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Abstract 
 
Class I Phosphoinostide-3 Kinases (PI3K) generate Phosphatidylinositol-3, 4, 5 

Trisphosphate (PIP3), which regulates important cellular tasks such as proliferation, cell 

growth, survival and metabolism through membrane recruitment and activation of 

downstream targets that bear PIP3 recognizing domains. Misregulation of class I PI3K 

signaling is found in several human diseases, such as cancer, immunological disorders, 

neurological disorders, diabetes, localized tissue overgrowth, and cardiovascular 

disease. Due to the essential roles of class I PI3Ks, their activity is held under tight control 

through molecular interactions with various activating partners and post- translational 

modifications (PTM). The aim of my thesis is to study the regulation of class I PI3Ks by 

activation signals, post-translational modifications (PTM), and oncogenic mutations. To 

this end, we have utilized a combination of cutting-edge biophysical and biochemical 

techniques like Hydrogen- Deuterium Exchange Mass Spectrometry (HDX-MS), lipid 

kinase assays and protein- lipid Fluorescence Resonance Energy Transfer (FRET) 

assays. Our results provide insights into novel aspects of regulation of PI3Kα by 

oncogenic mutations and the role of PTMs in modulating the activity of PI3Kγ. This work 

provides an excellent framework for understanding how PI3Ks are involved in human 

diseases.
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Chapter two follows a manuscript format and contains an abstract, introduction, materials 

and methods,  results, and discussion sections. Chapter three also follows a manuscript 

format and contains an abstract, introduction, materials, and methods, results and 

discussion sections. The last chapter highlights the findings of the thesis, provides a      

conclusion, and suggests possible future directions for this work.  

 
 

Chapter two adapted from: Ranga-Prasad H, Jenkins ML, Parson M. AH, 

Rathinaswamy MK and John E Burke (2022). Oncogenic mutations of PIK3CA lead to 

increased membrane recruitment driven by reorientation of the ABD, p85 and C-terminus. 

(bioRXiv link: https://www.biorxiv.org/content/10.1101/2022.04.05.487205v1.full)



Chapter 1: Introduction 

1.1 Overview: PI3K signalling 

Membrane bound phosphoinositides (PIs) are critical regulators of several cellular 

processes and biological responses such as growth, proliferation, survival, mobility, and 

differentiation. The structure of PIs consists of a glycerol backbone bound to a myo-

inositol ring and two fatty acid chains; stearic acid at sn-1 position and arachidonic acid 

at sn-2 positions in the glycerol backbone[1] (Fig 1.1A). These lipids control cellular 

processes through reversible phosphorylation at the 3, 4, and 5 positions of the inositol 

ring. Such reactions are orchestrated through recruitment of several phosphatidylinositol 

kinases and phosphatases. These enzymes catalyse the phosphorylation either at a 

single site or in combination to generate seven different PI species namely, PI3P, PI4P, 

PI5P, PI(3,4)P2, PI(4,5)P2, PI(3,5)P2 and PI(3,4,5)P3.   

 PI3Ks are enzymes that can phosphorylate the 3’ position of the inositol ring. 

Phosphatidylinositol 3,4,5 trisphosphate (PIP3) is formed by the activity of class I 

Phosphoinositide 3-Kinase (PI3K), when stimulated by signal molecules that activate cell 

surface receptors like receptor tyrosine kinases (RTKs) and G-protein-coupled receptors 

(GPCRs). PIP3 is a potent signaling molecule and is responsible for the regulation of a 

repertoire of downstream targets of cellular activities, such as growth, proliferation, 

differentiation, migration, and metabolism, including activation of AKT, an oncogenic 

protein. PI3Ks are divided into three classes based on their primary structure and 

substrate specificity. These classes are class I, II and III, and only class I PI3Ks can 

generate PIP3.   The Class II PI3Ks synthesize PI3P and PI(3,4)P2 and studies have 

shown their importance in cell proliferation, migration, and metabolism[2]. Class III PI3Ks 
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generates only PI3P which is an important regulator of membrane trafficking and an 

mTOR signaling mediator[3]. 

Class I PI3Ks are heterodimers consisting of a catalytic subunit and a regulatory 

subunit. The members of this family are bound to regulatory subunits, which determine 

the signals operating its activity. They are classified into two sub classes based on their 

interaction with the regulatory subunit as Class IA PI3Ks, consisting of p110α, p110β and 

p110δ, while the class IB consists of a sole member called p110γ[4]. The class IA catalytic 

subunits interact with p85 like regulatory subunits that consists of SH2 domains that 

stabilizes the catalytic subunit, locking the protein in an inactive confirmation and 

potentiates activation by regulatory signals[5]. p110γ of Class IB interacts with either p101 

or p84, and unlike class IA the interaction with the regulatory subunit does not inhibit the 

enzyme activity and potentiates activation downstream of activation signals [6–8]. The 

members of class I p110s differ in their cellular distribution; p110α and p110β can be 

found across all cell types, whereas p110δ and p110γ are found to be enriched in 

specialized cells such as immune cells[3]. Irregularities in the class I PI3K pathway driven 

by either activating or inactivating mutations and deletions have been implicated in a 

broad spectrum of human diseases, such as cancer, immunological disorders, 

neurological disorders, diabetes, localized tissue overgrowth, and cardiovascular 

disease. This thesis focuses on the regulation of PI3Kα and PI3Kγ by activation signals, 

oncogenic mutations and PTMs. 
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Fig 1.1: Activation of class I PI3Ks generate PIP3 (A) PIP3 is generated at the plasma 
membrane (PM) by the action of class I PI3K that phosphorylates at the 3’ position on the inositol 
ring of PIP2. PTEN is a phosphatase that has been shown to dephosphorylate PIP3 to generate 
PIP2 (B) Cartoon model showing the various activation signals that regulate class I PI3Ks. PI3Kα 
is activated by RTKs and Ras. PI3Kγ complexes are activated by Ras and GPCRs with 
p110γ/p101 being more sensitive to GPCR activation over p110γ/p84. p110γ/p84 can also be 
activated by PKC downstream of IgE receptors.  

 

1.2 Structural features that dictate regulation of PI3K 

 PI3Kα is a heterodimer composed of a catalytic (p110α) and a regulatory subunit 

(p85α), encoded by PIK3CA and PIK3R1, respectively (refer Fig 1.2a). The catalytic 

subunit consists of an N-terminal adaptor binding domain (ABD) that mediates binding to 

the iSH2 domain of p85α, a Ras binding domain (RBD) that interacts with switch I and II 

regions of RAS to stabilize p110α/p85α on the membrane [9,10], a C2 domain (C2) that 

participates in membrane binding, a helical domain, which interacts with nSH2, and a 

kinase domain, which hosts functionally important regions including the PIP2 and the ATP 

binding pockets. The RBD, C2, helical, and kinase domains together form the catalytic 

core of PI3Ks, which is conserved through the class I, II, and III PI3Ks[7,11]. The ABD of 

class IA PI3Ks binds irreversibly to the iSH2 coiled coil domain present in all class IA 

regulatory subunits[12] and forms an inhibitory intra-subunit interface with the N-lobe of 

the kinase domain.  
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Fig 1.2: The activity of class I PI3Ks are regulated by the binding of regulatory partners, PTMs 
and oncogenic mutations. Domain schematics of (A) class IA isoform p110α and its regulatory 
partners and (B) class IB enzyme p110γ along with p84 and p101. The cartoon schematic of the 
enzyme showing the various regions including the regulatory motif and regulatory partner binding 
sites colored according to the domain organization. The arrows indicate the binding sites and 
inhibition coming from the regulatory partner binding. The pink dots in p110γ domain schematics 
indicates the phosphorylation sites for PKCβ. (C) Frequency of mutations across the primary 
sequence of PIK3CA from the Catalog of Somatic Mutations in Cancer (COSMIC) database (data 
from January 2022). 

 

The regulatory subunits of Class IA consist of five isoforms namely p85α, p85β, 

p55γ, p50α and p50γ. These contain two Src homology 2 (SH2) domains, namely nSH2 

and cSH2, that bind to the pYXXM motifs of the phosphorylated RTK, and an inter coiled-

coil domain (iSH2) between them, which mediates the high-affinity interaction to ABD of 

the catalytic subunit. These domains are preceded by a Src homology 3 domain (SH3), 

a Bar cluster region homology domain (BH), and two proline-rich regions, PR1 and PR2 

surrounding the BH domain in p85α and p85β (refer Fig 1.2a)[13,14]. It is also reported 

that these domains could facilitate the homodimerization of p85α[15]. Apart from p85α, 

PIK3R1 also encodes for p55α and p50α, which are functional splice variants that lack 

the domains required for homodimerization (they lack the proline-rich region, BH and SH3 

domains) (see Fig 1.2a). The SH2 domains mediate the inhibition of p110 through several 
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reversible inhibitory interactions. These contacts occur between the nSH2 of p85 with the 

C2, helical, and kinase domains of p110 and the iSH2 domain packing up against the 

activation loop. In p110β and p110δ, the cSH2 domain also interacts and inhibits the 

kinase domain, this interaction is not found in p110α. Cellular studies from the Cho lab 

have indicated that multiple lipids bind the C-terminal of SH2 domains in a spatiotemporal 

manner[16]. Further Hydrogen-Deuterium Exchange Mass Spectrometry (HDX-MS) 

experiments have also indicated that the region spanning residues 405-420 in nSH2 

showed decreased hydrogen-deuterium exchange upon membrane binding with HRAS-

coupled vesicles, suggesting that nSH2 could not only bind to the RTKs but potentially to 

the membrane[17].  

 Extensive biophysical experiments on the free p110γ catalytic subunit and studies 

from our lab with the p110γ-p101 complex have revealed insight into the architecture and 

regulation of p110γ by the two different regulatory subunits. The p110γ subunit exists as 

a heterodimer with p101, while it forms a weaker/transient interaction with p84 [7], but the 

molecular basis for this was not understood, until recently[8].  Both subunits contain a N-

terminal helical p110γ binding domain (PBD), a central α/β barrel domain, and a C-

terminal beta-sandwich Gβγ binding domain (GBD). p84 and p101 binds to the C2 domain 

and the RBD-C2 and C2-helical linkers of p110γ. The primary interface for p110γ in p84 

was located at the N-terminal helical region of p84, with additional interactions involving 

the GBD and C-terminus. One of the primary differences between p101 and p84 

regulatory subunits is their differential ability to be recruited by lipidated Gβγ subunits. 

Cryo-EM studies with p110γ/p101 revealed the presence of an addition Gβγ binding site 

which was labelled as Gβγ binding domain (GBD)[7]. Further cryo-EM and HDX-MS 
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analysis of p110-p84 revealed that p110-p101 can bind two Gβγ molecules while p110-

p84 binds to single Gβγ subunits[8]. 

The key structural elements controlling the enzyme activity lies in the C-terminal 

kinase domain called the regulatory motif (Fig 1.2a). This consists of helices kα7-12 that 

surrounds the activation loop and keeps the enzyme in an inactive state[18,19]. This 

region is kept in an inactive confirmation by their interaction with cSH2 domain (in p110β 

and p110δ) or through an internal tryptophan lock (in p110α and p110γ). In addition, the 

regulatory motifs of class IA catalytic subunits are also inhibited by their interactions with 

the nSH2 domain. 

The full molecular mechanism of how PI3Kα is recruited to the membrane and 

becomes activated remains unclear. RTKs activate PI3Kα through binding of the SH2 

domains to the pY residues (pYXXM motifs) located in the activated RTK. The activation 

of PI3Kα leads to dissociation of nSH2 from the helical domain triggering a series of 

allosteric changes. In the inactivated conformation of PI3Kα, nSH2 interacts with the C2, 

helical and kinase domains[20]. Upon the nSH2 binding to the receptor, these interactions 

cease to exist. The transition of PI3Kα from an inactive cytosolic state to an activate 

membrane bound state entails four distinct events. The interface between nSH2 and the 

helical domain which includes charge interactions between the negatively charged helical 

domain and the positively charged nSH2 get disrupted. The nSH2 release is partially 

destabilizing the iSH2-C2 and ABD-Kinase interfaces revealing its inhibitory role[20,21]. 

Conformational changes in the iSH2-C2 interface and the ABD/RBD linker may be 

mechanistically linked according to HDX-MS data. It was also observed that mutations in 
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the ABD-RBD linker caused similar conformational changes to those located at the iSH2-

C2 interface [21]. 

 One of the most functionally important structural elements of PI3Kα is the C-

terminal tail. Mutations in the C-terminal tail may influence the allosteric regulation of 

enzyme activity, the lipid binding, the phosphoryl-transfer, or the product release during 

catalysis[13]. The hotspot H1047R mutation alters membrane recruitment as it leads to a 

large rearrangement of the C-terminus into an active conformation leading to enhanced 

membrane recruitment[21]. The HDX-MS data comparing the H1047R oncogenic mutant 

against WT revealed exposures in the membrane-binding regions at residues 848-859 

(Active site), 859-872, 930-956 (Activation loop) and 1039-1068 (C-terminus). Mandelker 

et all reported the crystal structure of the mutated heterodimer and observed that R1047 

points toward the cell membrane, perpendicular to the orientation of H1047 in the WT 

enzyme [22] (refer chapter 2 for more details). They also performed biochemical assays 

that revealed that the enzymatic activity of the p110α H1047R mutant is differentially 

regulated by lipid membrane composition[22]. Hon et al. have shown that the activated c-

terminal mutants H1047L, H1047R and G1049R mutants increase electrostatic 

interactions with lipids[23]. Within the foci of H1047, there are other high frequency 

mutations: M1043 L/V/I, G1049 R/ S/A (identified from the COSMIC database) and the 

recently identified frame shift mutations. These C-terminal mutants together account for 

>50% of total PIK3CA-related oncogenic mutations. Although the activation potential of 

these mutants has been tested using non-cancerous cell lines[24,25], the structural 

implications and the mechanism of activation are still unknown. 
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1.3 Post-translational modifications 

 Apart from activation signals, the activity of PI3K can also be regulated by PTMs. 

Studies have identified PTMs found within both the catalytic and regulatory subunits of 

class I PI3Ks, but the structural implications of these modifications are yet to be studied. 

Post-translational modifications of p85α regulate the catalytic activity of PI3Kα. 

Phosphorylation of S361 in nSH2, and of S652 in cSH2, by Protein Kinase C (PKC), and 

phosphorylation of S690 in cSH2, by IkB kinase (upstream regulator of NFkB and 

promotes expression of anti-apoptotic genes), prevent these domains from binding to 

phosphorylated tyrosine receptors. On the contrary, phosphorylation of Y688 in cSH2 

may activate PI3Kα by facilitating an intramolecular interaction with nSH2. Moreover, 

phosphorylation of S83 in the SH3 domain by protein kinase A (PKA) promotes binding 

of 14-3-3z, which leads to increased membrane binding and PI3Kα activity[26]. The 

catalytic subunit, p110α can phosphorylate the regulatory subunit, p85α, at S608, 

although this autophosphorylation is not a significant regulator of the lipid kinase activity 

of PI3Kα[27]. Moreover, p85α is phosphorylated on Y508 by the Platelet Derived Growth 

Factor Receptor (PDGFR)[28]. Cruz-Herrera et al.3I suggested that small ubiquitin like 

modifiers (SUMO1 and SUMO2) modulate p85 function by reducing the levels of tyrosine-

phosphorylated-p85. Different lysine residues located at the iSH2 domain are putative 

SUMOylation sites. However, the post-translational modifications in other regulatory 

subunits for Class I isoforms are currently unknown. 

Class IB PI3K catalytic subunit, p110γ has been previously shown to be 

phosphorylated in the helical domain upon activation of the IgE receptors. In response to 

the clustering of IgE receptors and Ca2+ influx from store operated Ca2+ channels, PKCβ 
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has been shown to phosphorylate  p110γ at S582, which has been shown to be essential 

for mast cell degranulation[30]. Interestingly, this event also correlates with the release of 

the p84 subunit and has been shown to operate PI3Kγ downstream of Ca2+ and 

PKCβ[31]. The regulatory subunit p84 undergoes phosphorylation at T607 which has 

been shown to be important for p110γ-p84 dimerization and the tumour suppressor role 

of p84[32].  

 

1.4 Activation of PI3Ks 

Class I PI3Ks are activated downstream of three membrane bound activation 

signals namely: RTK, GPCRs and GTP bound Ras. PI3Kα is primarily activated 

downstream of RAS (leading to membrane recruitment) and RTK signalling (relieves 

nSH2 mediated inhibition and iSH2 packing up against the C2 and the activation loop). 

The phosphopeptide sequence of the RTKs binds to the nSH2 domain, disrupting the 

charge-charge interaction between the nSH2 domain and the helical domain of 

p110α[13,33]. pY also binds to cSH2, however, cSH2 does not have an inhibitory role in 

PI3Kα[20]. Two conserved FLVR motifs (res. 355-358 in nSH2 domain and 646-649 in 

cSH2 domain) are critical for binding to the phosphorylated RΤK[26]. Upon activation, 

p110α is recruited to the membrane where it interacts with Ras to synthesize PI(3,4,5)P3 

by transferring the γ-phosphate group of ATP to PI(4,5)P2. Previous work from our lab 

has shown that the synergistic activation from both these signals are required for the 

complete activation of the enzyme[17]. 

Gβγ subunits from GPCR has been shown to activate PI3Kγ. Work with mouse 

neutrophils have shown that p110γ/p101 and p110γ/p84 control distinct functions of the 
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PI3Kγ pathway. The p110γ/p101 complex has been shown to promote cell migration 

whereas the p110γ/p84 complex leads to Reactive Oxygen Species production (highly 

reactive metabolites of oxygen including superoxide, hydrogen peroxide, hydroxyl radical, 

and hypochlorous acid)[34]. These signaling outputs are dependent on PI3Kγ activation 

that occurs downstream of GPCRs, Ras superfamily of GTPases and post-translational 

modifications. Activation of the p110γ-p101 complex is dependent on Gβγ[6], whereas 

the p110γ-p84 complex requires Ras as a co-stimulator along with Gβγ for complete 

activation[35]. 

 The generation of PIP3 upon subsequent activation and membrane recruitment of 

PI3K leads to the recruitment of multiple PIP3 effector proteins to the plasma membrane. 

These include protein kinases such as pyruvate dehydrogenase kinase 1(PDK1), Akt/ 

protein kinase B, Bruton’s tyrosine kinase (BTK), etc. and guanine nucleotide-exchange 

factors (GEFs)/GTPase activating proteins (GAPs) of Ras superfamily GTPases. One of 

the well-studied effectors of the PI3K pathway is AKT. Upon generation of PIP3, AKT is 

translocated to the membrane mediated by its pH domain and cascades signalling 

pathway through phosphorylation of numerous substrates that regulate crucial cellular 

functions. These functions include protein synthesis (through activation of TSC2 and 

PRAS40), glucose metabolism (AS160 and TXNIP), apoptosis (FOXO), abundance of 

acetyl-COA[36,37] etc. Signal cascades downstream of these effectors play key roles in 

growth, metabolism, and survival and are important in immune cell development. 

