 

kinases. Subsequently, the PLC-γ isozymes are directly activated by tyrosine 

phosphorylation. The HDX-MS studies presented here suggest that binding of 

phosphorylated FGFR1K to PLC-γ1 led to a decrease in deuteration only at the nSH2 

domain. This decrease in deuteration highlights the nSH2 domain as the major site of 

interaction between PLC-γ isozymes and active kinases. The observed decrease in 

deuteration may be the manifestation of both binding of pY766 of FGFR1K to the canonical 

pTyr-binding pocket and the subsequent conformational changes elicited by the binding 

event. This idea is supported by comparison of the structure of full-length PLC-γ1 and the 

structure of the tandem SH2 domains bound to phosphorylated FGFR1K. This comparison 

illustrates conformational changes within the SH2 domain including the inward movement 

of the loop preceding helix αA towards the cSH2 domain, suggesting that conformational 

changes at the nSH2 domain may elicit conformational changes elsewhere that disrupt 

the interface between the catalytic core and the regulatory domains. This idea is supported 

by the widespread changes in deuterium incorporation throughout the rest of the protein 

including portions of the sPH domain and the EF hands. Subsequent biochemical assays 

with the membrane-embedded substrate, XY-69, show that the kinase domain of FGFR1 

elevates phospholipase activity. Together, these data suggest that kinases act as 

allosteric modulators by shifting the equilibrium from a predominantly autoinhibited PLC-γ 

isozyme to a more active conformation. These findings are likely generalizable given that 
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PLC-γ isozyme activity is controlled by a several tyrosine kinases depending on cell 

context. 

The allosteric effect of FGFR1K is enhanced in the presence of PIP2-containing 

liposomes. For instance, the deuterium exchange profile of PLC-γ1 (D1165H) bound to 

phosphorylated FGFR1K and in the presence of liposomes showcases a decrease in 

deuteration within the loop containing tyrosine residues required for phosphorylation-

dependent activation of PLC-γ isozymes, e.g. Tyr783. Deuteration within this region is 

absent in the kinase-bound state, suggesting that membranes cooperate to optimally 

orient PLC-γ isozymes for phosphorylation-dependent activation by tyrosine kinases. 

One of the predominant sites of increased deuteration upon kinase binding is the 

sPH domain. The elevation in deuterium incorporation can be a manifestation of 

conformational changes associated with binding to adaptor proteins including the small 

GTPase Rac1. It has been proposed that Rac1 stabilizes the ensemble of active PLC-γ 

isozyme instead of disrupting the autoinhibited state. 

Subsequent to phosphorylation-dependent activation, the PLC-γ isozymes insert 

into membranes via hydrophobic residues that line the catalytic cavity. This region has a 

decrease in deuterium incorporation in PLC-γ1(H335A+D1165H) in the presence of PIP2-

containing liposomes. Surprisingly, liposomes also lead to widespread increases in 

deuterium incorporation predominantly within the regulatory domains suggesting that 

liposomes induce conformational changes that may stabilize the active ensemble of PLC-

γ isozymes at the membrane. Presumably, these membrane-associated confirmations are 

stabilized by the EF hands that, in the open state, have access to membranes. 

Together, with the structural and biochemical studies, these data evoke a 

mechanism for the regulated activation of PLC-γ isozymes. In the basal state, PLC-γ 

isozymes are autoinhibited. In the presence of an extracellular signal, active tyrosine 
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kinases phosphorylate PLC-γ1 and prime their phosphorylation-dependent activation by 

shifting the dynamic equilibrium to a more active conformation. Subsequently, active 

kinases phosphorylate PLC-γ1 within the regulatory domains, e.g. Tyr783. These 

phosphorylated tyrosines bind the cSH2 domain and compete the interactions between 

this domain and the catalytic core. Once active, PLC-γ isozymes insert into membranes to 

hydrolyze the preferred substrate, PIP2. Simultaneously, membranes cooperate with 