 

1.5 Role of PI3Ks in human diseases and drug discovery 
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Class I PI3Ks are frequently mutated in human disease, with both activating and 

inactivating mutations identified in multiple diseases. Mutations in class IA catalytic and 

regulatory subunits (p110α, p110δ, p85α, and p85β) cluster at both intra- and inter-

subunit inhibitory interfaces (Fig 1.2C). The PIK3CA gene encoding p110α is one of the 

most frequently mutated oncogenic drivers in cancer ([38,39]), with >17,000 somatic 

mutations in the Catalog Of Somatic Mutations In Cancer (COSMIC) database[40]. The 

majority of PIK3CA mutations cluster at one of the two hotspot regions; the nSH2-helical 

interface (E542K, E545K) and the c-terminus of the kinase domain (H1047R). Other 

mutations cluster at the C2-iSH2, nSH2-helical, and ABD-kinase regulatory interfaces and 

the regulatory motif. In addition to the role of PIK3CA in cancer, the same mutations are 

also found in overgrowth syndromes[35,41,42] distributed throughout the primary 

sequence including the hotspot mutations. These conditions are pooled under one 

umbrella term called the PIK3CA Related Overgrowth Syndrome (PROS)[43]. These 

mutations activate kinase activity through both disrupting inhibitory inter-domain 

interactions and increasing recruitment to membrane substrate[21]. However, the exact 

mechanism through which these mutations activate the enzyme is currently unknown 

except for the hotspot mutations. The p110β subunit is not commonly somatically mutated 

in cancer; however, its activity is critical in promoting tumorigenesis in cancers driven by 

the loss of the PIP3 phosphatase PTEN[44]. Somatic activating mutations also occur in 

the p85α subunit in cancer[45] and overgrowth syndromes[46]; however, mutations in 

p85α unable to bind p110 (R348*) are also oncogenic, presumably through 

misregulations of p110 free p85α and its interaction with other binding 

partners[47].Activating point mutations in the p110δ isoform have been identified in 
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primary immunodeficiency patients, with this disease called activated PI3K delta 

syndrome (APDS1)[48]. These mutations are in similar positions to oncogenic mutations 

in p110α. A splice site mutant in PIK3R1 that leads to an internal deletion at the N 

terminus of the iSH2 has also been identified in primary immunodeficiency patients, 

referred to as APDS2[49]. Biochemical studies of the p85α splice mutant reveal that it 

primarily activates p110δ over p110α[50].  

Similar to class IA isoforms, p110γ has been implicated in multiple human diseases 

and its inhibition have shown to provide protection against tumour and auto-immune 

disorders. Pharmacological or genetic inhibition of PI3Kγ led to reduced atherosclerotic 

lesions in mouse models[51]. It also plays a vital role in inflammation in obesity-induced 

insulin resistance. This was seen in PI3Kγ KO mice that provided protection against β-

cell apoptosis and improved fasting insulin levels[52]. Although p110γ has a low number 

of oncogenic mutations in comparison to p110α, blocking PI3Kγ signalling resulted in anti-

angiogenic effects in tumour. Targeting p110γ has also shown protection against 

inflammatory diseases such as allergy, anaphylaxis[53], pulmonary fibrosis, cystic fibrosis 

and respiratory infection[54].  

Targeting PI3Ks has been a challenging as the various PI3K isoforms are 

structurally related to each other and other PI3K related kinases such as mTOR. Multiple 

preclinical studies and clinical trials have resulted in only seven FDA approved drugs 

namely Everolimus and Temsirolimus (mTOR inhibitors), Alpelisib (PI3Kα inhibitor), 

Idelalisib (PI3Kδ inhibitor), Copanlisib (PI3Kα/δ inhibitor), Duvelisib (PI3Kγ/δ inhibitor) 

and Umbralisib (PI3Kδ/CK1ε inhibitor). Isoform-selective ATP competitive PI3K inhibitors 

have been developed, with high-resolution structural information being critical in defining 
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the molecular mechanism of specificity. Complicating the use of PI3Kα inhibitors is that 

they can lead to insulin feedback, which can reactivate the PI3K-mTOR signaling 

pathway. Inhibition of PI3K signalling with Alpelisib led to PI3Kα pathway inhibition with 

both WT and mutants which caused a spike in blood insulin levels (hyperglycemia) which 

led to reactivation of the pathway. Interestingly pharmaceutical, or dietary suppression of 

insulin feedback can enhance the effectiveness of PI3K inhibitors in animal models, 

revealing a potential novel approach for clinical trials of PI3K inhibitors[55]. This warrants 

the development of novel strategies to mitigate and/or manage on- target and off- target 

toxicities, identifying PI3K dependent tumours and enhancing the specificity of the small 

molecules. Ongoing examinations and the future of PI3K inhibitors in cancer are focused 

on oncogenic mutant-specific compounds[37], combination therapies, and the use of 

PI3K inhibitors as immunomodulators of the tumor microenvironment[56,57]. For 

instance, PI3Kγ inhibition has been shown to promote pro-immune macrophages and 

increased CD8+ T-cell signalling against tumour cells[56].  

 

1.6 Research Objectives 

The Class I PI3Ks play an important role in maintaining cellular homeostasis and 

growth, however misregulations in p110s have been implicated in tumours, immunity 

disorders and other overgrowth syndromes. The activity of class I PI3Ks can be altered 

by activation signals, binding of regulatory partners, post-translational modifications, and 

oncogenic mutations. Through my research, I want to understand such regulatory 

mechanisms that control the enzyme activities of class I isoforms PI3Kα and PI3Kγ. 

Specifically, I intend to answer the following questions: 
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1. What are the molecular mechanisms of activation for the oncogenic mutations in 

PIK3CA? 

For this, we hypothesize that oncogenic mutations in PIK3CA would either disrupt 

ABD-p85 inhibition or regulatory motif inhibition. This was based on mapping these 

frequently mutated residues on the protein structure, which revealed that these 

residues occurred at the interface of these inhibitory contacts (Fig 2.1b). To test this, 

we will be assessing the difference between WT and the mutants with respect to their 

structural changes and membrane recruitment using HDX-MS and protein-lipid FRET 

experiments respectively. 

2. What are the implications of the PKCβ mediated phosphorylation event in p110γ? 

For this, we hypothesize that the activating modification leads to allosteric changes in 

the kinase domain causing enhanced enzyme activity. This will be tested using a 

series of biochemical assays and HDX-MS experiments to compare the structural and 

biochemical changes in p110γ upon phosphorylation. 

The development of mutant selective compounds is an essential goal in PI3K 

therapeutic development. Recently, Genentech reported a compound that led to mutant 

selective degradation of mutant p110α/p85β over wild type[58], with additional mutant 

H1047R selective compounds recently reported by Petra and Relay Therapeutics. 

Therefore, understanding the molecular mechanism of how the full complement of all 

oncogenic mutants activate PI3K activity is fundamental for future therapeutic 

development. Similarly, there are potential challenges for selective p110γ inhibitors, as 

immune side effects may be difficult to avoid which is highlighted in patients with 

inactivating primary immunodeficiency clinical p110γ mutations[59,60]. Therefore, 
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understanding the molecular basis for regulation of p110γ-p84 and p110γ-p101 

complexes by activation signals and PTMs would provide valuable information for 

developing specific inhibitors against the two complexes which may be beneficial for 

reducing the side effects. 
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Chapter 2: Molecular basis for activation and regulation of PI3Kα 

Adapted from: 

Harish Ranga-Prasad, Meredith L Jenkins, Matthew AH Parson, Manoj K Rathinaswamy, 

John E Burke (2022). Oncogenic mutations of PIK3CA lead to increased membrane 

recruitment driven by reorientation of the ABD, p85 and C-terminus. 

Contributions: 

JEB, HR-P and MKR designed all biophysical/biochemical experiments. HRP, MKR and 

MLJ cloned all the constructs used in this study (except WT p110α and p85α), Protein 

expression and purification were carried out by HR-P with assistance from MKR and MLJ. 

Biochemical assays were performed by HR-P. All HDX-MS samples were made by HR-

P and M.K.R prepared samples for experiments shown in Fig 2.4 A,C and D with 

assistance from M.L.J and M. AH. P. HDX-MS analysis was done by HR-P, M.L.J and 

JEB. Sushant Suresh – Purified free p85α used in Fig 2.3B; HP and JEB wrote the 

manuscript with input from all authors. 

 

2.1 Abstract 

 PIK3CA encoding the phosphoinositide 3-kinase (PI3K) p110 catalytic subunit is 

frequently mutated in cancer. The full set of mechanisms underlying how PI3Ks are 

activated by oncogenic mutations on membranes are still undefined. Using a synergy of 

biochemical assays and hydrogen deuterium exchange mass spectrometry (HDX-MS), 

we reveal unique regulatory mechanisms underlying PI3K activation. Engagement of 

p110 on membranes leads to disengagement of the ABD of p110 from the catalytic 

core, and the C2 domain from the iSH2 domain of the p85 regulatory subunit. PI3K 

activation also requires reorientation of the p110 C-terminus, with mutations that alter 

the inhibited conformation of the C-terminus increasing membrane binding. Mutations at 
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the C-terminus (M1043I/L, H1047R, G1049R, and N1068KLKR) activate p110 through 

distinct mechanisms, with this having important implications for mutant selective inhibitor 

development. This work reveals unique mechanisms underlying how PI3K is activated by 

oncogenic mutations and explains how double mutants can synergistically increase PI3K 

activity. 

 

2.2 Introduction 

          Activating mutations in the gene PIK3CA, which encodes the class IA 

phosphoinositide 3-kinase (PI3K) catalytic subunit p110 are among the most common 

mutations across human cancers[61–64]. Class I PI3Ks are composed of four isoforms 

(class IA [p110, p110, p110] and class IB [p110]), which together generate the lipid 

second messenger phosphatidylinositol 3,4,5 trisphosphate (PIP3) downstream of 

multiple cell surface receptors, including receptor tyrosine kinases (RTKs), G-protein 

coupled receptors (GPCRs), and Ras superfamily GTPases. PIP3 recruits multiple 

effectors, including kinases and regulators of G protein signalling which play critical roles 

in regulating growth, survival, proliferation, and metabolism[65–67].  

 PI3K is a heterodimer composed of a p110 catalytic subunit and a p85 

regulatory subunit, of which there are 5 isoforms: p85, p55 and p50 (encoded by 

PIK3R1), p85 (encoded by PIK3R2) and p55 (encoded by PIK3R3). The class IA 

regulatory subunits play three key roles in regulating class IA PI3Ks: they stabilize and 

inhibit the p110 catalytic subunits[68,69], and they allow for activation through the direct 

engagement of the nSH2 and cSH2 domains of regulatory subunits with pYXXM motifs 

in RTKs[70]. In unstimulated cells, the p110 protein is kept in an inactive and stable 
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cytosolic configuration due to its interactions with the regulatory subunit, with full 

activation and membrane recruitment of the PI3K complex requiring binding to both GTP 

loaded Ras, and engagement of both the nSH2 and cSH2 of regulatory subunits by bis-

phosphorylated pYXXM motifs present in RTKs and their adaptors[71–73]. However, the 

full molecular mechanisms underpinning activation and membrane binding of class IA 

PI3K are not completely understood. 

          Extensive biochemical and biophysical studies have revealed how p110 is 

inhibited by regulatory subunits[74–80]. The p110 catalytic subunit is composed of five 

domains (an Adaptor Binding Domain (ABD), Ras Binding Domain (RBD), C2, helical, 

and a bi-lobal kinase domain)[74,81] (Fig. 1A). The RBD, C2, helical, and kinase domains 

together form the catalytic core of PI3Ks, which is conserved through the class I, II, and 

III PI3Ks[82,83]. The ABD of class IA PI3Ks binds irreversibly to the iSH2 coiled coil 

domain present in all class IA regulatory subunits[75], and also forms an inhibitory intra-

subunit interface with the N-lobe of the kinase domain (Fig. 2.1A, 2.1B). The iSH2 also 

makes inhibitory contacts with the C2 and activation loop of the kinase domain[76,84]. 

The nSH2 domain of regulatory subunits binds reversibly to the C2, helical and kinase 

domains[75,77], with these contacts broken when the nSH2 binds to pYXXM motifs[79]. 

The cSH2 of regulatory subunits is strictly required for high affinity association with bis-

phosphorylated receptors and their adaptors[71], and in p110 and p110 forms an 

inhibitory interface with the kinase domain, however, this interaction is either absent or 

transient in p110[85,86]. Recently Cryo-EM analysis of p110 bound to p85 showed 

that upon binding to phosphopeptides there appeared to be complete disengagement of 

the ABD and regulatory subunit from the catalytic core[87], which was not fully supported 



19 
 

by previous HDX-MS analysis of phosphopeptide binding[76,79]. However, 

disengagement of the catalytic core from the ABD and regulatory subunits is consistent 

with HDX-MS results studying PI3K membrane binding[72].  

 The PIK3CA and PIK3R1 genes encoding p110 and p85 are both frequently 

mutated in human cancers[61,62,88]. The majority of mutations lead to amino acid 

substitutions (Fig. 2.1C)[89], although, more complex insertions and deletions also 

occur[90]. Oncogenic transformation by p85 mutations is driven by activation of the 

p110 isoform[91].  For p110 the most frequent mutations are located at two hot spots 

located at the helical-nSH2 interface (E542K, E545K) and the C-terminus of the kinase 

domain (H1047R) (Fig. 2.1B). The E545K disrupts the nSH2-helical interface[75] while 

H1047R alters the membrane binding surface of the kinase domain (Fig. 2.1D and E)[77]. 

However, there also are relatively high frequency mutations at the ABD-kinase interface, 

the ABD-RBD linker, the C2-iSH2/C2-nSH2 interfaces, the putative membrane interface 

of the N-lobe with membranes, and in a region of the kinase domain C-terminal to the 

activation loop, referred to as the regulatory motif (Fig. 2.1C)[92]. We have previously 

found that oncogenic mutations mimicked and enhanced conformational changes 

observed in the catalytic cycle of WT PI3K[76], with different mutants showing unique 

conformational changes. Different PIK3CA mutations activating lipid kinase activity 

through unique mechanisms is supported by the discovery of tumours harbouring double 

PIK3CA mutations in cis, with these tumours showing enhanced sensitivity to PI3K 

inhibition[93].  

          Here, using a combination of hydrogen deuterium exchange mass spectrometry 

(HDX-MS) and membrane binding assays, we provide a molecular model for how 
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oncogenic mutants in p110 activate both kinase activity and membrane binding. This 

has revealed the critical role of disengagement of the inhibitory contacts of the ABD 

domain and the p85 regulatory subunit, as well as the importance of reorganisation of the 

membrane binding C-terminus in PI3K activation. Intriguingly, mutations at the C-terminal 

tail activate PI3K through distinct molecular mechanisms and provide unique insight into 

how this might be utilised in mutant selective inhibitor design. Overall, this work provides 

unique insight into the molecular mechanisms mediating PI3K activation by oncogenic 

mutations.  
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Figure 2.1. Structure of p110/p85 and location of PIK3CA oncogenic mutations 

A. Domain schematic of both p110/p85, with their respective domains highlighted. P110α 
consists of five domains namely adaptor binding domain (ABD), Ras binding domain (RBD), 
helical domain and the bi-lobal kinase domain. The important features namely catalytic core, 
activation loop (orange), regulatory motif (green), and C-terminus (magenta) of p110 are 
annotated.  P85 consists of two Src homology-2 (SH2) domains separated by an inter coiled-coil 
SH2 (iSH2) domain. In p85α and β, nSH2 is preceded by SH3 and Bcr Homology (BH) domains. 
Same color scheme has been used to map these features on the structures below. 
B. Oncogenic mutations in p110 mapped on the structure of WT p110/p85 (PDB: 4OVU[94]). 
The frequency of oncogenic mutations from the COSMIC database[95] as described in panel C 
is colored according to the legend with any mutation with a frequency >50 indicated as a sphere. 
Other features are colored according to the domain schematic in panel A. The p85 subunit is 
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shown as a transparent blue surface. Cartoons of the two views of PI3K highlighting these 
features are shown to the right of each structural model. These same cartoon views are used to 
map all further HDX-MS data.  
C. Frequency of mutations across the primary sequence of PIK3CA from the Catalog of Somatic 
Mutations in Cancer (COSMIC) database (data from January 2022)[95]. 
D. C-terminus in H1047R adopts a unique confirmation compared to WT (PDB: 3HHM)[77]. 
Features are colored the same as in panel B.  
E.  Above: The sequence of the C-terminus is shown, with mutants colored blue, and the 
membrane binding WIF motif in bold[96].  The sequence of a frameshift mutant (N1068KLKR)[90] 
is also shown. Below: Orientation of the C-terminus in the WT (PDB:4OVU) and H1047R 
(PDB:3HHM) crystal structures. The relative positioning of additional oncogenic mutants 
(M1043I/L, N1044K, G1049R/S) are indicated. The reorientation of the C-terminus (colored in 
magenta) that occurs upon H1047R mutation is indicated by the red arrow.  

 

2.3 Materials and Methods 

2.3.1 Plasmid Generation 

Genes of interest were inserted into the pFastBac1 vector to allow baculovirus 

expression in Spodoptera frugiperda (Sf9) cells. The plasmids containing p110 and free 

p85α isoforms also expressed N-terminal to the protein a 10X histidine tag, followed by a 

2X Strep tag, followed by a tobacco etch virus protease cleavage site. Single substitution 

mutations (D915N, H1047R, M1043L, G1049R and N1068fs) and p110 truncations 

(p110α core and C) were generated using site-directed mutagenesis according to 

published commercial protocols (QuickChange Site-Directed Mutagenesis, Novagen). 

DNA oligonucleotides spanning the desired region and either containing the altered 

nucleotides (single substitutions) or lacking the truncated region were ordered (Sigma). 

PCR reactions were performed on the WT p85α, and PCR purified (Q5 High-Fidelity 2X 

MasterMix, New England Biosciences #M0492L; QiaQuick PCR Purification Kit, Qiagen 

#28104). Single colonies were grown overnight and purified using QIAprep Spin Miniprep 
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Kit (Qiagen #27104). Plasmid identity was confirmed by Sanger Sequencing (Eurofins 

Genomics). 

 

2.3.2 Virus Generation and Amplification 

The plasmids harbouring p110α WT and other variants and p85α were transformed 

into DH10MultiBac cells (MultiBac, Geneva Biotech) containing the baculovirus viral 

genome (bacmid) and a helper plasmid expressing transposase to transpose the 

expression cassette harbouring the gene of interest into the baculovirus genome. 

Bacmids with successful incorporation of the expression cassette of pFastBac/ 

pACEBac1 into the viral genome was identified by blue-white screening and were purified 

from a single white colony using a standard isopropanol-ethanol extraction method. 

Briefly, colonies were grown overnight (∼16 hours) in 3-5 mL 2xYT (BioBasic #SD7019). 

Cells were pelleted by centrifugation and the pellet was resuspended in 225 μL P1 buffer 

(Qiagen MiniPrep Kit, #27106), chemically lysed by the addition of 225 μL buffer P2, and 

the lysis reaction was neutralized by addition of 300 μL buffer N3. Following centrifugation 

at 21130 rcf and 4°C (Rotor #5424 R), the supernatant was separated and mixed with 

600 μL isopropanol to precipitate the DNA out of solution. Further centrifugation at the 

same temperature and speed pelleted the bacmid DNA, which was then washed with 500 

μL 70% Ethanol three times. The bacmid DNA pellet was then dried for 1 minute and re-

suspended in 50 μL Buffer EB. 

Purified bacmid was then transfected into Sf9 cells. 2 mL of Sf9 cells between 0.3-

0.5Χ106 cells/mL were aliquoted into the wells of a 6-well plate and allowed to attach, 

creating a monolayer of cells at ∼ 70-80% confluency. Transfection reactions were 
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prepared by the addition of 2-10 μg of bacmid DNA to 100 μl 1xPBS and 12 μL 

polyethyleneimine (PEI) at 1 mg/mL (polyethyleneimine “Max” MW 40.000, Polysciences 

#24765, USA) to 100 μL 1xPBS. The bacmid-PBS and the PEI-PBS solutions were 

mixed, and the reaction occurred for 20-30 minutes before addition drop-by-drop to an 

Sf9 monolayer containing well. Transfections were allowed to proceed for 5-7 days before 

harvesting virus containing supernatant as a P1 viral stock. 

Viral stocks were amplified by adding P1 viral stock to suspension Sf9 cells 

between 1-2x106 cells/mL at a 1/100 volume ratio. This amplification produces a P2 stage 

viral stock that can be used in final protein expression. The amplification proceeded for 

4-5 days before harvesting, with cell shaking at 120 RPM in a 27°C shaker (New 

Brunswick). Harvesting of P2 viral stocks was carried out by centrifuging cell suspensions 

in 50 mL Falcon tubes at 2281 RCF (Beckman GS-15), collecting the supernatant in a 

fresh sterile tube, and adding 5-10% inactivated foetal bovine serum (FBS; VWR Canada 

#97068-085). 

 

2.3.3 Expression and purification of recombinant proteins 

All PI3K constructs were purified by expressing the catalytic subunit and the 

regulatory subunit using the pFASTBAC/ pACEBac1 expression system in Sf9 cells. After 

expressing the cells at 27°C (42 hours for Kinase active variants and 55 hours for Kinase 

dead), the cells were harvested at 2800 rpm and 4°C using Eppendorf Centrifuge 5810R 

and the cells were flash frozen using liquid nitrogen and stored in -80°C. The proteins 

were purified by a series of affinity chromatography techniques that includes Nickel 

affinity, Streptavidin and Q column. 
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The frozen pellets were resuspended in lysis buffer containing 20 mM Tris pH 8, 

10 mM Imidazole, 100 mM NaCl, 5% glycerol [v/v], 2 mM βME, protease inhibitor 

[Protease Inhibitor Cocktail Set III, Sigma]) and sonicated for 2 min (15 s on, 15 s off, 

level 4.0, Misonix sonicator 3000). Triton-X was added to the lysate at a final 

concentration of 0.1% and then clarified by spinning at 14, 000 rpm for 45 min (Beckman 

Coulter JA-20 rotor). The supernatant was loaded onto a 5 ml crude Ni-NTA column (GE 

healthcare) equilibrated in NiNTA A buffer containing 20 mM Tris pH 8, 100 mM NaCl, 10 

mM Imidazole and 5% glycerol [v/v]. The column was washed using high salt buffer 

containing 20 mM Tris, 1 M NaCl, 10 mM Imidazole, 5% Glycerol [v/v] followed by NiNTA 

buffer wash (20 mM Tris pH 8, 100 mM NaCl, 21 mM Imidazole and 5% Glycerol). The 

protein was eluted using 100% NiNTA B buffer (20 mM Tris pH 8, 100 mM NaCl, 200 mM 

Imidazole and 5% Glycerol). The elute from the nickel column was loaded onto 

Streptavidin column (GE healthcare) and subjected to buffer wash using Hep A buffer (20 

mM Tris pH 8, 100 mM NaCl, 5% Glycerol and 0.5 mM tris(2-carboxyethyl) phosphine 

[TCEP]). The column was incubated on ice for 3 hours in the presence of TEV protease 

and then eluted by a wash with Hep A buffer. The eluent was loaded onto Q column 

equilibrated with Hep A buffer. The column was washed with Hep A buffer to remove TEV 

protease and the final PI3K was eluted by passing Hep B elution buffer (20 mM Tris pH 

8, 325mM NaCl, 5% glycerol [v/v] and 0.5 mM TCEP). The protein was exchanged to the 

final buffer containing 20 mM HEPES pH 7.5, 100 mM NaCl, 10 % Glycerol [v/v] and 0.5 

mM TCEP using a desalting column. The protein was concentrated to 1 mg/ml using a 

50,000 molecular weight cut-off (MWCO) Amicon Concentrator (Millipore), flash frozen 

and stored at -80°C. 
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For HDX experiments involving WT, p110α core, H1047R, M1043L, Cter and 

free p85α were further subjected to gel filtration using SuperdexTM 200 10/300 GL 

Increase from GE healthcare. After gel filtration, the protein was concentrated, aliquoted, 

frozen, and stored at −80°C. 

 

2.3.4 Lipid Vesicle Preparation 

To measure membrane recruitment using Protein-Lipid FRET two sets of lipid 

vesicles were prepared: PE/PS/PIP2 containing 5 % brain PIP2, 65% egg yolk PE, 25 % 

brain PS and 10% Dansyl-PS (Avanti, #810225C) and PM mimic consisting of 5% brain 

PIP2, 20% brain PS, 10% Dansyl-PS, 45% egg yolk PE, 15% egg yolk 

phosphatidylcholine (PC) (Avanti #840051C), 10% cholesterol (Sigma Aldrich, #47127-

U), and 5% egg yolk sphingomyelin (Sigma Aldrich, #S0756). To generate vesicles the 

lipid mixtures were combined in organic solvent. The mixture was then evaporated using 

a stream of argon gas followed by desiccation under vacuum for 45 minutes. The lipids 

were resuspended in a lipid buffer (25 mM HEPES pH 7, 100 mM NaCl, 10% Glycerol 

[v/v] and the solution was subjected to sonication for 15 mins. The vesicles were 

subjected to five freeze thaw cycles and extruded 11 times through a 100 nm filter (T and 

T Scientific: TT-002–0010). The extruded vesicles were sonicated again for 5 min, 

aliquoted and stored at −80°C.  

 

2.3.5 Protein-Lipid FRET Assay 

Protein-lipid FRET experiments were carried out either at a saturating protein 

concentration (Fig. 2.3 and 2.5) or as a dose response with PI3K (Fig. Appendix 3A). 
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Protein-lipid FRET assays with saturating PI3K were initiated by mixing 2.5 µL PI3K (4 

µM) with 2.5 µL of pY peptide (final conc) for 15 mins at 20°C. 5 µL of lipid vesicles (either 

PIP2/PS/PE or PM mimic vesicles, both at final conc. 33.33 µg/mL) was added to the 

protein-pY mixture and were incubated for 15 mins at 20°C. Dose experiment was carried 

out exactly the same, except PI3K amount varied from 0.015 µM to 1 µM. The plate was 

then read using a SpectraMax M5 plate reader using a 280-nm excitation filter with 350nm 

and 520 nm emission filters to measure Tryptophan (Trp) and Dansyl-PS FRET 

emissions, respectively. The FRET signal shown in the figures has I-Io along the Y axis 

where I is the intensity of 520 with protein and Io is the intensity of lipid alone.  

 

2.3.6 HDX-MS analysis: Sample Preparation 

 HDX-MS experiments for all conditions were conducted as follows: reactions 

comparing full-length p110α/p85α and p110α core were conducted in 13.5 μl reaction 

volumes with a final PI3K amount of 10 pmol. Prior to HD exchange, 3.5 μl of either protein 

was incubated with 3.5 μl of PIP2/PS/PE lipid at 1 mg/ml or lipid buffer for 2 minutes at 

room temperature. To initiate HD exchange, a mixture of either 6.5 μl of the same lipid at 

1 mg/ml or lipid buffer and 36.5 μl of D2O buffer [20 mM HEPES (pH 7.5), 100 mM NaCl, 

94.3% D2O (v/v)] was added to the protein-lipid/buffer mix (final D2O concentration of 

69%). Exchange was carried out for 3, 30, and 300s at 20°C. 

HDX reactions comparing full-length p110α/p85α WT against M1043L, H1047R 

and C were conducted in 20μl reaction volumes with a final PI3K amount of 9 pmol. Prior 

to HD exchange, 3 μl of protein was incubated with 1 μl of 50 μM pY peptide or protein 

buffer and allowed to incubate for 15 minutes on ice. Exchange was initiated by the 
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addition of 16 μl of D2O buffer to the protein +/- pY mixture (final D2O concentration of 

75%). Exchange was carried out for 3, 30, 300, and 3000s at 20°C and 0.3s (3s on ice). 

 HDX reactions comparing full-length p110α/p85α WT against G1049R were 

conducted in 20μl reaction volumes with a final PI3K amount of 15 pmol. HD exchange 

was initiated by the addition of 16 μl of D2O buffer to 4 μl of protein (final D2O 

concentration of 75%). The reaction proceeded for 3, 30, 300, and 3000s at 20°C. 

HDX reactions comparing full-length p110α/p85α WT against N1068fs were 

conducted in 20 μl reaction volumes with a final PI3K amount of 11 pmol. HD exchange 

was initiated by the addition of 17.2 μl of D2O buffer to 2.8 μl of protein (final D2O 

concentration of 81%). The reaction proceeded for 3, 30, 300, and 3000s at 20°C.  

HDX reactions comparing full-length p110α/p85α WT kinase active vs kinase dead 

were conducted in 50 μl reaction volumes with a final PI3K amount of 10 pmol. Prior to 

HD exchange, 4 μl of either protein was incubated with 10 μl of PIP2/PS/PE lipid at 1 

mg/ml or lipid buffer for 2 minutes at 20°C. HD exchange was initiated by the addition of 

36 μl of D2O buffer (final D2O concentration of 69%). The reaction proceeded for 3, 30, 

and 300s at 20°C. All conditions and timepoints were generated in independent triplicate. 

All exchange reactions were terminated by the addition of ice-cold quench buffer to give 

a final concentration 0.6 M guanidine-HCl and 0.9% formic acid. Samples were flash 

frozen in liquid nitrogen immediately after quenching and stored at −80°C until injected 

onto the ultra-performance liquid chromatography (UPLC) system for proteolytic 

cleavage, peptide separation, and injection onto a Quadrupole Time of Flight (QTOF) for 

mass analysis, described below. 

2.3.7 HDX-MS analysis: Protein digestion and tandem MS data collection 
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Protein samples were rapidly thawed and injected onto an integrated fluidics 

system containing an HDx-3 PAL liquid handling robot and climate-controlled (2°C) 

chromatography system (LEAP Technologies), a Dionex Ultimate 3000 UHPLC system, 

and an Impact HD QTOF mass spectrometer (Bruker). The protein was run over one 

immobilized pepsin column (Trajan; ProDx protease column, 2.1 mm x 30 mm 

PDX.PP01-F32) at 200 μl/min for 3 min at 10°C. The resulting peptides were collected 

and desalted on a C18 trap column [Acquity UPLC BEH C18 1.7 mm column (2.1 x 5 

mm); Waters 186003975]. The trap was subsequently eluted in line with an ACQUITY 1.7 

µm particle, 100 x 1 mm2 C18 UPLC column (Waters 186002352), using a gradient of 3-

35% B (buffer A, 0.1% formic acid; buffer B, 100% acetonitrile) over 11 min immediately 

followed by a gradient of 35-80% B over 5 minutes. MS experiments acquired over a 

mass range from 150 to 2200 mass/charge ratio (m/z) using an electrospray ionization 

source operated at a temperature of 200°C and a spray voltage of 4.5 kV. 

HDX-MS analysis: Peptide identification 

Peptides were identified from the nondeuterated samples of p110α/p85α complex 

for WT and other mutants using data-dependent acquisition following tandem MS 

(MS/MS) experiments (0.5-s precursor scan from 150 to 2000 m/z: 12 0.25s fragment 

scans from 150 to 2000 m/z). MS/MS datasets were analyzed using PEAKS7 (PEAKS) a 

protein identification database, and peptide identification was carried out by using a false 

discovery–based approach, with a threshold set to 1% using a database of purified 

proteins and known contaminants found in SF9 cells[97]. The search parameters were 

set with a precursor tolerance of 20 parts per million, fragment mass error 0.02 Da, and 

charge states from 1 to 8.  
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HDX-MS analysis: 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, and appropriate selection of isotopic 

distribution. Deuteration levels were calculated using the centroid of the experimental 

isotope clusters. HDX-MS results are presented with no correction for back exchange 

shown in the Source data, with the only correction being applied correcting for the 

deuterium oxide percentage of the buffer used in the exchange (69% for p110α core 

experiments, 69% for WT vs M1043L, H1047R and C, 75% for WT vs G1049R, 81% for 

WT vs N1068fs and 69% for WT kinase active vs kinase dead). Attempts to generate a 

fully deuterated class I PI3K sample were unsuccessful, which is common for large 

macromolecular complexes. Therefore, all deuterium exchange values are relative. 

Differences in exchange in a peptide were considered significant if they met all 

three of the following criteria: ≥5% change in exchange, ≥0.4 Da difference in exchange, 

and a P-value of <0.01 using a two-tailed Student’s t test. The raw HDX data are shown 

in two different formats. 

The raw data for all analysed peptides is available in the source data. The 

differences in deuterium exchange are visualised in different ways. To allow for 

visualization of differences across conditions, we used number of deuteron difference 

(#D) plots (Figs. 2.2C, 2.3D, 2.4A-E, Appendix 3C-E, Appendix 4A+C, Appendix 5A, 

Appendix 6D-F). These plots show the total difference in deuterium incorporation over the 

entire HDX time course, with each point indicating a single peptide. These graphs are 
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calculated by summing the differences at every time point for each peptide and 

propagating the error. For a selection of peptides, we are showing the %D incorporation 

over a time course, which allows for comparison of multiple conditions at the same time 

for a given region (Figs. 2.2D+2.3E, Appendix 3E, Appendix 4 B and D, Appendix 5B+C, 

Appendix 6G). Samples were only compared when they were set at the same time and 

were never compared to experiments completed with a different final D2O level. The data 

analysis statistics for all HDX-MS experiments are in table S1 according to published 

guidelines. The HDX-MS proteomics data generated in this study have been deposited 

to the ProteomeXchange Consortium via the PRIDE partner repository[98] with the 

dataset identifier PXD031080. 

 

2.4 Results 

2.4.1 Disengagement of ABD/p85 co-relates with membrane recruitment 

To investigate the role of ABD/p85 in controlling PI3K enzyme activity, we needed 

a construct that allowed us to interrogate the dynamic effects of full ABD disengagement. 

We engineered and purified the catalytic core of p110 (106-1068, referred to as p110 

core) along with the full-length complex of p110-p85 (full set of all constructs purified 

for this study and SDS-page gels are shown in Appendix A and B respectively). Attempts 

to purify the p110 core construct was unsuccessful, and we were only able to 

successfully purify this construct when it contained a kinase dead mutation (D915N). To 

validate that the D915N p110α construct did not cause any significant changes in protein 

conformation or membrane binding, we carried out HDX-MS experiments on WT and 

kinase dead p110-p85 complexes bound to a PDGFR bis-phosphorylated pY peptide 
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(referred to going forward as pY) composed of PDGFR residues 735–767 with 

phosphorylation present at Y740 and Y751 in the presence and absence of membrane 

vesicles (5% PIP2, 30% PS, 65% PE, referred to afterwards as PIP2/PS/PE). HDX-MS is 

a technique that measures the exchange rate of amide hydrogens, and as the rate is 

dependent on the presence and stability of secondary structure, it is an excellent probe 

of protein conformational dynamics, and we have extensively used it to study PI3K 

activation[71,72,76,79,85]. There were no significant changes in conformation in the 

kinase dead p110α compared to wild-type, and both had equivalent membrane binding 

to lipid membranes (Appendix Fig 3). 

  

Figure 2.2. Conformational changes in p110α core compared to full length p110α- p85α, 
and comparison to changes upon pY/Ras membrane recruitment 
 A. Peptides in p110α that showed significant differences in HDX (greater than 0.4 Da and 5% 
difference, with a two tailed t-test p<0.01) between the catalytic core and the full-length complex 
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are mapped on the structure of p110α-p85α complex (PDB: 4OVU) according to the legend. The 
regions of the ABD (pink) and p85 (green) that are missing in the p110α core  are shown as a 
surface. Cartoon models representing the differences between states are shown next to the 
structures. A more extensive set of peptides are shown in Fig Appendix4.  
 B. Peptides in p110α that showed significant differences in both p110α and p85α between free 
(with pY) and membrane-bound (pY, membrane Ras) (data adapted from Siempelkamp et al JBC, 
201712) are mapped onto the structure of p110α-p85α (PDB: 4OVU) according to the legend.  
C. The number of deuteron difference for all peptides analyzed over the entire deuterium 
exchange time course for p110α core compared to full length p110α- p85α. Peptides colored in 
red are those that had a significant change (greater than 0.4 Da and 5% difference at any 
timepoint, with a two tailed t-test p<0.01). Error bars are S.D. (n=3). 
D. Selected p110α peptide in the ABD-RBD linker that showed increases in exchange in p110α 
core compared to full length p110α-p85α (left), and upon membrane binding of full length PI3K 
(right, data adapted from Siempelkamp et al JBC, 2017 12). Error bars are S.D. (n=3), with smaller 
than the size of the point. A more extensive set of peptides comparing the full length p110α-p85α 
with p110α core are shown in Fig. Appendix4. 
 

 We carried out HDX-MS experiments to identify conformational changes that occur 

in the catalytic core of p110 upon removal of the ABD and p85 regulatory subunit.  We 

compared H/D exchange differences for both the p110 core and the full-length complex 

of p110-p85. The full details of HDX-MS data processing are in Table S1. For the 

p110 core construct there was significantly increased exchange (for all HDX-MS 

experiments this is defined as differences at any time point >5%, >0.4 Da, and a p-value 

less than 0.01 for a two-tailed t-test) in the ABD-RBD linker (114-119), C2 domain (347-

355 and 444-475), helical domain (524-551), N-lobe of the kinase domain (691-697, 735-

744), the activation loop (930-937) and the C-lobe of the kinase domain (1002-1013) (Fig. 

2.2A-D,Appendix fig D). All significant differences in the catalytic core of p110α were in 

regions that were either in contact with ABD or p85α. This dataset allowed us to compare 

changes to those we previously observed upon membrane recruitment by both pY, and 

membrane bound Ras of the full length p110-p85 complex (Fig. 2.2B)[72]. Intriguingly, 

we find that the region of the ABD-RBD linker in contact with the ABD domain (114-119) 
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had similar increases in exchange between WT p110-p85 and either the p110α core 

or upon pY/HRas mediated membrane recruitment (Fig. 2.2D). There is a small increase 

in exchange in this region upon pY binding alone, but this was minor compared to the 

effect upon membrane binding[76,79]. The increase in region 114-119 was greater when 

bound to pY/HRas membranes compared to pY mediated membrane binding alone, 

suggesting this increase is dependent on the amount of membrane binding (Fig. 2.2D). 

This is also the case for increases in exchange observed upon membrane binding in the 

N-terminal and C-terminal ends of the iSH2 domain that are in contact with the C2 domain 

(470-476, 556-570, Appendix Fig B), showing the clear link between increases in the 

ABD-RBD linker and at the C2-iSH2 interface.  

This data comparing the full-length heterodimer vs p110α core allowed us to define 

the effect of ABD removal on the contact site at the ABD-RBD linker. This region still is 

protected from exchange at early time points, suggesting presence of secondary 

structure, however, it is much more dynamic in the absence of the ABD. Comparing this 

to previous HDX-MS experiments examining pY-Ras membrane recruitment of p110α -

p85α [72], showed that the exchange rate of the core is similar to the p110α -p85α 

membrane bound state, suggesting a correlative ABD disengagement occurring with 

membrane binding. This is supported by our previous observation of increased 

membrane binding for oncogenic mutants at the C2-iSH2 or ABD interfaces (N345K, 

G106V and G118D) that would be expected to promote ABD / iSH2 disengagement[76]. 