active kinases to stabilize the ensemble of active PLC-γ1.
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Figure 4.1 – PLC-γ1 forms a stable complex with phosphorylated FGFR1K. A, 
Domain architecture of full-length PLC-γ1 drawn to scale. Purified PLC-γ1 (residues 21-
1215) lacks disordered, non-conserved portions at both N- and C-termini. B, Crystal 
structure of autoinhibited PLC-γ1 (PDB ID: 6PBC) with loops modeled. Domains colored 
as in A. The calcium ion cofactor (orange sphere) marks the active site. Mutations (H335A 
and D1165H) are indicated with yellow spheres. C, Size exclusion chromatography of 
phosphorylated FGFR1K (red curve), PLC-γ1 (green curve), or a pre-incubated mixture of 
the two proteins (blue curve). Eluted fractions were subjected to SDS-PAGE followed by 
staining with Coomassie Brilliant Blue (inset).
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Figure 4.2 – PLC-γ1 (H335A) is catalytically inactive and binds liposomes. A, Specific 
activities measured with the membrane-embedded substrate XY-69. XY-69 (0.5µM) was 
incorporated into PE:PIP2 (80:20) liposomes prior to addition of indicated variants of PLC-
γ1 (10nM WT; 10 nM H335A). Phospholipase activity was determined by quantifying XY-
69 hydrolysis in real-time and presented as the mean ± SD of three independent 
experiments (n=3), each with three or more technical replicates. Statistical significance 
was determined with a one-way ANOVA followed by Tukey’s post-hoc test and 
represented as *** p > 0.001. B, Membrane floatation assay with wild-type (WT) PLC-γ1 
and PLC-γ1 (H335A). Proteins were incubated with liposomes of PE:PIP2:NBD-PE 
(89.8:10:0.2) and centrifuged in a sucrose gradient (30-0%). After centrifugation, top (T), 
middle (M), and bottom (B) fractions were collected. Samples were loaded onto an SDS-
PAGE followed by staining with Coomassie Brilliant Blue. C, Deuterium incorporation was 
measured for PLC-γ1 (H335A) and differences in deuterium incorporation were calculated 
relative to wild-type PLC-γ1. Site of the H335A substitution is denotated by a yellow 
sphere. Peptides that showed H/D exchange differences (by the following criteria: >5% 
and >0.4 Da difference in exchange at any timepoint, with an unpaired student t-test value 
<0.01) are mapped onto the structure. The percent deuterium incorporation for this region 
is graphed over a series of time points (3, 30, 300, 3000 sec) and shown next to the 
structure as mean ± SD (n = 3), with most SD smaller than the size of the point. The 
highest percent of deuterium incorporation is shown above the curve. An asterisk (*) 
indicates a difference >0.4 Da for the corresponding time point.
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Figure 4.3 – FGFR1K is phosphorylated only on Tyr766. A, Schematic diagram of the 
kinase domain (residues 458-774) of the fibroblast growth factor receptor 1 (FGFR1K). 
This variant includes six tyrosines mutated to phenylalanine (Y463F, Y583F, Y585F, 
Y653F, Y654F, Y730F) to eliminate most sites of phosphorylation and to render the kinase 
catalytically inactive. B, Purified FGFR1K (100µM) was phosphorylated using equimolar 
concentrations of the equivalent fragment of FGFR1K that had not been mutated. 
Progression of the phosphorylation reaction was followed over several time points (0, 3, 
10, 30, 100, 300 minutes) by native PAGE followed by staining with Coomassie Brilliant 
Blue. The phosphorylation reaction was terminated after 100 minutes. C, The two kinases 
were subsequently separated by affinity chromatography and reaction yield (~80% 
phosphorylation) was assessed by native PAGE followed by staining with Coomassie 
Brilliant Blue. D, Phosphorylation of tyrosine 766 was confirmed by LC-MS/MS.
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Figure 4.4 – PLC-γ1 and phosphorylated FGFR1K form stable complexes. A, PLC-γ1 
(H335A) or PLC-γ1 (H335A+D1165H) were mixed with phosphorylated FGFR1K and 
isolated by size exclusion chromatography. Isolated complexes were subjected to SDS-
PAGE followed by staining with Coomassie Brilliant Blue. For reference, a 1:1 mixture of 
PLC-γ1 and FGFR1K was treated similarly (left). B, Stability of the complexes was 
assessed by size exclusion chromatography after 8 hours on ice (pink curve). Blue curve 
and corresponding SDS-PAGE gel are then same as in Figure 1C.
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Figure 4.5 – FGFR1K potentially disrupts autoinhibition. Deuterium incorporation was 
measured for PLC-γ1 (H335A) in three states: bound to phosphorylated FGFR1K (A), in 