An important note is that this data does not support complete dissociation of the p110-

p85 complex (due to the extremely high affinity interaction of the ABD to the iSH2[99]), 

but instead the ABD-p85 becoming mobile relative to the p110α catalytic core.  
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2.4.2 Enhanced membrane binding of p110α catalytic core 

Our hypothesis that disengagement of the ABD and the regulatory subunit p85α 

subunit is required for membrane binding suggested that there should be differential 

membrane binding of the p110α core compared to full length p110α/p85α. We used 

protein-lipid Fluorescent Resonance Energy Transfer (FRET) assays (Fig. 2. 3A) to 

compare membrane recruitment of p110α core to full length p110α-p85α in the presence 

and absence of 1 M pY. This assay was carried out on two different lipids: one roughly 

mimicking the plasma membrane (5% PIP2, 10% Dansyl PS, 15% PS, 40% PE, 15% PC, 

10% cholesterol, and 5% sphingomyelin, Fig. 2. 3B) and another optimised for maximal 

PI3K recruitment (5% PIP2, 10% Dansyl-PS, 25% PS and 60% PE). While pY was 

required for robust binding of full length p110α-p85α, it was dispensable for p110α core 

association, which is expected due to the lack of SH2 domains required for pY binding 

(Fig. 2. 3B). The p110α core showed increased membrane recruitment for both lipid 

mixtures compared to the pY activated p110α/p85α complex. To determine the role of 

free p85α in PI3K membrane recruitment, we also purified recombinant free p85α and 

analyzed the protein-lipid FRET signal. There was a weak FRET signal for p85α alone, 

with no change upon pY binding (Fig 2.3 C). This signal was significantly lower than the 

p110α/p85α complex, indicating a limited role of p85α membrane recruitment, and 

suggests that membrane binding of PI3K is mainly driven by interactions with the p110α 

catalytic core.   



36 
 

 

Fig 2.3. Enhanced membrane binding of p110α core compared to full length p110/p85, 

and mapping of the p110 membrane binding interface 
A. Cartoon schematic describing the protein-lipid FRET assay, where tryptophan’s in the protein 
are excited at 280 nm, with emission at 350 nm, which upon membrane binding can excite the 
dansyl moiety in dansyl phosphatidylserine lipids, leading to emission at 520 nm.  
B. Protein-Lipid FRET testing membrane recruitment of p110α on PIP2/PS/PE and PM mimic 
membranes. FRET assays were performed with saturating concentrations of PI3K (0.5 µM) and 
33.33 µg of lipid (error bars are S.D., n=3). Two tailed p-values represented by the symbols as 
follows: ****<0.0001, ***<0.001; **<0.01; n.s.>0.05. 
C. Protein-Lipid FRET testing membrane recruitment of p85α on PIP2/PS/PE and PM mimic 
membranes. FRET assays were performed with saturating concentrations of p85 (0.5 µM) and 
33.33 µg of lipid (error bars are S.D., n=3). Two tailed p-values represented by the symbols as 
follows: ****<0.0001, ***<0.001; **<0.01; *<0.05; n.s.>0.05.  
D. Peptides in p110α core that showed significant differences in HDX (greater than 0.4 Da and 
5% difference, with a two tailed t-test p<0.01) upon binding to 100 nm extruded 5% PIP2/PS/PE 
vesicles were mapped onto the catalytic core of p110α (PDB: 3HHM) according to the legend.  
E. The number of deuteron difference for all peptides analyzed over the entire deuterium 
exchange time course for p110α core upon binding membranes. Peptides colored in red are those 
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that had a significant change (greater than 0.4 Da and 5% difference at any timepoint, with a two 
tailed t-test p<0.01). Error bars are S.D. (n=3). A more complete set of peptides comparing the 
full length p110α-p85α with p110α core are shown in Appendix4, with the full list of all peptides 
and their deuterium incorporation in the source data file. 
F. Selected p110α peptide in the kinase domain that showed decreases in exchange in p110α 
core  upon binding membranes (left), and pY or pY-Ras mediated membrane binding of full length 
p110α-p85α (right, data adapted from Siempelkamp et al JBC, 2017 [72]).  

 

2.4.3 Defining the membrane binding surface of p110α core  

We have extensively characterised the membrane binding of the p110α/p85α 

complex using HDX-MS, however, the disengagement of the ABD and p85 from the 

catalytic core has likely complicated the analysis of membrane binding regions. We 

carried out HDX-MS experiments of p110α core in the presence and absence of 5% 

PIP2/PS/PE membranes to fully understand the molecular underpinnings of p110α 

membrane binding. We observed protection in the ABD-RBD linker (114-119), C2 (343-

355), N-lobe kinase domain (713-734,735-744,799-811 and 850-859), Activation loop 

(930-961) and the C-terminus of the C-lobe kinase domain (1039-1055 and 1056-1068) 

(Fig. 2.3 A-C). The largest differences occurred in the C-terminus, and N-lobe, with only 

minor differences in the C2 domain. However, the region of the C2 domain that interacts 

with the membrane has limited secondary structure (see Fig Appendix 4), which can make 

tracking transient membrane differences using HDX challenging. Previous HDX-MS 

experiments testing N345K p110α-p85α binding to membranes showed this same region 

being protected by membranes[76]. Overall, this supports a model where p110α binds 

membrane at a surface composed of the C2 domain, the kα1-kα2 helices (720-744) and 

the 859-872 region of the N-lobe, the activation loop, along with the C-terminal tail. 

Intriguingly, the kα1-kα2 helices in the N-lobe interact with the ABD, and the 343-355 

region of the C2 domain binds the N+C termini of the iSH2 domain, which provides a 
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putative molecular explanation for why disengagement of the ABD and p85 leads to 

increased membrane association.  

 When comparing our data to the full set of missense oncogenic mutations in the 

ABD, ABD-RBD linker, C2, helical, and the N-lobe of the kinase domain we find that all 

mutations found in >30 tumours except one (E726K) are located at either the ABD or p85 

interfaces. We had previously observed that mutations in the ABD-RBD linker caused 

similar conformational changes to those located at the C2-iSH2 interface, with this being 

explained by both mutations leading to disengagement of the ABD and p85 from the 

catalytic core[76]. 

 

2.4.4 Conformational changes in oncogenic mutations C-terminus of the kinase 

domain  

While the disengagement of the ABD and p85 being involved in membrane binding 

provides a molecular rationale for activation by oncogenic mutations in the ABD, C2, and 

helical domains, it does not fully explain the molecular mechanism of mutations in the C-

lobe of the kinase domain. Our previous HDX-MS analysis of the kinase domain mutant, 

H1047R, showed increased exposure throughout regions of the N-lobe and C-lobe of the 

kinase domain, with this resulting in a dramatic increase in membrane binding[76]. In high 

resolution structures the C-terminus of p110α makes extensive contacts with helices that 

make up the regulatory motif (kα8 and kα11) and sits on top of the C-terminus of the 

activation loop (Fig. 2.1E)[94,100–102]. One of the primary interactions is an extensive 

interface between Trp1051 of the C-terminus and His1047 as well as hydrophobic 

residues lining kα8 and kα11 of the kinase domain (Met1043, Phe977,980 and 1039). 
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This region is also in contact with Leu956 in the C-terminal end of the activation loop. This 

orientation positions the membrane binding WIF motif (residues 1057-1059) distant from 

the membrane binding interface. When comparing these WT p110α structures to the 

H1047R crystal structure (3HHM), there is a significant reorganisation of the C-terminus, 

with all contacts between the C-terminus and kα8 and kα11 disrupted, and the WIF motif 

oriented at the putative membrane surface (Fig. 2.1D)[77]. This is putatively mediated by 

mutation of His1047 preventing the C-terminal interaction due to the increased size of the 

Arg residue compared to His preventing formation of the inhibitory C-terminal 

conformation (Fig. 2.1E) and orienting the lipid binding WIF motif (hydrophobic residues 

that participate in membrane recruitment) at the membrane interface. 

 To understand the regulatory mechanisms underlying the inhibitory interface with 

the C-terminus we analysed the most frequent oncogenic mutants that occur at or near 

this interface. While H1047R/L is the most frequent mutation (>6000 from the COSMIC 

database), there are multiple frequent missense mutations in this region, including 

M1043L/I/V (>300), G1049R/S (>150), and N1044K/S (>80). In addition, we analyzed an 

activating frameshift variant that alters the C-terminus by replacing the terminal N with a 

KLKR extension, which was recently identified in tumour samples (N1068KLKR, referred 

to afterwards as N1068fs)[90].  To understand if these mutants were activated in a similar 

way to H1047R, we purified the four p110α mutant complexes (M1043L, H1047R, 

G1049R, and N1068fs) all bound to full length p85α.  
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Fig 2.4. Structural difference between various c-terminal mutants of p110 compared to 

WT p110/p85, and mapping of the p110 membrane binding interface 

A-C. HDX comparing p110α/p85α WT vs H1047R (A), G1049R (B) and Cter (1-1048) (C). 
Significant differences in deuterium exchange are mapped on to the structure of p110α/p85α 
H1047R according to the legend (PDB: 3HHM (A+B) and 4OVU (C)). The graph of the #D 
difference in deuterium incorporation for p110α in each experiment is shown below, with each 
point representing a single peptide. Peptides colored in red are those that had a significant change 
in the mutants (greater than 0.4 Da and 5% difference at any timepoint, with a two tailed t-test 
p<0.01). Error bars are S.D. (n=3). 

D-E. HDX comparing p110α/p85α WT vs M1043L (D) and N1068fs (E). The graph of the #D 
difference in deuterium incorporation for p110α in each experiment is shown below, with each 
point representing a single peptide. For all panels, the HDX-MS data for p85 subunits is shown in 
Appendix Fig 5, along with representative peptides showing significant changes.  

 

To test if C-terminal mutations worked by disrupting the inhibitory interaction with 

the C-terminus, we carried out HDX-MS studies on six constructs of full length p110α 

(WT, M1043L, H1047R, G1049R, N1068fs, and Cter), all bound to full length p85α. The 

use of the Cter construct allowed for a direct comparison of removal of the C-terminus, 
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versus a possible reorientation upon oncogenic mutation.  We used kinase active 

M1043L, H1047R, G1049R, and a kinase dead variant of N1068fs for this comparison. 

HDX-MS experiments were carried out for 4-5 timepoints of exchange (3 s at 1°C, 

3, 30, 300, and 3000 s at 20°C) for each complex. The full set of all peptides analysed for 

both p110α and p85α with peptide exchange data presented in Appendix Fig 4. The 

changes observed for H1047R matched almost exactly our previous studies[76], but this 

experiment expanded the HDX time course, allowing for a more in-depth analysis of 

perturbations in conformation.  

  The H1047R, G1049R, and the Cter constructs showed similar significant 

increases compared to the WT in the kinase domain (Fig. 2.4A-C). These included 

regions covering 850-858 (hinge between the N and C lobes), the activation loop (930-

956), and helices spanning the regulatory arch (1014-1021 in kα10, 1021-1038 in kα11) 

(Fig. 2.4A-C). Many of these regions correspond directly to the contact site between the 

C-terminus and kα11. This validates the inhibitory interaction observed in the 4OVU 

crystal structure, with this interface stabilising helix kα11 and the activation loop. One 

region in kα8 (962-980) showed a significant change between H1047R, G1049R and WT, 

which was not observed comparing WT and Cter. This helix contacts both the C-

terminus and kα11. A possible mechanism explaining this difference is the rotation that 

occurs in kα11 upon mutation of H1047R. Structures of free p110α lacking the C-terminus 

do not show this same rotation of the kα11 helix. The rotation of kα11 would alter the 

interface between kα8 and kα11, leading to increased exchange in kα8. This could be 

driven by a unique orientation of the C-terminus packing against kα7 in the H1047R or 

G1049R mutant, which would be lost in the absence of the C-terminus as would occur in 
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the Cter protein. Overall, this data suggests that H1047R and G1049R lead to activation 

through disruption of the inhibitory conformation of the C-terminal tail, which reorients the 

lipid binding WIF motif at the membrane binding surface. Both M1043L and N1068fs 

showed no significant differences compared to WT, suggesting these mutants do not 

disrupt the inhibitory C-terminal conformation (Fig. 2.4D+E).  

 We also compared HDX-MS differences in full-length p110α-p85α between WT, 

H1047R and C in the presence and absence of pY (Appendix Fig 5). The binding of pY 

led to significant increases for all three constructs at interfaces that have been previously 

described (ABD-RBD linker, C2-iSH2, nSH2-helical). However, intriguingly there were 

unique differences upon pY binding for the Cter and H1047R constructs at the interface 

of the regulatory arch with the nSH2 domain (1014-1021, kα10). This is intriguing as it 

suggests that the opening of this portion of the regulatory motif only occurs upon both 

disengagement of the nSH2 domain (mediated by pY binding) and disengagement of the 

inhibitory C-terminus (Appendix Fig 5). 

 

2.4.5 Membrane binding of c-terminal mutants in p110α 
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Fig 2.5: Protein-Lipid FRET assay performed with different p110α constructs under basal and pY 
activated states on PM mimic liposomes (5% PIP2, 10% Dansyl PS, 15 % PS, 40% PE, 10% 
cholesterol, 15% PC and 5% SM) and PEPSPIP2 (5% PIP2, 10% Dansyl PS, 25 % PS, 65% PE) 
liposomes. Experiments were carried out at saturating concentrations of PI3K (1µM) and 33.33 
µg/ml of lipid vesicles (error bars are S.D., n=3). Two tailed p-values represented by the symbols 
as follows: ****<0.0001, ***<0.001; **<0.01; *<0.05; n.s.>0.05. 

 

For these mutants, we had difficulty in obtaining sufficient yield of the proteins for 

extensive biophysical analysis. To circumvent this, we used the kinase dead variants to 

characterize their membrane binding using protein-lipid FRET using both PM mimic and 

optimised binding lipids. Membrane binding was enhanced for mutants upon addition of 

pY, with greater binding for the optimised lipids over the PM mimic. H1047R, G1049R, 

and N1068fs all showed significantly increased membrane binding over WT both with and 

without pY (Fig. 2.5), while the M1043 mutant only showed a slight increase in membrane 

binding without pY for the PM mimic vesicles (Fig. 2.5).  

 

2.5 Discussion 

Understanding how p110 is regulated and how oncogenic PIK3CA mutants alter 

this regulation is essential in the development of novel PI3K therapeutics. Due to the 

critical homeostatic roles that WT p110 plays in growth, development, and 

metabolism[103], as well as the cell intrinsic[104,105] and systematic[106] negative 

feedback loops that oppose PI3K pharmacological inhibition, there are extensive 

advantages to selectively targeting mutant p110 over WT p110. Therefore, defining 

the exact molecular basis underlying mutant specific conformational changes may reveal 

opportunities for mutant-selective drug design. Oncogenic mutants in p110 span 

multiple domains of the catalytic subunit, with foci occurring at the ABD, ABD-RBD linker, 
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C2-iSH2 interface, nSH2-helical interface, and  the N+C lobes of the kinase domain[95]. 

While most mis-sense oncogenic mutations discovered in tumours are at hot-spot 

locations (E542K, E545K, H1047R), more than 25% of all mutations in PIK3CA occur 

outside the hotspots. Extensive biochemical[76] and cellular experiments[107,108] have 

defined that PIK3CA mutations activate lipid kinase activity by different mechanisms. This 

together with the recent discovery that multiple mutations in PIK3CA occur in cis[93], 

where hotspot and rare mutations are found in the same gene, highlights the need to fully 

understand how multiple oncogenic mutations can synergically activate PI3K lipid kinase 

activity.  Here using a suite of biochemical and biophysical approaches we propose a 

unifying molecular model for how all PIK3CA mutations can lead to increased kinase 

activity, as well as how different oncogenic mutations in cis can increase oncogenicity.   

 We wanted to define how extensive oncogenic gain of function PIK3CA mutations 

at both the ABD interface and the C2-iSH2 interface activate lipid kinase activity. The 

critical role of the ABD in regulating p110 kinase activity was originally suggested by its 

direct interaction with the N-lobe of the kinase domain[75,109]. We previously observed 

exposure occurring at the ABD interface (ABD-RBD linker) upon phosphopeptide pY 

binding[76,79], and more extensive exposure at the ABD interface upon membrane 

binding[72,76]. Cryo EM analysis of p110 with p85 revealed disengagement of the 

ABD and p85 subunit from the catalytic core of p110 upon binding phosphorylated 

peptide[87]. To fully define the relative role of ABD disengagement in PI3K activation on 

membranes we generated the p110 catalytic core and directly compared its exchange 

to the full length p110-p85. Increased exposure was seen at all contact interfaces with 

both p85 and the ABD. Intriguingly, we found that the p110 catalytic core (p110α core ) 
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showed H/D exchange rates at the ABD-RBD linker that almost exactly matched those 

observed upon Ras and pY mediated membrane binding of WT p110-p85[72]. 

Importantly, we did not observe similar rates when comparing phosphopeptide bound 

p110-p85, suggesting that complete ABD disengagement only occurred when p110 

is membrane bound which is in contrast from what was suggested from the cryo-EM 

model of PI3Kα in the presence of pY peptides.  

We previously observed that mutations at the ABD interface exposed the C2-iSH2 

interface, and vice versa[76].  As the ABD will always remain tightly bound to the iSH2 

domain, its disengagement would likely occur simultaneously with disruption of the C2-

iSH2 interface. For these mutants, full disruption of the ABD and C2-iSH2 interfaces 

occurred only upon removal of the nSH2 (through pY binding), with no requirement for 

membrane. This reveals an unexpected inhibitory role of the nSH2 domain, whereby 

packing against the helical, kinase, and C2 domains of p110 and the iSH2 of p85, it 

can stabilise the interface with the iSH2 domain, which prevents ABD disengagement 

from the catalytic core of p110. Intriguingly, ABD disengagement is likely involved in 

membrane recruitment for all class IA PI3Ks, as HDX-MS experiments on membranes 

showed exposure in the iSH2 and the ABD-RBD linker of p110[110] and p110[85,111]. 

These changes were also seen in primary immunodeficiency mutations of p110[112] and 

in activating PIK3R1 truncations at the N+C termini of the iSH2 involved in 

immunodeficiencies and oncogenic transformation[71,111]. An interesting implication in 

this model is that unique class IA regulatory subunits may have distinctive propensities 

for ABD-p85 disengagement, which may partially explain a unique role for regulatory 

subunits oncogenic transformation[113]. This will require further study to investigate 
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regulatory subunit isoform differences in disengagement. Together this highlights the key 

role of ABD disengagement in PI3K activation, and how oncogenic mutants can alter this 

regulation.  

  We next wanted to understand how ABD and p85 disengagement is involved in 

membrane binding of PI3K. We hypothesized that the free catalytic core of p110 may 

more efficiently bind to lipid membranes. Our protein-lipid FRET experiments with p110 

Core over the pY activated full length p110-p85 showed enhanced membrane binding 

similar with our previous studies on the catalytic core construct of p110[85].  To 

understand the mechanism for how this occurs we mapped the membrane binding 

interface of p110 core using HDX-MS. We observed decreased exchange at the C2 and 

the N-lobe and C-Lobe of the kinase domain. Many of these changes were not observed 

in the full-length heterodimer upon binding membranes, with these regions located at 

either the ABD (k1-k2 helices of N-lobe) or iSH2 (C2 domain) interfaces. This suggests 

that some of the membrane binding regions of p110 are shielded by the ABD or p85 

subunit, and disengagement of these regions allows for efficient membrane binding. This 

model also suggests that the role of phosphopeptide binding in membrane recruitment is 

two-fold as it both breaks an inhibitory contact between the nSH2 and the regulatory motif 

of the kinase domain and breaks the nSH2 contact with the helical domain allowing for 

disengagement of the ABD and p85 subunits from the catalytic core, exposing membrane 

binding surfaces of p110 (Fig. 2.6).  