the presence of PE:PIP2 (90:10) liposomes (B), or with both kinase and liposomes (C). 
Differences in deuterium incorporation for a series of time points (3, 30, 300, 3000, and 
10000 sec) were calculated relative to the phospholipase alone. Peptides that showed 
H/D exchange differences (by the following criteria: >5% and >0.4 Da difference in 
exchange at any timepoint, with an unpaired student t-test value <0.01) are mapped onto 
the structure. For each comparison, the difference in the number of incorporated 
deuterons was averaged over all time points and shown below the structures as the mean 
± SD (n = 3). Each circle represents the central residue of a corresponding peptide.
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Figure 4.6 – FGFR1K and liposomes act independently. Deuterium incorporation was 
measured for PLC-γ1 (H335A) bound to FGFR1K and in the presence of PE:PIP2 (90:10) 
liposomes. Differences in deuterium incorporation were calculated relative to PLC-γ1 
(H335A) in the presence of PE:PIP2 liposomes (A) or to PLC-γ1 (H335A) bound to 
FGFR1K (B). Peptides that showed H/D exchange differences (by the following criteria: 
>5% and >0.4 Da difference in exchange at any timepoint, with an unpaired student t-test 
value <0.01) are mapped onto the structure. For each comparison, the difference in the 
number of incorporated deuterons was averaged over all time points and shown below the 
structures as the mean ± SD (n = 3). Each circle represents the central residue of a 
corresponding peptide. C, Percent deuterium incorporation for select peptides spanning 
PLC-γ1 (H335A). Percent deuterium incorporation is for PLC-γ1 (H335A) alone (black 
line), bound to FGFR1K (red line), in the presence of PE:PIP2 (90:10) liposomes (green 
line), and with both kinase and liposomes (blue line) is shown as the mean ± SD (n=3), 
with most SD smaller than the size of the point. The highest percent of deuterium 
incorporation is shown above the curves. The Y-axis of the graphs was adjusted to 90% 
(top row) and 60% (bottom row) deuterium incorporation.
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Figure 4.7 – Priming of PLC-γ1 by FGFR1K. Structure alignment of autoinhibited PLC-
γ1 (grey, PDB ID: 6PBC) and a structure of the tandem SH2 domains of PLC-γ1 bound to 
the kinase domain of FGFR1 (nSH2 domain, wheat; cSH2 domain, cyan; FGFR1 kinase 
domain, green; PDB ID: 3GQ1). Red arrows represent movement of select loops.
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Figure 4.8 – Oncogenic substitution of PLC-γ1 mimics kinase engagement. A, 
Deuterium incorporation was measured for PLC-γ1 (H335A+D1165H) and differences in 
deuterium incorporation were calculated relative to PLC-γ1 (H335A). Peptides that 
showed H/D exchange differences (by the following criteria: >5% and >0.4 Da difference 
in exchange at any timepoint, with an unpaired student t-test value <0.01) are mapped 
onto the structure. The percent deuterium incorporation for these regions is graphed over 
a series of time points (3, 30, 300, 3000, and 10000 sec) and shown around the structure 
as mean ± SD (n = 3), with most SD smaller than the size of the point. The highest percent 
of deuterium incorporation is shown above the curves. An asterisk (*) indicates a 
difference >0.4 Da for the corresponding time point. The range for the Y-axis is the same 
for all graphs. B, The difference in the number of incorporated deuterons was averaged 
over all time points and shown below the structure as the mean ± SD (n = 3). Each circle 
represents the central residue of a corresponding peptide.
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Figure 4.9 – Oncogenic substitution uncovers functional cooperativity. Deuterium 
incorporation was measured for PLC-γ1 (H335A+D1165H) in three states: bound to 
phosphorylated FGFR1K (A), in the presence of PE:PIP2 (90:10) liposomes (B), or with 
both kinase and liposomes (C). Differences in deuterium exchange for a series of time 
points (3, 30, 300, 3000, and 10000 sec) were calculated relative to PLC-γ1 
(H335A+D1165H) alone. Peptides that showed H/D exchange differences (by the 
following criteria: >5% and >0.4 Da difference in exchange at any timepoint, with an 
unpaired student t-test value <0.01) are mapped onto the structure. For each comparison, 
the difference in the number of incorporated deuterons was averaged over all time points 
and shown below the structures as the mean ± SD (n = 3). Each circle represents the 
central residue of a corresponding peptide.