One of the largest decreases in exchange observed upon membrane binding was 

in the C-terminus of p110, specifically at the membrane binding WIF motif. In high 

resolution structures of inhibited p110, the C-terminus is pointed away from the putative 
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membrane binding surface[100], with the C-terminus pointed towards the membrane 

surface in the structure of H1047R p110[77] due to a ~180° rotation at the end of the 

k11 helix. The C-terminus in the WT structures makes a set of contacts the regulatory 

motif helices (k8- k11) located after the activation loop and contacts the C-terminus of 

the activation loop. The regulatory motif helices and the C-terminus encompass the 

activation loop and make extensive contacts proposed to maintain an inactive 

conformation. The regulatory motif is also directly in contact with the nSH2 domain of 

regulatory subunits. Sequestering the C-terminus in a inhibited conformation is a 

conserved aspect of regulation across all class I PI3Ks, with the inhibited conformation of 

the C-terminus of p110 and p110 binding to the cSH2 of regulatory subunits[85,114], 

and p110 having its C-terminus inhibited by an inhibitory tryptophan lock which does not 

require regulatory subunits[92]. Removal of the C-terminus causes a substantial 

rearrangement of the activation loop, and a rotation of the k11 helix[115]. Most of the 

frequent mutations in the C-terminus of p110 would be expected to disrupt this inhibitory 

contact, either through steric hindrance (M1043I/L, H1047R, G1049R) or disruption of key 

hydrogen bonds (N1044S). One of the only frequent oncogenic mutations that is not at 

either the regulatory C-terminus or an interface with the ABD or p85 is located at the loop 

between k1-k2 in the N-lobe (E726K) in a location at the membrane binding surface. 

This mutant likely drives increased lipid kinase activity through enhanced membrane 

binding of negatively charged lipids through this charge reversal mutant. 

To test if conformational changes in H1047R were caused by disruption of the 

inhibitory contacts with the C-terminus, we compared the H/D exchange rates of H1047R 

and a deletion of the C-terminus to the WT protein. The H1047R and C-terminal deletion 
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showed similar increases in exchange in the k11 helix in contact with the inhibited C-

terminus. This suggests a key role of the H1047R mutant is to disrupt inhibitory contacts 

between the C-terminus and orient the C-terminus in a productive conformation for 

membrane binding. In addition to this membrane binding role, the removal of the C-

terminus also leads to a reorientation of the activation loop, and increased activity towards 

both ATP hydrolysis and soluble PIP3 substrate[116]. Therefore, mutations that disrupt 

this inhibitory C-terminal contact (H1047R, G1049R) activate lipid kinase activity by two 

unique mechanisms they reorient the WIF motif towards the membrane binding surface, 

increasing membrane binding, while also causing the activation loop to adapt a 

catalytically competent conformation. A putative mechanism explaining this is that the 

1068fs replaces the terminal Asn, with a set of positive and hydrophobic residues (KLKR), 

which all would contribute enhanced membrane binding. So, while the 1068fs mutant 

does not reorient the membrane binding interface, it likely interacts more extensively, 

increasing membrane residency time, and increasing PIP3 production. The M1043L 

mutant has a much smaller effect on membrane binding. Comparing the structure of WT 

p110 to H1047R p110 shows a rotation of the k11 helix in the mutant, with  the M1043 

residue rotating into where the W1051 from the C-terminus is located in the WT 

structure[77]. We expect that reorientation of the C-terminus is required for full activity, 

and therefore we propose that the enhanced membrane binding of M1043L (and 

potentially M1043I/V) is driven by the added steric bulk of the branched chain amino 

acids, which may more efficiently reorient the C-terminus upon membrane binding.  

Further structural studies of the M1043 mutants on membrane surfaces will be required 

to fully access the molecular basis of activation. 
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Fig 2.6. Summary of molecular mechanisms of PI3K inhibition by the ABD and regulatory subunit, 
and how activation occurs in the wild-type enzyme (black and purple arrows) as well as how 
oncogenic mutations can alter this process (red arrows).  
A cartoon model representing the fully inhibited state is shown in panel A, with the nSH2 
disengaged state shown in B (driven by either pY binding or helical domain mutants), and the 
ABD-p85 disengaged state shown in C (driven by oncogenic mutants at the C2-iSH2 interface 
and the ABD-interface). The fully active membrane bound state with a reoriented C-terminus is 
shown in D.  
E. Different molecular mechanisms driving activation of C-terminal mutations in PIK3CA. The 
regulatory motif is colored green, with the C-terminus colored red, and the activation loop in black 
(inactive) or red (orange). The C-terminus when in its closed conformation has the membrane 
binding WIF motif oriented away from the membrane surface. Membrane binding requires the 
reorientation of this tail, with the membrane itself likely involved in this conformational change. 
Mutations that disrupt this interface (H1047R, G1049R) are in an open conformation, leading to 
greatly increased membrane binding. In the N1068fs mutant there is no change in conformation 
in solution, but the added KLKR motif dramatically increases membrane recruitment. 

Overall, integrating our experimental efforts with the extensive previous 

biophysical and biochemical analysis of p110 mutants we can propose a unifying model 

for how p110 is inhibited by regulatory subunits, and how it can be activated both by 

activating partners and oncogenic mutants (Fig. 2.6). Activation of p110/p85 by bis-
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phosphorylated receptors and their adaptors leads to breaking of the inhibitory nSH2 

contacts with the p110 subunit. Helical domain mutants (E542K, E545K) mimic this 

conformational change (red equilibrium arrows between Fig. 2.6A-2.6B). The removal of 

the nSH2 partially destabilises the iSH2-C2 and ABD-kinase interfaces, but in the wild 

type complex the equilibrium is mainly towards a closed p85-ABD engaged complex 

(black arrows). The pYXXM binding surface of the nSH2 exposed in helical mutants leads 

to greatly enhanced recruitment to RTKs and their adaptors[117]. Oncogenic mutations 

that occur at the ABD or iSH2 interfaces in p110 (red equilibrium arrows between Fig 

2.6B-2.6C) shifts the equilibrium towards the disengaged state, leading to increased 

affinity for membranes. Full membrane recruitment still depends on the opening of the C-

terminus of p110. In the wild type complex, membrane recruitment requires additional 

signalling inputs from Ras GTPases. Oncogenic mutants in the kinase domain lead in 

increased membrane binding either through reorientation of the WIF binding motif and 

the activation loop (i.e. H1047R, G1049R), or by altering residues at the membrane 

interface that can more extensively interact with negatively charged membranes (i.e. 

E726K, 1068fs) (red equilibrium arrows between Fig. 2.6C-2.6D, and 2.6E). Together, 

this model can account for the putative mechanism of activation for >98% of all PIK3CA 

mutants reported in the COSMIC database, and for why double PIK3CA mutants lead to 

increased oncogenicity (Fig. 4.1). 

Extensive efforts have focused on the development of p110 selective inhibitors. 

PIK3CA mutant selective inhibitors would likely have major advantages in cancer 

treatment as they can evade feedback mechanisms that counteract pharmacological 

inhibition of WT PIK3CA. Mutant selective inhibitors have been discovered that lead to 
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selective degradation of E545K and H1047R over WT[58], along with recent reports of 

H1047R selective inhibitors. Our data showing very similar conformational changes in 

H1047R and G1049R suggest that 1047R/L selective small molecules may also be useful 

in targeting G1049R/S. There also could be advantages of generating tool compounds 

that activate PI3K activity, with small molecules that disrupt the ABD or p85 interfaces 

likely acting as activators. Our findings provide a molecular framework for the future 

development of the next generation of PI3K modulators as therapeutics.  
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Chapter 3: Molecular basis for regulation of PI3Kγ by PKCβ 

mediated phosphorylation 

Contributions: 

JEB, HR-P and MKR designed all biophysical/biochemical experiments. Protein 

expression using Sf9 was done by HR-P, MKR and MAHP. Protein purifications were 

done by HR-P with assistance from MKR and by NH and ES for phosphorylation set-up. 

Phosphorylation setups were done by NH and ES, and phosphorylation set-up with NB 

was done by HR-P. HDX-MS samples were prepared by HR-P and BEM. HDX-MS 

analysis was done by HHR-P, MLJ and JEB. BLI experiments were done by HR-P. HR-

P and JEB wrote the manuscript with input from all authors. 

3.1 Abstract 

PI3Kγ is key to the regulation of immune cell responses activated by G protein-coupled 

receptors (GPCRs) and GTP loaded Ras. PI3Kγ can form two distinct complexes, with 

the p110γ catalytic subunit binding to either p101 or p84 regulatory subunits. The 

propensity of their activation is dependent on the regulatory subunit, with p110γ-p101 

complex being robustly recruited by Gβγ of GPCRs while the p110γ-p84 complex requires 

Ras as a co-stimulator. Apart from activation signals and cancer linked mutations, PI3Kγ 

has also been shown to be regulated by phosphorylation events downstream of FcεRI. 

This event leads to the activation of PKCβ, that phosphorylates p110γ in the helical 

domain and has been shown to modulate enzyme activity. The effect of this 

phosphorylation on regulatory subunit binding and the structural changes linked to 

enhanced enzyme activity remains elusive. Using a combination of hydrogen-deuterium 

exchange mass spectrometry (HDX-MS), biochemical assays, and other biophysical 

approaches we have characterized the molecular basis of this allosteric modulation upon 
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phosphorylation. We find that this event is specific to p110γ-p84 complex and increases 

sensitivity to activation signals. We have also identified a nanobody that has been shown 

to specifically target p110γ/p84 complex, to also prevent the phosphorylation at the helical 

domain. Overall, our work provides molecular details into the regulation of PI3Kγ pathway 

through allosteric modulation and its effect on regulatory partner binding. 

3.2 Introduction 

        The class I phosphoinositide 3-kinase (PI3K) family are bipartite enzyme complexes 

that regulate several important cellular processes including growth, proliferation, 

transcription, cytoskeletal dynamics, and membrane trafficking. These enzymes are 

recruited to the plasma membrane by myriad cell membrane receptors such as RTK, 

GPCRs and Ras superfamily of GTPases leading to the generation of phosphatidylinositol 

3,4,5-trisphosphate (PIP3) molecule. They are divided into subclasses based on their 

regulatory partners as class IA consisting of p110α, p110β, and p110δ, and a single 

isozyme in class IB, p110γ. p110γ can bind to two different regulatory subunits namely 

p101 and p84 (also called p87) adaptor subunit. 

           p110γ is encoded by PIK3CG and is found to be enriched in leukocytes. This 

enzyme governs several important immune cell functions [118] such as, cytokine 

production [30], and reactive oxygen species (ROS) generation. These are critical 

processes for the innate and adaptive immune systems. The differences in regulation of 

PI3Kγ pathway stems from the differences in binding of the two different regulatory 

subunits to p110γ. Although both p84 and p101 bind to p110γ at the same regions, the 

residues at the binding interfaces vary which leads to differential binding effects[8]. Work 
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with mouse neutrophils have shown that p110γ/p101 and p110γ/p84 control distinct 

functions of the PI3Kγ pathway. The p110γ/p101 complex has been shown to promote 

cell migration whereas p110γ/p84 complex leads to Reactive Oxygen Species 

production[34]. These signaling outputs are dependent on PI3Kγ activation which occurs 

downstream of G-Protein Coupled Receptors (GPCRs), Ras superfamily of GTPases and 

post-translational modifications. Activation of the p110γ-p101 complex is dependent on 

Gβγ[7], whereas the p110γ-p84 complex requires Ras as a co-stimulator[8,35]. 

             We have extensively characterized the molecular basis of interaction with both 

the regulatory subunits[7,8]. The p110γ catalytic subunit is composed of an adaptor 

binding subunit (ABD), a Ras binding domain (RBD) that mediates activation downstream 

of Ras, a C2 domain, a helical domain that is involved in transducing confirmational 

changes and binding to Gβγ, and a bi-lobal kinase domain (Fig 3.1A). The cryo-EM 

structure of p110γ revealed that it binds to the regulatory subunit through interactions with 

the C2 domain, and the linkers between the RBD-C2 and C2-helical. While the difference 

in regulation arises from altered binding sites between p84 and p101, and their sensitivity 

to activation signals, post-translational modifications have also been implicated to alter 

the PI3Kγ pathway. p110γ has also been shown to be activated downstream of FcεRI. 

This event leads to accumulation of Ca2+ from store operated Ca2+ channels (SOCE), 

which activates protein kinase C β (PKCβ) leading to phosphorylation of p110γ in the 

helical domain at S582. This modification was discovered in mast cells that do not contain 

p101 and has been shown to enhance the enzyme activity and promote dissociation of 

the p84 subunit.[31]. The helical domain is structurally connected to a region of the kinase 

domain C-terminal to the activation loop, referred to as the regulatory motif (Fig 3.1B). 
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The C-terminal regulatory motif of all class I PI3Ks undergo conformational change that 

promote membrane binding[19]. They also showed using in-vivo phosphorylated S582 

and phosphomimic mutants that phosphorylation in p110γ helical domain enhances the 

lipid kinase activity, however the full molecular mechanism underlying this event and its 

consequences on adaptor binding remains elusive. 

PI3Kγ has been shown to be a promising therapeutic target in several human 

diseases including cancer and inflammation. PI3Kγ complexes play a prominent role in 

regulating immunity and inflammation which is achieved through migration of immune cell 

types such as neutrophils and macrophages at the site of inflammation. PI3Kγ has been 

shown to be a key player in promoting several auto-immune disorders such as Lupus, 

allergy, cardiovascular diseases, and obesity related changes in 

metabolism[51,53,119,120]. Inhibition of PI3Kγ signalling has been shown to be beneficial 

against cancer in combination with checkpoint inhibitors[121]. Loss of PI3Kγ activity has 

been shown to block metastasis which is mediated by macrophages in several tumour 

models[122]. Here, using a combination of hydrogen deuterium exchange mass 

spectrometry (HDX-MS), and biochemical assays, we provide a molecular model for 

phosphorylation at the helical domain leading to allosteric changes in the kinase domain. 

We also show that this phosphorylation event is specific to p110γ/p84 complex which has 

major implications as the regulatory subunits are not equally distributed. Finally, we 

characterize the effects of a nanobody that can bind to the helical domain and block Ras 

mediated recruitment of p110γ/p84 complex, to also prevent phosphorylation at the 

helical domain. 

3.3 Materials and methods 
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3.3.1 Plasmid Generation 

PI3Kγ constructs without the regulatory subunit p110γ full length was encoded in a 

pACEBac vector while the complexes were expressed from biGBac vectors. For 

purification, a 10× histidine tag, a 2× strep tag, and a tobacco etch virus protease 

cleavage site were cloned to the N terminus of the regulatory subunits for the complex 

and to p110γ for constructs without regulatory subunits. Plasmids harboring full-length 

PKCβ was inserted into the pFastBac1 vector to allow baculovirus expression in 

Spodoptera frugiperda (Sf9) cells. The plasmids containing PKCβ isoform also expressed 

intra-protein 10X histidine tag, followed by a 2X Strep tag, followed by a Tobacco Etch 

Virus protease cleavage site N-terminal to the kinase domain. DNA oligonucleotides 

spanning the desired region were ordered (Sigma). PCR reactions were performed, and 

PCR purified (Q5 High-Fidelity 2X MasterMix, New England Biosciences #M0492L; 

QiaQuick PCR Purification Kit, Qiagen #28104). Single colonies were grown overnight 

and purified using QIAprep Spin Miniprep Kit (Qiagen #27104). Plasmid identity was 

confirmed by Sanger Sequencing (Eurofins Genomics). 

 

3.3.2 Virus Generation and Amplification 

Virus generation and amplification for PI3K constructs were carried out according to our 

standard protocol. The plasmids encoding genes for insect cell expression were 

transformed into DH10MultiBac cells (MultiBac, Geneva Biotech) to generate baculovirus 

plasmid (bacmid) containing the genes of interest. Successful generation was identified 

by blue-white screening and the bacmid was purified using a standard isopropanol-

ethanol extraction method. Bacteria were grown overnight (16 hours) in 3-5 mL 2xYT 
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(BioBasic #SD7019). Cells were spun down and the pellet was resuspended in 300 μL of 

50 mM Tris-HCl, pH 8.0, 10 mM EDTA, 100 mg/mL RNase A. The pellet was lysed by the 

addition of 300 μL of 1% sodium dodecyl sulfate (SDS) (W/V), 200 mM NaOH, and the 

reaction was neutralized by addition of 400 μL of 3.0 M potassium acetate, pH 5.5. 

Following centrifugation at 21130 RCF and 4oC (Rotor #5424 R), the supernatant was 

mixed with 800 μL isopropanol to precipitate bacmid DNA. Following centrifugation, the 

pelleted bacmid DNA was washed with 500 μL 70% Ethanol three times. The pellet was 

then air dried for 1 minute and re-suspended in 50 μL Buffer EB (10 mM Tris-Cl, pH 8.5; 

All buffers from QIAprep Spin Miniprep Kit, Qiagen #27104). Purified bacmid was then 

transfected into Sf9 cells. 2 mL of Sf9 cells at 0.6X106 cells/mL were aliquoted into a 6-

well plate and allowed to attach to form a confluent layer. Transfection reactions were 

prepared mixing 8-12 μg of bacmid DNA in 100 μL 1xPBS and 12 μg polyethyleneimine 

(Polyethyleneimine ‘‘Max’’ MW 40.000, Polysciences #24765, USA) in 100 μL 1xPBS and 

the reaction was allowed to proceed for 20-30 minutes before addition to an Sf9 

monolayer containing well. Transfections were allowed to proceed for 5-6 days before 

harvesting virus containing supernatant as a P1 viral stock. 

Viral stocks were further amplified by adding P1 to Sf9 cells at ~2x106 cells/mL 

(2/100 volume ratio). This amplification was allowed to proceed for 4-5 days and resulted 

in a P2 stage viral stock that was used in final protein expression. Harvesting of P2 viral 

stocks was carried out by centrifuging cell suspensions in 50 mL Falcon tubes at 2281 

RCF (Beckman GS-15). To the supernatant containing virus, 5-10% inactivated fetal 

bovine serum (FBS; VWR Canada #97068-085) was added and the stock was stored at 

4 oC. 
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3.3.3 Expression and purification of PI3K constructs: 

All PI3Kγ, p101 and full-length PKCβ constructs were expressed in Sf9 insect cells using 

the baculovirus expression system. Following 55 hours of expression, cells were 

harvested by centrifuging at 1680 rcf (Eppendorf Centrifuge 5810 R) and the pellets were 

snap-frozen in liquid nitrogen. The complex was purified identically through a combination 

of nickel affinity, streptavidin affinity and size exclusion chromatographic techniques.  

The frozen pellets were resuspended in lysis buffer containing 20 mM Tris pH 8, 

10 mM Imidazole, 100 mM NaCl, 5% glycerol [v/v], 2 mM βME, protease inhibitor 

[Protease Inhibitor Cocktail Set III, Sigma]) and sonicated for 2 min (15 s on, 15 s off, 

level 4.0, Misonix sonicator 3000). Triton-X was added to the lysate at a final 

concentration of 0.1% and then clarified by spinning at 14, 000 rpm for 45 min (Beckman 

Coulter JA-20 rotor). The supernatant was loaded onto a 5 ml crude Ni-NTA column (GE 

healthcare) equilibrated in NiNTA A buffer containing 20 mM Tris pH 8, 100 mM NaCl, 10 

mM Imidazole and 5% glycerol [v/v]. The column was washed using high salt buffer 

containing 20 mM Tris, 1 M NaCl, 10 mM imidazole, 5% glycerol [v/v] followed by NiNTA 

buffer wash (20 mM Tris pH 8, 100 mM NaCl, 21 mM imidazole and 5% glycerol). The 

protein was eluted using 100% NiNTA B buffer (20 mM Tris pH 8, 100 mM NaCl, 200 mM 

imidazole and 5% glycerol). The eluent was loaded onto a 5 mL StrepTrap™ HP column 

(GE Healthcare) equilibrated in gel filtration buffer (20mM Tris pH 8.5, 100 mM NaCl, 50 

mM ammonium sulfate and 0.5 mM TCEP). The column was washed with the same buffer 

and loaded with tobacco etch virus protease for cleavage of protein tags. After cleavage 

on the column overnight, the protein was eluted in gel filtration buffer. For the complex 
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with nanobody, the eluted protein was incubated with two-fold molar excess of purified 

nanobody on ice for 15 minutes. The protein was concentrated in a 50,000 MWCO 

Amicon Concentrator (Millipore) to <1 mL and injected onto a Superdex™ 200 10/300 GL 

Increase size-exclusion column (GE Healthcare) equilibrated in gel filtration buffer. After 

size exclusion, the protein was concentrated, aliquoted, frozen, and stored at -80oC. For 

PKCβ, strep eluent was concentrated using 30,000 MWCO Amicon Concentrator 

(Millipore) to <200 μL, frozen and stored at -80oC.  

To purify phosphorylated p110γ, purified PKCβ was added to the strep column at 

a molar ratio of 1:3 (PKCβ: p110) along with LipTEV, 20 mM MgCl2 and 1mM ATP and 

allowed to incubate on ice for 3 hours. The protein was eluted by passing 7 ml of gel 

filtration buffer and treated with a second dose of PKCβ (same ratio as above) and 

allowed to incubate on ice for another 3 hours. For non-phosphorylated p110, same 

protocol was followed with the exception in the addition of PKCβ. Both the proteins were 

concentrated in a 50,000 MWCO Amicon Concentrator (Millipore) to <1 mL and injected 

onto a Superdex™ 200 10/300 GL Increase size-exclusion column (GE Healthcare) 

equilibrated in gel filtration buffer. After size exclusion, the protein was concentrated, 

aliquoted, frozen, and stored at -80oC. 

 

3.3.4 Expression and Purification of lipidated G for kinase activity assays 

Full length, lipidated human G (G12) was expressed in Sf9 insect cells and purified 

as described previously[123]. After 65 hours of expression, cells were harvested, and the 

pellets were frozen as described above. Pellets were resuspended in lysis buffer (20 mM 

HEPES pH 7.7, 100 mM NaCl, 10 mM βME, protease inhibitor (Protease Inhibitor Cocktail 
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Set III, Sigma)) and sonicated for 2 minutes (15s on, 15s off, level 4.0, Misonix sonicator 

3000). The lysate was spun at 500 RCF (Eppendorf Centrifuge 5810 R) to remove intact 

cells and the supernatant was centrifuged again at 25,000 RCF for 1 hour (Beckman 

Coulter JA-20 rotor). The pellet was resuspended in lysis buffer and sodium cholate was 

added to a final concentration of 1% and stirred at 4oC for 1 hour. The membrane extract 

was clarified by spinning at 10,000 RCF for 30 minutes (Beckman Coulter JA-20 rotor). 

The supernatant was diluted 3 times with NiNTA A buffer (20 mM HEPES pH 7.7, 100 

mM NaCl, 10 mM Imidazole, 0.1% C12E10, 10mM ME) and loaded onto a 5 mL 

HisTrap™ FF crude column (GE Healthcare) equilibrated in the same buffer. The column 

was washed with NiNTA A, 6% NiNTA B buffer (20 mM HEPES pH 7.7, 25 mM NaCl, 250 

mM imidazole pH 8.0, 0.1% C12E10, 10 mM ME) and the protein was eluted with 100% 

NiNTA B. The eluent was loaded onto HiTrapTM Q HP anion exchange column 

equilibrated in Hep A buffer (20 mM Tris pH 8.0, 8 mM CHAPS, 2 mM Dithiothreitol 

(DTT)). A gradient was started with Hep B buffer (20 mM Tris pH 8.0, 500 mM NaCl, 8 

mM CHAPS, 2 mM DTT) and the protein was eluted in ~50% Hep B buffer. The eluent 

was concentrated in a 30,000 MWCO Amicon Concentrator (Millipore) to < 1 mL and 

injected onto a SuperdexTM 75 10/300 GL size exclusion column (GE Healthcare) 

equilibrated in Gel Filtration buffer (20 mM HEPES pH 7.7, 100 mM NaCl, 10 mM CHAPS, 

2 mM TCEP). Fractions containing protein were pooled, concentrated, aliquoted, frozen, 

and stored at -80oC. 

 

3.3.5 Expression and purification of nanobody 
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Nanobody NB7-PIK3CG with a C-terminal 6X His tag was expressed from a pMESy4 

vector in the periplasm of WK6 E. coli. A 1L culture was grown to OD600 of 0.7 in Terrific 

Broth containing 0.1% glucose and 2 mM MgCl2 in the presence of 100 μg/mL ampicillin 

and was induced with 0.5 mM isopropyl-β-D-thiogalactoside (IPTG). Cells were harvested 

the following day by centrifuging at 2500 RCF (Eppendorf Centrifuge 5810 R) and the 

pellet was snap-frozen in liquid nitrogen. The frozen pellet was resuspended in 15 mL of 

buffer containing 200 mM Tris pH 8.0, 0.5mM ethylenediaminetetraacetic acid (EDTA) 

and 500 mM Sucrose and was mixed for 1 hour at 4°C. To this mixture, 30 mL of 

resuspension buffer diluted four times in water was added and mixed for 45 minutes at 

4°C to induce osmotic shock. The lysate was clarified by centrifuging at 14,000 rpm for 

30 minutes (Beckman Coulter JA-20 rotor). Imidazole was added to the supernatant to 

final concentration of 10mM loaded onto a 5 mL HisTrap™ FF crude column (GE 

Healthcare) equilibrated in NiNTA A buffer (20 mM Tris pH 8.0, 100 mM NaCl, 20 mM 

imidazole pH 8.0, 5% (v/v) glycerol, 2 mM β-mercaptoethanol (ME)). The column was 

washed with high salt NiNTA A buffer (20 mM Tris pH 8.0, 1 M NaCl, 20 mM imidazole 

pH 8.0, 5% (v/v) glycerol, 2 mM ME), NiNTA A buffer, 6% NiNTA B buffer (20 mM Tris 

pH 8.0, 100 mM NaCl, 250 mM imidazole pH 8.0, 5% (v/v) glycerol, 2 mM ME) and the 

protein was eluted with 100% NiNTA B. The eluent was concentrated in a 10,000 MWCO 

Amicon Concentrator (Millipore) to <1 mL and injected onto a Superdex™ 75 10/300 GL 

Increase size-exclusion column (GE Healthcare) equilibrated in gel filtration buffer (20mM 

Tris pH 8.5, 100 mM NaCl, 50 mM Ammonium Sulfate and 0.5 mM tris(2-carboxyethyl) 

phosphine (TCEP)). Following size exclusion, the protein was concentrated, frozen and 

stored at -80oC. 
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3.3.6 Lipid vesicle preparation  

Lipid vesicles containing 5% brain phosphatidylinositol 4,5- bisphosphate (PIP2), 20% 

brain phosphatidylserine (PS), 35% egg-yolk phosphatidylethanolamine (PE), 10% egg-

yolk phosphatidylcholine (PC), 25% cholesterol and 5% egg-yolk sphingomyelin (SM) 

were prepared by mixing the lipids solutions in organic solvent. The solvent was 

evaporated in a stream of argon following which the lipid film was desiccated in a vacuum 

for 45 minutes. The lipids were resuspended in lipid buffer (20 mM HEPES pH 7.0, 100 

mM NaCl and 10 % glycerol) and the solution was sonicated for 15 minutes. The vesicles 

were subjected to five freeze thaw cycles and extruded 11 times through a 100-nm filter 

(T&T Scientific: TT-002-0010). The extruded vesicles were sonicated again for 5 minutes, 

aliquoted and stored at -80°C. Final vesicle concentration was 5 mg/mL. 

 

3.3.7 Kinase Assays 

All kinase assays were done using Transcreener ADP2 Fluorescence Intensity (FI) 

assays (Bellbrook labs) which measures ADP production. PM-mimic vesicles [5% 

phosphatidylinositol 4,5-bisphosphate (PI(4,5) P2), 20% phosphatidylserine (PS), 10% 

phosphatidylcholine (PC), 35% phosphatidylethanolamine (PE), 25% cholesterol, 5% 

sphingomyelin (SM)] at final concentration of 0.5 mg/mL and ATP at a final concentration 

of 100 μM . For assays measuring stimulation with G, 1.5 μM of the activator was used 

in the reaction. 2 μL of 2X substrate solution containing vesicles, the appropriate 

concentration of G was mixed with 2 μL of 2X kinase solution and the reaction was 

allowed to proceed for 60 minutes. The reactions were stopped with 4 μL of 2X stop and 
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detect solution containing Stop and Detect buffer, 8 nM ADP Alexa Fluor 594 Tracer and 

93.7 μg/mL ADP2 Antibody IRDye  QC-1 and incubated for 50 minutes. The fluorescence 

intensity was measured using a SpectraMax M5 plate reader at excitation 590 nm and 

emission 620 nm. This data was normalized against the measurements obtained for 100 

μM ATP and 100 μM ADP. The % ATP turnover was interpolated from a standard curve 

(0.1-100 μM ADP). This was then used to calculate the specific activity of the enzyme. 

 

3.3.8 Biolayer interferometry 

Biolayer interferometry was performed using Octet K2 (Fortebio Inc.). His-tagged 

nanobody was immobilized on an Anti-Penta-His biosensor for 600 s, and the sensor was 

dipped into solutions of phos or non phosphorylated p110γ at 35 nM final concentration 

diluted in kinetics buffer (KB) containing 20 mM tris (pH 8.5), 100 mM NaCl, 50 mM 

ammonium sulfate, 0.1% bovine serum albumin, and 0.02% Tween 20. The association 

step was allowed to proceed for 600 s followed by a dissociation step in KB without protein 

for 600 s. The average Kd (dissociation constant) was calculated from the three binding 

curves based on their global fit to a 1:1 binding model.  

 

3.3.9 Phosphorylation set-up 

To test PKC phosphorylation with various p110γ constructs (shown in figure 3.1 E and 

Figure 3.3), we carried out phosphorylation reactions 20°C in 20 µL with final 

concentrations of 500 nM PI3K by in the presence of 1mM ATP and 20 mM MgCl2. The 

samples were made up to 50 µL with distilled water and the reaction was quenched with 
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the addition of 20 µL of ice-cold acidic quench buffer. After quenching, samples were 

immediately frozen in liquid nitrogen and stored at -80°C. The samples were subjected to 

MS/MS analysis and the peptides were identified by using PEAKS7 (PEAKS) and a false 

discovery rate was set at 0.1% using a database of purified proteins and known 

contaminants. The phosphorylated peptide sequences were identified by surveying the 

Serine residues from the phosphorylation region and the rest of the protein. This was then 

integrated with the extracted ion chromatograms of the phosphorylated and the 

unphosphorylated peptides. The area under these curves were calculated which was then 

used to calculate the ratio of the two species. 

 

3.3.10 Hydrogen Deuterium eXchange Mass Spectrometry 

Sample Preparation: Exchange reactions to assess differences in p110γ upon 

phosphorylation were carried out at 18°C in 10 µL volumes with final concentrations of 

1.5 uM for both apo and phosphorylated p110γ. A total of two conditions were assessed: 

p110 apo and PKCβ phosphorylated p110γ. The hydrogen-deuterium exchange reaction 

was initiated by the addition of 8 µL D2O buffer (94.3% D2O, 100 mM NaCl, 20 mM HEPES 

pH 7.5) to the 2 µL protein for a final D2O concentration of 75.5%. Exchange was carried 

out over five time points (0.3s, 3s, 30s, 300s and 3000s) and the reaction was quenched 

with addition of 60 µL of ice-cold acidic quench buffer (0.7 M guanidine-HCl, 1% formic 

acid). After quenching, samples were immediately frozen in liquid nitrogen and stored at 

-80°C. All reactions were carried out in triplicate. 
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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; 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 BEH C18 1.7 mm 

column (2.1 x 5 mm); Waters 186003975]. The trap was subsequently eluted in line with 

an ACQUITY 1.7 µm particle, 100 x 1 mm2 C18 UPLC column (Waters 186002352), using 

a gradient of 3-35% B (buffer A, 0.1% formic acid; buffer B, 100% acetonitrile) over 11 

min immediately followed by a gradient of 35-80% B over 5 minutes. MS experiments 

acquired over a mass range from 150 to 2200 mass/charge ratio (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 0.1% using a database of purified 

proteins and known contaminants. Same approach was used to identify phosphorylated 

and non-phosphorylated peptides for our in-vitro phosphorylation experiments. 

Mass Analysis of Peptide Centroids and Measurement of Deuterium Incorporation: 

HD‐Examiner Software (Sierra Analytics) was used to automatically calculate the level of 
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deuterium incorporation into each peptide. All peptides were manually inspected for 

correct charge state, correct retention time, and appropriate selection of isotopic 

distribution. Deuteration levels were calculated using the centroid of the experimental 

isotope clusters. HDX-MS results are presented with no correction for back exchange 

shown in the Source data, with the only correction being applied correcting for the 

deuterium oxide percentage of the buffer used in the exchange (65.5%). Changes in any 

peptide at any time point greater than specified cut-offs (4% and 0.3 Da) and with an 

unpaired, two-tailed t-test value of p<0.01 was considered significant. The search 

parameters were set with a precursor tolerance of 20 parts per million, fragment mass 

error 0.02 Da, and charge states from 1 to 8, with a selection criterion of peptides that 

had a −10logP score of >. 

3.4 Results 

3.4.1 PKCβ phosphorylates p110γ at S582 and S594/595 

We have previously characterized the phosphorylation event and implications of it in bone 

marrow-derived mast cells. PI3Kγ has been shown to be an enhancer IgE/antigen output. 

In response to the clustering of IgE receptors and Ca2+ influx from store operated Ca2+ 

channels, PKCβ has been shown to phosphorylate p110γ at S582 which has been shown 

to be essential for mast cell degranulation (Fig 3.1D). This event led to the activation of 

PKCβ and established a direct link with FcεRI and PI3K signalling. We observed that the 

phosphorylation event in the helical domain led to enhanced enzyme activity using in-vivo 

bone marrow derived mast cells. The protein structure reveals that the phosphorylation 

site is in close proximity to the C2-helical linker which could potentially alter the binding 
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of the regulatory subunit (Fig 3.1C). The helical domain is structurally linked to the 

regulatory motif through a series of short heat repeat helices, with the helix 624-630 

directly contacting the kα9 of the regulatory motif. This should allow allosteric modulation 

of the protein upon phosphorylation. We have also previously shown using HDX-MS that 

the binding of the regulatory subunit, either p84 or p101 led to stabilization in the helical 

domain, with this effect being exaggerated with p101, suggesting that this 

phosphorylation could have differential effect on the two different p110γ complexes[8]. 

Moreover, structures of p110γ reveal that S582 points inward, this implies that the residue 

must rotate to accommodate the phosphate group (Fig 3.1C). In-order for the 

phosphorylation event to occur, we believe that the helical domain must undergo dynamic 

unfolding for the serine to accommodate the phosphate group. 

 

Figure 3.1. Structure of p110γ and location of phosphorylation sites  
A. Domain schematics of p110γ with helical domain (blue), activation loop (orange), and 
regulatory motif (green) of p110 annotated.  Same color scheme has been used to map these 
features on the structures below. The domain architecture of its regulatory subunits p84 and p101 
are also annotated. The arrows indicate the sites of interaction. 
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B. Phosphorylation sites mapped on the structure of p110γ (PDB: 7MEZ). The regions are colored 
based on domain schematics featured in fig 3.1A. Cartoon schematic of p110γ with various 
regions indicated. This cartoon view was used to map all further HDX-MS experiments. 
C.  Orientation of S582 and S594/595 in p110γ (PDB:7MEZ) 
D.  Cartoon schematic of different pathways associated with PI3Kγ pathway. The red arrows 
indicate IgE mediated activation of PKCβ and subsequent phosphorylation of p110γ/p84 complex. 
E. Ratio of the intensity of extracted ion traces of different phosphorylation site peptides (Left to 
Right: S582 and S594/S595) from p110γ samples treated with increasing concentration of 
PKCβ.  The extracted traces can be seen in Appendix Fig 7. 

To characterize this event, we purified full-length p110γ and the kinase domain of 

PKCβ (as the full-length is unable to bind p110γ in the absence of a pseudo substrate). 

We setup in-vitro phosphorylation, p110γ was incubated with increasing concentration of 

PKCβ in the presence of 20 mM MgCl2 and 1 mM ATP. The reaction was carried out for 

one hour at 4°C and subjected to MS/MS analysis. The phosphorylated peptides were 

identified as mentioned above. Surprisingly, we identified a novel second site in the helical 

domain that undergoes simultaneous phosphorylation at S594/S595. Phosphorylation 

was measured by identifying and calculating the ratios of the population of 

phosphorylated and non-phosphorylated peptides. Free p110γ underwent 

phosphorylation by PKC and both the sites showed similar trends in phosphorylation (Fig 

3.1E). We have used similar approach to calculate the % of phosphorylation for further 

experiments. 

3.4.2 Phosphorylation leads to allosteric changes in the kinase domain  

To understand the biochemical and structural changes caused by phosphorylation, 

we purified apo and phosphorylated p110γ. We set-up in vitro-phosphorylation as 

mentioned before, followed by size exclusion chromatography. Both the proteins eluted 

at the same volume (Fig 3.2A) and the phosphorylation percentage was calculated to 
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be >95%. We characterized the lipid kinase activity of p110γ on a PM mimic liposomes 

in the presence or absence of Gβγ to determine changes in enzyme activity upon 

phosphorylation. We noticed that the phosphorylated p110γ has two-fold higher activity 

compared to apo protein (Fig 3.2B). Interestingly we saw similar 2-fold increase in their 

activation with Gβγ.   