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Figure 4.10 – FGFR1K and liposomes affect deuterium exchange. Deuterium 
incorporation was measured for PLC-γ1 (H335A+D1165H) bound to FGFR1K and in the 
presence of PE:PIP2 (90:10) liposomes. Differences in deuterium incorporation were 
calculated relative to PLC-γ1 (H335A+D1165H) in the presence of PE:PIP2 liposomes (A) 
or to PLC-γ1 (H335A+D1165H) bound to FGFR1K (B). Peptides that showed H/D 
exchange differences (by the following criteria: >5% and >0.4 Da difference in exchange 
at any timepoint, with an unpaired student t-test value <0.01) are mapped onto the 
structure. For each comparison, the difference in the number of incorporated deuterons 
was averaged over all time points and shown below the structures as the mean ± SD (n = 
3). Each circle represents the central residue of a corresponding peptide. C, Percent 
deuterium incorporation for select peptides spanning PLC-γ1 (H335A+D1165H). Percent 
deuterium incorporation for PLC-γ1 (H335A+D1165H) alone (black line), bound to 
FGFR1K (red line), in the presence of PE:PIP2 (90:10) liposomes (green line), and with 
both kinase and liposomes (blue line) is shown as the mean ± SD (n=3), with most SD 
smaller than the size of the point. The highest percent of deuterium incorporation is shown 
above the curves. The Y-axis of the graphs was adjusted to 90% (top row) and 70% 
(bottom row) deuterium incorporation.
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Figure 4.11 – Functional cooperativity in PLC-γ1 (D1165H). Deuterium incorporation 
was measured for PLC-γ1 (H335A) and PLC-γ1 (H335A+D1165H) with both kinase and 
liposomes. Differences in deuterium incorporation were calculated relative to PLC-γ1 
(H335A) alone (A) or to PLC-γ1 (H335A+D1165H) alone (B). Peptides that showed H/D 
exchange differences (by the following criteria: >5% and >0.4 Da difference in exchange 
at any timepoint, with an unpaired student t-test value <0.01) are mapped onto the 
structure.  For each comparison, the difference in the number of incorporated deuterons 
was averaged over all time points and shown below the structures as the mean ± SD (n = 
3). Each circle represents the central residue of a corresponding peptide.
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Figure 4.12 – Phosphorylated FGFR1K increases PLC-γ1 specific activity. A, Specific 
activities measured with the membrane-embedded substrate XY-69. XY-69 (0.5µM) was 
incorporated into PE:PIP2 (80:20) liposomes prior to addition of indicated variants of PLC-
γ1 (10nM WT; 0.3nM D1165H). The specific activity was calculated for three states: 
unbound (―), and in the presence of a two-fold molar excess of unphosphorylated 
FGFR1K (FGFR1K) or phosphorylated FGFR1K (pFGFR1K) relative to PLC-γ1. 
Phospholipase activity was determined by quantifying XY-69 hydrolysis in real-time and 
presented as the mean ± SD of three independent experiments (n=3), each with three or 
more technical replicates. Statistical significance was determined with a one-way ANOVA 
followed by Tukey’s post-hoc test and represented as *** p > 0.001. B, Specific activities 
measured with the soluble substrate WH-15 (5 µM). The specific activity of PLC-γ1 
(D1165H) was calculated in three states: unbound (―), and in the presence of a two-fold 
molar excess of unphosphorylated FGFR1K (FGFR1K) or phosphorylated FGFR1K 
(pFGFR1K) relative to PLC-γ1. Bars represent the mean ± SD of three independent 
experiments (n=3), each with three or more technical replicates. Statistical significance 
was determined with a one-way ANOVA followed by Tukey’s post-hoc test and 
represented as *** p > 0.001.
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Figure 4.13 – Dynamic activation of PLC-γ1. Model of PLC-γ1 activation. (i) PLC-γ1 is 
basally autoinhibited and cytosolic. (ii) It is recruited to membranes through interaction of 
its nSH2 domain with an active FGFR1. Complex formation reduces deuterium exchange 
within the nSH2 while simultaneously leading to increased deuterium exchange 
throughout the interface between the catalytic core and the regulatory domains of PLC-
γ1. (iii) FGFR1 subsequently phosphorylates Tyr783 of PLC-γ1 and pTyr783 then binds 
to the cSH2 domain of PLC-γ1 to reinforce the disruption of the interface between 
regulatory and catalytic domains. (iv) This disruption favors a fully open form of PLC-γ1 
capable of productively engaging membranes with a concomitant decrease in the 
deuterium exchange of the catalytic TIM barrel.
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CHAPTER V: CONCLUSIONS AND FUTURE DIRECTIONS 

Conclusions 

This work describes biochemical, structural, and dynamical insights into the 

regulated activation of the PLC-γ isozymes. First, we developed a biochemical assay to 

quantify phospholipase activity using the membrane-embedded substrate, XY-69 (1). This 

assay can be modified to determine phospholipase activity of PLC variants with cancer-

associated substitutions and in different contexts including the presence of kinases, 

effectors, peptides, and small molecules. Together with the soluble substrate, WH-15 (2), 

these biochemical assays are the foundation for drug discovery efforts to target aberrant 

PLC-γ isozyme signaling. 

Second, the crystal structure of essentially full-length PLC-γ1 (3), together with 

biochemical data, illustrate a model for membrane-dependent activation. The structure 

describes how the catalytic core is prevented from accessing membranes via an array of 

regulatory domains that sterically occlude access to the active site. Notably, these 

domains are arranged to integrate autoinhibition, phosphorylation-dependent activation, 

and inputs from scaffolding proteins to regulate PLC-γ isozyme activation at signaling 

hubs. The model also explains how cancer-associated substitutions adorn the interface 

between the catalytic core and the regulatory domains to disrupt autoinhibition causing a 

spectrum of elevated activities. 

Lastly, we have proven that structural studies and HDX-MS are complementary for 

the description of dynamical changes in PLC-γ isozymes in response to binding to other 

proteins and membranes. Using HDX-MS, we showed that the phosphorylated kinase 
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domain of FGFR1 likely disrupts autoinhibition as measured by an increase in deuterium 

incorporation at the interface between the catalytic core and the regulatory domains. 

Moreover, we showed that kinases and liposomes can act in concert to stabilize the 

ensemble of active PLC-γ1 at membranes. These structural studies are supported with 

biochemical data that suggest that phosphorylated kinases act as allosteric activators of 

PLC-γ1 activity. 

Future directions 

The structure of autoinhibited PLC-γ1 in conjunction with dynamical changes 

associated with kinase binding and membrane association provide mechanistic details 

about the regulated activation of the PLC-γ isozymes. These data, together with 

fluorogenic probes to asses PLC activity in vitro, provide new avenues for the study of 

PLC-γ isozymes. The following section provides an overview of the future directions of this 

work. 