 

Figure 3. 2. Phosphorylation at the helical domain leads to opening of the regulatory motif  
A. Gel filtration elution profile of different p110γ (i.e., apo and phosphorylated). An SDS–
polyacrylamide gel electrophoresis image of the p110γ is shown in Appendix figure 1. 
B. Lipid kinase assay performed with different p110γ constructs (error bars are S.D., n=6). 
Experiments were performed with 2.25 to 0.25 µM PI3K, 1.5 µM of Gβγ, and 100 µM ATP in the 
presence of 0.5 mg/ml of PM mimic liposomes (20% phosphatidylserine, 50% 
phosphatidylethanolamine, 10% cholesterol, 10% phosphatidylcholine, 5% sphingomyelin, and 
5% PIP2).  Two tailed p-values represented by the symbols are as follows: ****<0.0001, ***<0.001; 
*<0.05; n.s.>0.05. Phosphorylated p110γ showed two-fold increase in enzyme activity under 
basal and Gβγ activated states.   
C-D. HDX-MS comparing apo and phosphorylated p110γ.  Significant differences in deuterium 
exchange are mapped on to the structure and cartoon of p110γ according to the legend (PDB: 
7MEZ). The graph of the #D difference in deuterium incorporation for p110γ, with each point 
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representing a single peptide. Peptides colored in red are those that had a significant change in 
the mutants (greater than 0.4 Da and 5% difference at any timepoint, with a two tailed t-test 
p<0.01). Error bars are S.D. (n=3). (D) Changes in percent deuterium exchange for selected 
peptides. Error bars represent SD (n = 3).  A more extensive set of peptides are shown in 
Appendix Fig 7 

             To examine the changes caused by the phosphorylation event, we carried out 

HDX-MS comparing the phosphorylated and apo protein. HDX experiments were carried 

out for five time points (3s at 1C, 3s, 30s, 300s, 3000s at 20°C) for both the proteins. The 

peptide exchange data presented is in Appendix Fig 7. Phosphorylated protein showed 

exposures in the helical domain, C2 and regulatory arch of the kinase domain (Fig 3.2C). 

This includes regions surrounding the phosphorylation site in the helical domain (550-

607), the helices spanning 624-660 of the helical domains that forms direct contact with 

Kα9 of the regulatory motif, and parts of regulatory arch (1031-1084) consisting of helices 

Kα9, 10, 11 and 12.  The other changes includes C2 (414-428, 467-480 and 498-515) 

and C2-Helical linker (520-551) which interact with Gβγ. The class IA PI3K C2 domain 

has been shown to form the membrane binding interface[124] while in class IB it forms 

interactions with the GBD of the regulatory subunits[83]. Although S582 and S594/595 

are not in direct contact with the kinase domain, phosphorylation at these sites transduces 

conformational changes causing increased kinase activity. Previous HDX experiments 

comparing PI3K on a membrane have revealed exposures in the helical domain upon 

membrane recruitment [125]. This increase in activity upon phosphorylation could be 

explained by the unwinding of helical domain which provides a novel mechanistic role of 

the helical domain in regulating the activity of PI3Ks. 

3.4.3 PKCβ phosphorylation in specific to PI3Kγ/p84 pathway 
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     We hypothesized that p110γ/p84 complex could be vulnerable to phosphorylation 

downstream of PKCβ, due to the transient nature of their interaction while p110γ/p101 

complex could be resistant.  To test the ability of p110γ/p84 complex vs p110γ/p101 

complex to be phosphorylated by PKCβ, we carried out in-vitro phosphorylation setups 

with different PI3Kγ variants. To setup phosphorylation of the PI3Kγ variants (p110γ/p84 

and p110γ/p101), we followed a similar approach as mentioned above in Fig 3.1E. The 

reaction was carried out for one hour at 4°C and subjected to MS/MS analysis. We noticed 

that p110γ/p84 readily underwent phosphorylation at the helical domain with both the 

sites showing similar trends in phosphorylation (Fig 3.3F) while p110γ/p101 was resistant 

to phosphorylation even at high concentrations of PKC (Fig 3.3C). Overall, this data 

supports our hypothesis that p110γ/p84 complex is vulnerable to phosphorylation 

because transient nature of their interaction that allows the opening of helical domain thus 

allowing PKCβ-p110 interaction. 

 

Figure 3.3 PKC mediated phosphorylation is specific to p110γ/p84 complex 
A. Cartoon model of p110γ/p101 complex with the arrows indicating that the equilibrium 

favours the complex formation 
B. Extracted ion traces for S582 peptides for p110γ/p101 complex  
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C. Ratio of the intensity of extracted ion traces of different phosphorylation site peptides (Left 
to Right: S582 and S594/S595) from p110γ/p101 samples treated with increasing 
concentration of PKCβ 

D. Cartoon model of p110γ/p84 complex with the arrows indicating the transient nature of the 
complex. 

E. Extracted ion traces for S582 peptides for p110γ/p84complex  
F. Ratio of the intensity of extracted ion traces of different phosphorylation site peptides (Left 

to Right: S582 and S594/S595) from p110γ/p84 samples treated with increasing 
concentration of PKCβ 

 3.4.4 A nanobody that blocks PKC mediated phosphorylation and specifically 

prevents the activity of p110γ/p84 complex 

Our lab has previously characterized a nanobody that specifically blocks activation 

downstream of Ras for PI3Kγ complexes [126].  HDX-MS characterization of the 

nanobody bound to p110γ-p84 showed protections throughout the helical domain, with 

the largest decrease being localized in the RBD, which is essential for Ras binding (196–

211), and regions of the regulatory motif (1035-1050). While this nanobody has no effect 

on Gβγ mediated activation, it completely kills activation by Ras for both the complexes. 

The p110γ/p101 complex could be activated by Gβγ because of the additional Gβγ 

binding site in p101, whereas the p110γ/p84 complex requires Ras for membrane 

recruitment and subsequent activation by Gβγ. This previously published kinase assay 

testing p110γ/p101 and p110γ/p84 complex activation with Gβγ and Ras showed that 

NB7 completely disrupted activation of p110γ/p84 complex by both Gβγ and Ras. 
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Fig 3.4 NB7 prevents PKC mediated helical domain phosphorylation  

A,B. Biolayer interferometry analysis of the binding of the immobilized NB1-PIK3R5 nanobody to 
various p110γ variants (apo, phos, p110γ/p101 and p110γ/p84). C. Ratio of the intensity of 
extracted ion traces of S582 phosphorylation site peptides from p110γ samples apo vs NB7-
bound treated with saturating concentration of PKCβ. D. Model showing the modus operandi for 
NB7 used to target p110γ/p84 complex. NB7 can target Ras mediated recruitment for both p110γ 
complexes. However due to the additional Gβγ binding site found in p101, p110γ/p101 complex 
get membrane recruited while the activity of p110γ/p84 is blocked. Binding of NB7 to p110γ/p84 
complex kills Ras mediated recruitment which is crucial for this complex and blocks PKCβ 
mediated phosphorylation.  

Next, we wanted to test the binding of NB7 to phosphorylated p110γ. To this end, 

we used Biolayer Interferometry (BLI) in which we immobilized NB7 to anti-His tips and 

dipped them into a solution containing apo or phosphorylated p110γ (Fig 3.4B). While 

NB7 bound to p110γ with high affinity (Kd- 0.6 nM) there was no binding of the 

phosphorylated p110γ. This could be because the changes caused by phosphorylation in 

the helical domain and the regulatory motif could alter the binding interface thus 

preventing NB7 interaction. Next based on our previous HDX-MS data and the structure 

of the complex, we hypothesized that NB7 should block phosphorylation at the helical 

domain by PKCβ. To test this, we set-up in-vitro phosphorylation experiments with p110γ 

and PKCβ in the presence and absence of NB7 at 1:2 of PI3K: NB. The PI3K-NB complex 
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were allowed to interact for 15 minutes at room temperature followed by PKC 

phosphorylation at room temperature for one hour. The samples were subjected to 

MS/MS analysis. The addition of PKC lead to a robust phosphorylation at ~86% with free 

p110γ sample while the presence of nanobody led to a ~12.4% phosphorylation at 

saturating concentrations of PKC (500 nM). This ~75% reduction of phosphorylation rate 

suggests that NB7 could be used to block phosphorylation at S582 and S594/595. (Fig 

3.4A).  

3.5 Discussion 

The PI3Kγ signalling network is critical to the immune functions, and 

misregulations of this pathway has been implicated in a variety of complex diseases, such 

as cancer and immune conditions. Critical to this role is the regulation of PI3K signalling 

by activation signals and PTMs. Here we describe a phosphorylation event that increases 

sensitivity of p110γ/p84 complex to activation signals. Our work highlights the significance 

of helical domain in regulating PI3K activity. This discovery has important implications in 

highlighting the role of allosteric modulation and the role of helical domain in regulating 

the kinase activity. 

We have identified a second phosphorylation site, S594/S595 and shown that the 

phosphorylation event is specific to the p110γ/p84 complex. However further experiments 

are required with S594A and S595A mutations to determine the amino acid involved in 

this novel second phosphorylation. p110γ can form two distinct complexes with either 

p101 or p84, which allows the enzyme to be activated through unique sets of upstream 

stimuli. This allows PI3Kγ to control distinct immune functions which has been observed 
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in mast cells and neutrophils. The p110γ/p101 complex has been shown to promote cell 

migration whereas the p110γ/p84 complex leads to Reactive Oxygen Species 

production[34]. This is achieved through the differential ability of the two complexes to be 

activated by GPCRs. Activation of the p110γ-p101 complex is dependent on Gβγ[6], 

whereas the p110γ-p84 complex requires Ras as a co-stimulator along with Gβγ for 

complete activation[35]. The p110γ-p84 complex can also fine tune PI3K signalling by 

promoting phosphorylation at the helical domain of p110γ through its transient 

interactions. 

Biochemical assays with PI3K complexes using membrane bound Ras and Gβγ 

showed that the nanobody NB7 blocks Ras mediated recruitment[126]. Interestingly we 

noticed that this was rescued by Gβγ for p110γ/p101 complex. Based on the HDX-MS 

comparing p110γ/p84 vs p110γ/p84 bound to NB7[126], it is clear that NB7 binds to the 

helical domain, ABD-RBD linker and kα11 of the regulatory motif. This explains why NB7 

failed to bind to the phosphorylated p110γ as the helical domain and the regulatory motif 

form the primary binding interfaces. While the NB does not bind at the Ras binding 

interface, we hypothesize that hindering the movement of the helical domain prevents 

membrane recruitment. Previous membrane HDX experiments with p110γ/p101 bound 

to Gβγ showed exposure in the helical domain upon membrane recruitment[125].. 

PI3Kγ plays a crucial role in promoting several pathophysiological conditions like 

cancer, and inflammatory diseases. It has therefore thrusted the development of small 

molecule inhibitors and is considered an attractive pharmacological target. Upregulation 

of p101 in murine models of ovarian cancer led to cancer chemoresistance[127] 
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Neutrophils lacking p84 displayed impaired ROS production[34]. Increased expression of 

either p110γ or p101 has been shown to cause dysregulated PIP3 levels leading to 

cancer[128,129].  Studies have indicated that p84 is commonly downregulated in invasive 

breast cancer samples[130] . The regulatory subunit p84 undergoes phosphorylation at 

T607 which has been shown to be important for p110γ-p84 dimerization and the tumour 

suppressor role of p84[32]. This difference between the two complexes provides a novel 

platform to specifically target one of the complexes instead of the catalytic site of p110γ. 

Here, we have characterized a nanobody NB7-PIK3R5 that was previously shown to 

block Ras mediated activation in p110γ to prevent PKC mediated phosphorylation at the 

helical domain. Our work highlights the novel role of helical domain in regulating p110γ 

kinase activity which warrants further biochemical experiments to test Ras binding to NB7 

bound p110γ. 
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Chapter 4: Conclusion and Future directions 

4.1 Summary of thesis      

     PI3Ks are critical for initiating the Akt/mTOR signaling pathway and play 

fundamental roles in cell proliferation, growth, metabolism, motility, and intracellular 

trafficking. With their diverse roles in cell signaling, it is not surprising that their 

dysregulation leads to various disorders, including cancer, and that the PI3K/Akt pathway 

is the most frequently mutated signaling pathway in all human cancer. This thesis has 

uncovered exciting and unpredicted roles for PI3K catalytic and regulatory subunits upon 

activation, PTMS and oncogenic mutations.  

     PIK3CA, the gene that encodes p110α is the second most frequently 

mutated oncogene. Since its discovery plethora of studies have been done to understand 

the regulation of PI3Ks; the role of regulatory subunits binding, activation by various cell 

surface receptors and the role of oncogenic mutations in hyperactivating the enzymes. 

The first structure of PI3K was obtained in 1999 which was p110γ in complex with H-Ras. 

Since then, there have been numerous studies done with class IA PI3Ks in complex with 

their regulatory partner that have provided molecular insights into their regulation by 

activation signals. The  crystal structure of p110α/p85α with H1047R mutation was 

obtained in 2009 which revealed the orientation of the c-terminal [22]. The c-terminus of 

WT  was solved in 2014 using x-ray crystallography which showed the c-terminal tail is 

pointing upward away from the membrane binding interface[131]. Whether this is a true 

biological phenomenon, or an artifact of crystal packing remained elusive. Moreover, the 

roles of ABD and p85 in regulating the enzyme activity and membrane recruitment of 

PI3Ks have not been completely understood. 
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As a part of my thesis, I have used cutting edge biophysical and biochemical 

tools including HDX-MS, kinase assays and FRET experiments. My thesis provides the 

molecular framework that dictates the activation of PI3Kα by all the oncogenic mutations. 

This also supports our hypothesis that the c-terminal tail has to re-orient to facilitate 

membrane binding of p110α. This thesis also provides valuable knowledge in defining the 

role of the ABD and p85 in regulating the enzyme activity. We have also determined the 

role of p85α in the membrane recruitment of the class IAPI3K isoforms. However, the 

membrane binding role of other class IA regulatory partners remains unclear. In this final 

chapter, I will be summarizing my results and the future directions for my work. 

4.2 The molecular mechanisms of activation for the oncogenic mutations in 

PIK3CA 

The PI3Kα isoform is critical to maintaining cellular homeostasis and is one of 

the most frequently mutated oncogenes. This is achieved through recruitment of the 

enzyme to the plasma membrane by membrane bound activators such as RTK and Ras 

GTPases or by the oncogenic mutants. Previous HDX-MS experiments from our lab and 

Roger William’s lab have revealed major insights into the regulation of the 

enzyme[5,17,21]. Upon activation of PI3Kα by pY peptides, apart from the breaking of the 

nSH2–helical interface (event 1), three other events have been described [21] that include 

disrupting the iSH2–C2 interface (event 2), movement of the ABD domain relative to the 

kinase domain (event 3), and interaction of the kinase domain with the membrane (event 

4). Based on our HDX-MS data and protein-lipid FRET assays, oncogenic mutations 

upregulate the enzyme by enhancing one or more of these dynamic events. More recently 

the cryo-EM structure of p110α/p85α upon pY activation suggested that the ABD/p85 
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completely disengages from the catalytic core[132]. However, this wasn’t supported by 

previous membrane binding experiments with pY activated p110α/p85α. 

Using recombinantly purified catalytic core and a detailed analysis of our 

previously published HDX-MS data[17], we have shown that the dissociation of ABD/p85 

is indeed a true phenomenon that co-relates with membrane recruitment of p110α. The 

movement of ABD/p85 facilitates membrane binding of p110 through alleviation of 

inhibition on the N-lobe of kinase domain, activation loop and the iSH2 packed up against 

the C2 domain. Different PIK3CA mutations activating lipid kinase activity through unique 

mechanisms is supported by the discovery of tumours harbouring double PIK3CA 

mutations in cis, with these tumours showing enhanced sensitivity to PI3K inhibition[25]. 

We also show that upon binding the membrane, the C-terminal tail of p110 undergoes 

reorganization leading to increased membrane residency. The regulatory motifs of all 

class IA PI3Ks are maintained in the inactive conformation by inhibitory contacts with the 

SH2 domains of p85. p110α and p110 are inhibited by an auto-inhibitory Tryptophan lock 

found in the c-terminus [5,133]. In the WT complex, membrane recruitment requires 

additional signalling inputs from Ras GTPases. Oncogenic mutants in the kinase domain 

lead in increased membrane binding either through reorientation of the WIF binding motif 

and the activation loop (i.e. H1047R, G1049R), or by altering residues at the membrane 

interface that can more extensively interact with negatively charged membranes (i.e. 

E726K, 1068fs). Together, this model can account for the putative mechanism of 

activation for >98% of all PIK3CA mutants reported in the COSMIC database (Figure 4.1), 

and for why double PIK3CA mutants lead to increased oncogenicity. 
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Fig 4.1 Putative mechanism for activation by PIK3CA oncogenic mutations 

     An interesting implication in this model is that unique class IA regulatory 

subunits may have distinctive propensities for ABD-p85 disengagement, which may 

partially explain a unique role for regulatory subunits oncogenic transformation. 

Conventionally, p85α and p85β have been considered to be similar proteins that 

associate with RTKs and regulate the activity of the catalytic subunits upon activation. 

Stark differences between p85α and p85β are observed in cancer where PIK3R1 

encoding p85α acts as a tumor suppressor, PIK3R2 encoding p85β drives cancer. A 

comparative examination of p85α and p85β expression levels in a panel of colon and 

breast cancer samples showed that 50% of tumors have decreased expression levels of 

p85α and increased levels of p85β[134]. The distinct functions of p85α and p85β are likely 

to be based on structural differences. Alignment of p85α and p85β showed a high degree 
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of identity in the C-terminal region consisting of the SH2 domains and a lower homology 

was observed in the N-terminus consisting of SH3–RhoGap. Structure–function analyses 

with the deletion of the SH3 domain of p85β is asymptomatic, whereas deletion of this 

region in p85α showed an increase PI3K pathway activity[135]. Additionally, p85α and 

p85β also have different intracellular distributions.  p85α localizes mainly to internal cell 

membranes, including the Golgi [134,136], a fraction of p85β localizes to the cytosol,  at 

focal adhesions and the nucleus. These differences suggests that there may be 

differences in regulation of p110s by the different class IA regulatory subunits, which may 

play a role in the tumour suppressor activity of p85α and the oncogene activity of p85β.  

This will require further biochemical and structural studies to investigate regulatory 

subunit isoform differences in disengagement. The structural changes caused by 

activation and membrane recruitment p110α/p85α challenges the notion whether similar 

molecular and structural changes are mediated by the different regulatory subunits and 

the oncogenic mutations, specifically the G106V mutation (found at the ABD-RBD linker), 

the mutations in ABD and the C2 domain. HDX-MS with these mutants have suggested 

that they lead to disengagement of the ABD-p85 from the catalytic core[21]. Further HDX-

MS experiments testing these mutants with the different regulatory subunits will help us 

define the role of different regulatory subunits in controlling class IA PI3K activity. 

Together this thesis highlights the key role of ABD disengagement, re-orientation of c-

terminal tail in PI3K activation, and how oncogenic mutants can alter this regulation. 

4.3 Role of PTMs in modulating p110 activity 

The p110γ catalytic subunit is completely inactive in the absence of its 

regulatory subunits[6]. Unlike p110γ, the class IA isoforms (p110α, p110β, p110δ) are 
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highly active, and the p85 regulatory subunits inhibit the kinase activity and stabilize the 

catalytic subunit. The propensity for the activation of PI3Kγ complex depends on the 

regulatory subunit. We have recently shown that p84 forms a transient complex with 

p110γ compared to p101[8]. p110γ/p84 has been shown to be promote mast cell 

degranulation downstream of IgE receptors in response to adenosine[137]. This was later 

shown to activate PI3Kγ pathway independent of GPCR. The binding of Ig to the receptor 

leads to influx of calcium ions from SOCE which activates PKCβ. Active PKCβ 

phosphorylates p110γ at S582 found within the helical domain. This modification was 

shown to promote dissociation of p110γ-p84 complex and enhance the enzyme 

activity[31]. However, the mechanistic basis for activation by this PTM had remained 

elusive. 

Using cutting-edge techniques that include HDX-MS, BLI, and kinase assays, 

we have characterized the implications of this activating modification. Using HDX-MS with 

phosphorylated p110γ, we have shown that the phosphorylation event leads to enhanced 

activity driven by allosteric changes in the helical domain that gets transduced to the 

kinase domain. The p110γ/p84 complex is vulnerable to phosphorylation downstream of 

PKCβ, due to the transient nature of their interaction while the p110γ/p101 complex is 

resistant. This provides a unique mechanism for why only p110γ/p84 complexes can be 

activated by PKC.  We have also characterized a nanobody that specifically blocks this 

phosphorylation and could be used to target p110γ/p84 complex. This warrants further 

in-vivo experiments to assess the specificity and phosphorylation status of p110γ/p84. 

Further experiments are required to test if binding of NB7 to p110γ prevents complex 
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formation with Ras. This could be tested in-vitro through protein-protein FRET 

experiments testing p110:Ras interaction in the presence or absence of the nanobody. 

Dysregulation of PI3K signalling pathways by mutations and deletions are 

implicated in multiple human diseases. Apart from these, the activity can also be 

modulated by PTMs. Class IA regulatory partner p85α has been identified to undergo 

several PTMs; by Src kinases, protein kinase (PKA), the p110 catalytic subunit itself, and 

by protein kinase C (PKC) family members. However, the structural perturbations caused 

by these PTMs are unknown. In addition, the PTMs in the other regulatory isoforms are 

still yet to be discovered. Class I PI3Ks have been on the realm of drug discovery 

programs, due to their relevance in human diseases. With the recent discovery of 

nanobodies that can modulate the activity of PI3Kα[138], it would be beneficial to 

recognize nanobodies that can target various PTMs identified for class IA regulatory 

partner p85α.  

4.4 Conclusions 

The class I PI3Ks are master regulators of cellular homeostasis, immune 

functions, migration, and growth. Understanding the molecular basis for the regulation of 

these complexes by various regulatory mechanisms is critical towards understanding how 

diverse regulatory inputs from receptors, PTMs and membrane association translate into 

distinct cellular outputs. Inhibitors targeting p110α are currently developed with the aid of 

high-resolution structures of these complexes in context of WT and hot spot mutant. This 

thesis provides the molecular basis for regulation of all oncogenic mutations in PIK3CA 

which has major implications in the development of mutant specific inhibitors. Moreover, 

this can be used as a molecular tool to also identify mutations that cause similar structural 
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perturbations as the hotspot mutations. This may allow to repurpose the same inhibitors 

for other PIK3CA mutants and be useful in the design of targeted therapies with fewer off 

target effects thus improving patient quality of life.  In addition, we have also characterized 

a nanobody that not only can target and block Ras mediated recruitment of specifically 

p110γ/p84 complex, it can also be used to prevent PKC mediated phosphorylation.  
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Table 1- HDX-MS processing details 

Experiment Comparing WT PI3K and p110α core. HDX Stats table for data shown in Figure 
2.2 and Figure 2.3.   

Data set WT p110α core  p110α core + Memb  

HDX reaction 
details 

%D2O=69% 

pH(read)=7.5 

Temp=18ºC 

%D2O=69% 

pH(read)=7.5 

Temp=18ºC 

%D2O=69% 

pH(read)=7.5 

Temp=18ºC 

HDX time course 
(seconds) 

3s, 30s, 300s 3s, 30s, 300s 3s, 30s, 300s 

HDX controls N/A N/A N/A 

Back-exchange No correction, deuterium 
levels are relative 

No correction, deuterium 
levels are relative 

No correction, deuterium 
levels are relative 

Replicates 3  3 3 

Protein p110α 

Number of 
peptides 

125 125 125 

Sequence 
coverage 

89.9% 89.9% 89.9% 

Average peptide 

/redundancy 

Length= 13.9  

Redundancy= 1.8 

Length= 13.9  

Redundancy= 1.8 

Length= 13.9  

Redundancy= 1.8 

Repeatability Average StDev= 0.6% Average StDev=0.4% Average StDev=0.6% 

 

 
Experiment Comparing basal PI3K WT vs mutants (H1047R, M1043L and Delta C) and in the presence of pY with H1047R 

and Delta C. HDX Stats table for data shown in Figure 2.4A, Figure C, Figure D and appendix Figure 5 
and 6 

Data set WT WT+pY H1047R H1047R + pY M1043L Delta C  Delta C + pY 

HDX 
reaction 
details 

%D2O=75% 

pH(read)=7.5 

Temp=18ºC 

%D2O=75% 

pH(read)=7.5 

Temp=18ºC 

%D2O=75% 

pH(read)=7.5 

Temp=18ºC 

%D2O=75% 

pH(read)=7.5 

Temp=18ºC 

%D2O=75% 

pH(read)=7.5 

Temp=18ºC 

%D2O=75% 

pH(read)=7.5 

Temp=18ºC 

%D2O=75% 

pH(read)=7.5 

Temp=18ºC 

HDX time 
course 
(seconds) 

3s, 30s, 
300s, 3000s 
at 18ºC 

3s at 0 ºC 

3s, 30s, 
300s, 3000s 
at 18ºC 

3s at 0 ºC 

3s, 30s, 
300s, 3000s 
at 18ºC 

3s at 0 ºC 

3s, 30s, 
300s, 3000s 
at 18ºC 

3s at 0 ºC 

3s, 30s, 
300s, 3000s 
at 18ºC 

3s at 0 ºC 

3s, 30s, 
300s, 3000s 
at 18ºC 

3s at 0 ºC 

3s, 30s, 
300s, 3000s 
at 18ºC 

3s at 0 ºC 
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HDX 
controls 

N/A N/A N/A N/A N/A N/A N/A 

Back-
exchange 

No correction 

deuterium 
levels are 
relative 

No correction 

deuterium 
levels are 
relative 

No correction 

deuterium 
levels are 
relative 

No correction 

deuterium 
levels are 
relative 

No correction 

deuterium 
levels are 
relative 

No correction 

deuterium 
levels are 
relative 

No correction 

deuterium 
levels are 
relative 

Replicates 3  3 3 3 3 3 3 

Significant 
differences 
in HDX 

>5% and 
>0.4 Da and 
unpaired t-
test ≤0.01 

>5% and 
>0.4 Da and 
unpaired t-
test ≤0.01 

>5% and 
>0.4 Da and 
unpaired t-
test ≤0.01 

>5% and 
>0.4 Da and 
unpaired t-
test ≤0.01 

>5% and 
>0.4 Da and 
unpaired t-
test ≤0.01 

>5% and 
>0.4 Da and 
unpaired t-
test ≤0.01 

>5% and 
>0.4 Da and 
unpaired t-
test ≤0.01 

Protein        

Number 
peptides 

171 171 170 170 169 164 164 

Sequence 
coverage 

95.8% 95.8% 95.8% 95.8% 95.8% 95.8% 95.8% 

Average 
peptide 

/redundancy 

Length= 13.7 

Redundancy= 
2.1  

Length= 13.7 

Redundancy= 
2.1  

Length= 13.7 

Redundancy= 
2.1  

Length= 13.7 

Redundancy= 
2.1  

Length= 13.7 

Redundancy= 
2.1  

Length= 13.7 

Redundancy= 
2.1  

Length= 13.7 

Redundancy= 
2.1  

Repeatability Average 
StDev=0.5% 

Average 
StDev=0.5% 

Average 
StDev=0.6% 

Average 
StDev=0.5% 

Average 
StDev=0.5% 

Average 
StDev=0.5% 

Average 
StDev=0.5% 

Protein        

Number 
peptides 

117 117 117 117 117 117 117 

Sequence 
coverage 

90.3% 90.3% 90.3% 90.3% 90.3% 90.3% 90.3% 

Average 
peptide 

/redundancy 

Length= 16.3 

Redundancy= 
2.6  

Length= 16.3 

Redundancy= 
2.6  

Length= 16.3 

Redundancy= 
2.6  

Length= 16.3 

Redundancy= 
2.6  

Length= 16.3 

Redundancy= 
2.6  

Length= 16.3 

Redundancy= 
2.6  

Length= 16.3 

Redundancy= 
2.6  

Repeatability Average 
StDev=0.5% 

Average 
StDev=0.6% 

Average 
StDev=0.6% 

Average 
StDev=0.5% 

Average 
StDev=0.6% 

Average 
StDev=0.6% 

Average 
StDev=0.6% 

 
 
 

Experiment Comparing Kinase Active PI3K and G1049R PI3K. HDX Stats table for data 
shown in  Figure 2.4B and Figure 2.4F and appendix figure 5 

Data set WT G1049R 

HDX reaction 
details 

%D2O=76% 

pH(read)=7.5 

%D2O=76% 

pH(read)=7.5 
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Temp=18ºC Temp=18ºC 

HDX time course 
(seconds) 

3s, 30s, 300s, 3000s 3s, 30s, 300s, 3000s 

HDX controls N/A N/A 

Back-exchange No correction, deuterium levels are 
relative 

No correction, deuterium levels are 
relative 

Replicates 3  3 

Significant 
differences in HDX 

>5% and >0.4 Da and unpaired t-test 
≤0.01 

>5% and >0.4 Da and unpaired t-test 
≤0.01 

Protein p110α 

Number of peptides 169 169 

Sequence coverage 95.2% 95.2% 

Average peptide 

/redundancy 

Length=13.7  

Redundancy=2.1  

Length=13.7  

Redundancy=2.1  

Repeatability Average StDev=0.6% Average StDev=0.5% 

Protein p85 

Number of peptides 114 114 

Sequence coverage 89% 89% 

Average peptide 

/redundancy 

Length=16.4  

Redundancy=2.5  

Length=16.4  

Redundancy=2.5  

Repeatability Average StDev=0.6% Average StDev=0.5% 

 

 

Experiment Comparing Kinase Active PI3K and Frameshift. HDX Stats table for data 
shown in Figure 5E 

Data set WT Frameshift 

HDX reaction details %D2O=81% 

pH(read)=7.5 

Temp=18ºC 

%D2O=81% 

pH(read)=7.5 

Temp=18ºC 

HDX time course 
(seconds) 

3s, 30s, 300s, 3000s 3s, 30s, 300s, 3000s 

HDX controls N/A N/A 
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Back-exchange No correction, deuterium levels are 
relative 

No correction, deuterium levels are 
relative 

Replicates 3  3 

Significant differences in 
HDX 

>5% and >0.4 Da and unpaired t-
test ≤0.01 

>5% and >0.4 Da and unpaired t-
test ≤0.01 

Protein p110α 

Number of peptides 141 139 

Sequence coverage 84.7% 84.7% 

Average peptide 

/redundancy 

Length= 13.7 

Redundancy= 1.6  

Length= 13.7 

Redundancy= 1.6  

Repeatability Average StDev=0.9% Average StDev=0.7% 

Protein p85 

Number of peptides 180 180 

Sequence coverage 79% 79% 

Average peptide 

/redundancy 

Length= 16  

Redundancy= 2.6  

Length= 16  

Redundancy= 2.6  

Repeatability Average StDev=0.9% Average StDev=0.6% 

 

Experiment Comparing Kinase Active PI3K and Kinase Dead (KD) PI3K. HDX Stats table for data 
shown in Supplemental Figure 3 

Data set WT WT+memb KD  KD + Memb  

HDX reaction 
details 

%D2O=72% 

pH(read)=7.5 

Temp=18ºC 

%D2O=72% 

pH(read)=7.5 

Temp=18ºC 

%D2O=72% 

pH(read)=7.5 

Temp=18ºC 

%D2O=72% 

pH(read)=7.5 

Temp=18ºC 

HDX time 
course 
(seconds) 

3s, 300s 3s, 300s 3s, 300s 3s, 300s 

HDX controls N/A N/A N/A N/A 

Back-
exchange 

No correction, 
deuterium levels 
are relative 

No correction, 
deuterium levels 
are relative 

No correction, 
deuterium levels 
are relative 

No correction, 
deuterium levels 
are relative 

Replicates 3  3 3 3 
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Significant 
differences in 
HDX 

>5% and >0.4 Da 
and unpaired t-test 

≤0.01 

>5% and >0.4 Da 
and unpaired t-test 

≤0.01 

>5% and >0.4 Da 
and unpaired t-test 

≤0.01 

>5% and >0.4 Da 
and unpaired t-test 

≤0.01 

Protein p110α 

Number of 
peptides 

133 133 133 133 

Sequence 
coverage 

84.9% 84.9% 84.9% 84.9% 

Average 
peptide 

/redundancy 

Length=13.1  

Redundancy=1.5  

Length=13.1  

Redundancy=1.5  

Length=13.1  

Redundancy=1.5  

Length=13.1  

Redundancy=1.5  

Repeatability Average StDev=0.7 Average StDev=0.7 Average 
StDev=1.1% 

Average 
StDev=1.3% 

Protein p85 

Number of 
peptides 

81 81 81 81 

Sequence 
coverage 

71.4% 71.4% 71.4% 71.4% 

Average 
peptide 

/redundancy 

Length=15.1  

Redundancy=1.6  

Length=15.1  

Redundancy=1.6  

Length=15.1  

Redundancy=1.6  

Length=15.1  

Redundancy=1.6  

Repeatability Average StDev=0.7 Average 
StDev=0.6% 

Average 
StDev=1.4% 

Average StDev=1% 

 

Experiment Comparing apo and PKC treated p110γ. HDX Stats table for data shown in 
Figure 3.2 and appendix figure 7 

Protein Data Set 
apo p110γ PKC treated p110γ (phosphorylated 

p110γ) 

HDX reaction details 

%D2O=75.5% 

pH(read)= 7.5 

Temp= 18°C  

%D2O=75.5% 

pH(read)= 7.5 

Temp= 18°C 

HDX time course 
 

0.3s (3s on ice), 3s, 30s, 300s, 
3000s 

0.3s (3s on ice), 3s, 30s, 300s, 
3000s 

HDX controls N/A N/A 

Back-exchange Corrected based on %D2O Corrected based on %D2O 



103 
 

Number of peptides 241 241 

Sequence coverage 95.5% 95.5% 

Average peptide length / 
Redundancy 

Length = 15.2 

Redundancy = 3.3  

Length = 15.2 

 Redundancy = 3.3 

Replicates 3  3 

Repeatability Average StDev = 0.5% Average StDev = 0.6% 

Significant differences in 
HDX 

>5% and >0.5 Da and unpaired t-
test <0.01 

>5% and >0.5 Da and unpaired t-
test <0.01 
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Appendix 

 

Figure 1: List of constructs used in this thesis 
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Figure 2: SDS PAGE images indicating the purity of various proteins used in this study. 
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Fig 3 Comparison between kinase active (KA) and kinase dead (KD) p110α  

A. Protein-Lipid FRET assay performed with kinase active and kinase dead p110α constructs 
under basal and pY activated states on liposomes containing 5% PIP2, 10% Dansyl PS, 25 % 
PS, 65% PE. Experiments were carried out at saturating concentrations of PI3K concentrations 
ranging from 0.015 to 1µM, 1µM pY, and 33.33 µg/ml of lipid vesicles (error bars are S.D., n=3).  

(B-D). The #D difference in deuterium incorporation for p110α and p85α in each experiment, with 
each point representing a single peptide, with error as SD (n=3). comparing the following 
conditions: C. p110α/p85α WT kinase active vs kinase dead. D. WT kinase active in solution and 
membrane. E. WT kinase dead in solution and membrane. Peptides in p110α and p85α that 
showed significant differences in HDX upon binding to 100 nm extruded 5% PIP2/PS/PE vesicles 
are colored in red (greater than 0.4 Da and 5% difference at any timepoint, with a two tailed t-test 
p<0.01).  

E. %D graphs for a selection of peptides comparing WT kinase active vs Kinase dead under pY 
active state and membrane bound state. Full HDX-MS data available in source data. 
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Fig 4 HDX-MS differences for experiments done with ΔABD  

A. The #D difference in deuterium incorporation for p110α between p110α core and full-length 
p110α/p85α complex with error as SD (n=3). Peptides in p110α that showed significant 
differences in HDX are colored in red (greater than 0.4 Da and 5% difference at any timepoint, 
with a two tailed t-test p<0.01).  

B. %D graphs for a selection of peptides comparing p110α core and full-length p110α/p85α with 
error as SD (n=3). Full HDX-MS data available in source data. 

C. The #D difference in deuterium incorporation for p110α core upon binding 5% PIP2 
membranes with error as SD (n=3). Peptides in p110α that showed significant differences in HDX 
are colored in red (greater than 0.4 Da and 5% difference at any timepoint, with a two tailed t-test 
p<0.01).  

D. %D graphs for a selection of peptides comparing for p110α core in the presence and absence 
of 5% PIP2 membranes with error as SD (n=3). Note that the intrinsic exchange rate of different 
regions explains some of the differences in H/D exchange seen upon membrane binding. Regions 
with stable secondary structure in the absence of membrane are protected primarily at later time 
point (this is due to membrane binding further stabilising the secondary structure, see 735-744). 
The C-terminus undergoes a putative disorder-order transition (1056-1068), and shows 
stabilisation at all time points, with rapid exchange in the absence of membranes. Finally, regions 
with limited secondary structure (343-354) show protection at only early timepoints of D2O 
exchange.   
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Fig 5 Source data for experiments comparing WT and different c-terminal mutants  

A. The #D difference in deuterium incorporation for p110α and p85α in between WT and the 
indicated p110α  mutant or deletion with error as SD (n=3). Peptides in p110α and p85α that 
showed significant differences in HDX are colored in red (greater than 0.4 Da and 5% difference 
at any timepoint, with a two tailed t-test p<0.01). Peptide graphs for HDX differences between WT 
and mutants showing changes in both p110α and p85α B-C. % D graphs for a selection of 
peptides showing significant differences between and WT and mutants.  
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A. Fig 6. Addition of pY leads to increased exposure in the kinase domain.  
B. A-C. HDX-MS comparing basal and pY activated states of (A) WT (B) H1047R and (C) the 

ΔC-terminus. The differences with H1047R were mapped onto p110α/iSH2-nSh2 (PDB: 
3HHM) and cSH2 (2Y3A). The differences between WT and ΔCter were mapped onto 
p110α/iSH2-nSH2 (PDB: 4OVU) and nSH2 (2Y3A)  

C. D-F. The #D difference in deuterium incorporation for p110α and p85α upon pY binding for 
the indicated p110α mutant or deletion with error as SD (n=3). Peptides in p110α and p85α 
that showed significant differences in HDX are colored in red (greater than 0.4 Da and 5% 
difference at any timepoint, with a two tailed t-test p<0.01).  

D. G. %D graphs for a selection of peptides with differences in exchange. Note that the intrinsic 
exchange rate of different regions explains some of the differences in H/D exchange seen 
upon pY binding. Regions with stable secondary structure in the absence of pY are protected 
primarily at later time points (this is due to pY binding further stabilising the secondary 
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structure, see 1014-1021). Regions with less stable secondary structure show changes 
throughout the time course (see peptide 444-475). 

 

 

Fig 7. Source data for experiments involving apo vs PKC treated p110γ 

E. Gel filtration trace for purified p110γ apo and PKCβ treated p110γ 
B and C. Extracted ion traces for S582 and S594/595 peptides for p110γ  D. Ratio of the intensity 
of extracted ion traces for S594/S595 from p110γ/p101 and p110γ/p84 samples treated with 
increasing concentration of PKCβ. E. % D graphs for a selection of peptides showing significant 
differences between apo and phosphorylated p110γ. F. The #D difference in deuterium 
incorporation for p110γ in between apo and phosphorylated state with error as SD (n=3). Peptides 
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in p110γ that showed significant differences in HDX are colored in red (greater than 0.4 Da and 
5% difference at any timepoint, with a two tailed t-test p<0.01).  

 