Drug discovery 

The PLC-γ isozymes are important clinical targets as they are frequently and 

recurrently mutated in human diseases. To date, there are no selective and potent 

modulators of PLC-γ isozyme activity. With the development of fluorogenic probes to 

monitor PLC activity, and the establishment of protocols to quantify PLC-γ isozyme activity 

in different contexts, we are equipped to commence drug development efforts. 

We previously described the soluble substrate WH-15 (2) for monitoring PLC 

activity in real-time. Experiments with PLC-β isozymes showed that WH-15-containing 

mixed micelles failed to recapitulate the activating effects of heterotrimeric G proteins (4). 

These results suggest that WH-15 will be useful for identifying orthosteric modulators, that 

is, modulators than bind to the active site. In contrast, the fluorogenic substrate XY-69 (1) 
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was designed for continuous and high-throughput monitoring. Conducting the same 

experiment with PLC-β isozymes showed that XY-69-containing phospholipid vesicles 

recapitulate the activating effects of heterotrimeric G proteins (4) suggesting that XY-69 is 

useful for the identification of both orthosteric and allosteric modulators. 

Using these two fluorogenic substrates, we will conduct high-throughput screening 

with several chemical libraries to identify chemical leads for the development of drugs to 

treat aberrant PLC-γ isozyme signaling. 

Structural studies 

We have proven that HDX-MS, together with structural information, is a viable 

technique to study dynamical changes in the PLC-γ isozymes associated with kinase 

binding and membrane association to provide mechanistic details about the regulated 

activation of the PLC-γ isozymes. According to our studies, binding of phosphorylated 

FGFR1K to the nSH2 domain of PLC-γ1 is sufficient to disrupt autoinhibition as detected 

by an increase in deuterium incorporation throughout the interface between the catalytic 

core and the regulatory domains. Several questions arise from this work, including: How 

are conformational changes relayed from the nSH2 domain to the rest of the protein? 

What is the orientation of the kinase when bound to PLC-γ1? Does the kinase contact 

domains in PLC-γ1 other than the nSH2 domain? These questions could be addressed by 

using the complex of PLC-γ1 bound to phosphorylated FGFR1K that is described in this 

work for structural characterization by either X-ray crystallography or cryogenic electron 

microscopy. 

In cells, numerous tyrosines of PLC-γ1 are phosphorylated. However, only the 

phosphorylation of Tyr783 is absolutely required for phosphorylation-dependent activation 

in vitro and in cells. How phosphorylation impacts the dynamics and overall structure of 

PLC-γ1 remains to be elucidated. Specifically, we are interested in describing the 
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arrangement of the regulatory domains relative to the catalytic core in the active, open 

state. We plan to address this question by conducting structural studies with PLC-γ1 

phosphorylated on Tyr783. To achieve this goal, we must eliminate most sites of 

phosphorylation (186, 472, 481, 771, 775, 959, 977) within the truncated form of PLC-γ1 

(residues 21-1215) to ensure stoichiometric phosphorylation of Tyr783. Subsequently, this 

variant of PLC-γ1 will be incubated with an active kinase and phosphorylation of Tyr783 

confirmed via native-PAGE and intact protein mass spectrometry. A similar approach can 

be applied to study more nuanced and context-specific phosphorylation states. For 

example, the role of phosphorylated Tyr771 and Tyr775 in PLC-γ1 function, protein 

structure, and protein dynamics remains a standing question in the field. Studies with 

phosphorylated PLC-γ1 can be extended to assess dynamical changes in phosphorylated 

PLC-γ1 when it binds to kinase and in the presence of PIP2-containing liposomes using 

HDX-MS. 

Our biochemical data suggests that kinases act as allosteric activators. That is, 

binding of active kinases to PLC-γ1 is sufficient to elevate phospholipase activity. This 

allosteric effect may be amplified for a kinase that is properly embedded in a lipid bilayer. 

This idea can be tested more directly with a complex of PLC-γ1 bound to an active receptor 

tyrosine kinase, e.g. FGFR1, embedded in a lipid bilayer. The creation of such complex 

would be a demanding task that, if successful, would be useful for the assessment of PLC 

activities biochemically as well as structural characterization using cryogenic electron 

microscopy.
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