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Abstract 

 
Cells transduce signals from the external environment to the inside through phosphatidylinositol-3,4,5-

phosphate (PIP3), a major signaling lipid on the plasma membrane. PIP3 is generated by the action of a family of 

lipid kinases called Class I phosphoinositide 3-kinases (PI3Ks) and controls an array of essential cellular functions 

including growth, proliferation, survival, metabolism and cytoskeletal architecture. PI3Ks are large heterodimeric 

complexes composed of a catalytic p110 subunit and a regulatory subunit. Crucial to healthy PIP3 production is the 

interpretation of diverse activating inputs arising from signaling proteins on the membrane by these subunits. A 

member of the PI3K family, PI3Kg is a master regulator of immune functions with therapeutic implications in 

cancer immunity and inflammatory disease. PI3Kg is distinct from other well studied PI3Ks due to the presence of 

unique regulatory mechanisms that control its ability to integrate signals from G-protein coupled receptors, small 

GTPases, immunoglobulin receptors and toll-like receptors. However, unlike the other well characterized PI3Ks, 

there are significant gaps in understanding of the molecular details of these mechanisms and how regulatory 

processes are translated into functions elicited by PI3Kg in its unique milieu within the immune system.  

To understand PI3Kg regulation, I utilized a synergy of cutting-edge approaches including protein 

biochemistry, X-ray crystallography, cryo-electron microscopy and hydrogen-deuterium exchange mass 

spectrometry to elucidate the unique regulatory features within its catalytic and regulatory subunits and how these 

features are disrupted in disease. These studies significantly advanced our understanding of how this enzyme 

functions and provided novel avenues for potentially targeting the enzyme better in therapy. This dissertation will 

consist of an introduction chapter summarizing PI3Kg regulation and its role in disease, followed by three data 

chapters investigating previously uncharacterized regulatory mechanisms that control its function and how these 

mechanisms are implicated in disease. These data chapters are followed by a final chapter describing conclusions 

and future directions. 

In summary, the work presented in this thesis provides novel insights into the unique regulatory features in 

the catalytic and regulatory subunits of PI3Kg that mediate its stimulation by upstream activating partners and the 

mechanisms by which these features are disrupted in disease. Further, these studies have facilitated the effective 

characterization of potent molecules that can specifically target PI3Kg in disease. Altogether, the findings of this 

dissertation constitute a major advancement in our understanding of PI3K regulation.  
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Chapter 1: Phosphoinositide-3-kinase g (PI3Kg) in signaling and disease 

 

Partially adapted from: 

       Rathinaswamy, M.K. and Burke, J.E. (2020). Class I phosphoinositide-3-kinase (PI3K) regulatory subunits 

and their roles in signaling and disease. Advances in Biological Regulation 75, 100657. 

 

1.1 Abstract 

Phosphoinositide-3-kinase g (PI3Kg) is a master regulator of immune function with major therapeutic 

implications in inflammation, immunodeficiency and tumor immunity. PI3Kg belongs to a family of heterodimeric 

lipid kinases called class I phosphoinositide-3-kinases (PI3Ks) which regulate crucial physiological processes 

including proliferation, growth, metabolism, survival, immunity and cytoskeletal architecture. Critical to PI3K 

function is the ability of all members to be activated by diverse stimulatory signals originating from major receptors 

and membrane-localized signaling proteins. PI3Kg is uniquely positioned in the family due to the presence of 

regulatory mechanisms that are distinct from other class I PI3K members. These mechanisms confer upon PI3Kg, 

the ability to receive signals from activators such as G-protein coupled receptors (GPCRs) and control immune cell 

migration and produce inflammatory signals. However, unlike other class I PI3K members, the regulatory features 

of PI3Kg are poorly understood. Mutations disrupting these features are seen in diseases including cancer and 

immunodeficiency. Therefore, understanding PI3Kg regulation is essential in deciphering its roles in cellular 

function and disease. 

 

1.2 Phosphatidylinositol-3,4,5-trisphophosphate (PIP3) as a signaling molecule 

A cell’s growth and survival is dependent on cues received from its environment. These cues are received 

by molecules on the plasma membrane (PM) and are transduced inwards to elicit the necessary responses. Lipids in 

the PM are essential members of this process owing to their location at the interface between the cytoplasm and the 

external environment. One such molecule is the phospholipid, phosphatidylinositol-3,4,5-trisphosphate (PIP3). PIP3 

belongs to a family of lipids called phosphoinositides (PIs) which contain an inositol head group and a 

diacylglycerol tail bridged by a phosphodiester linkage (Figure 1.1A) (1). The inositol can be phosphorylated at the 
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3’, 4’ and 5’ positions, leading to the production of seven distinct phosphoinositide species. These lipids line various 

cellular compartments and control a multitude of physiological processes including growth, metabolism and 

membrane trafficking. Phosphoinositides are able to perform these functions by recruiting proteins containing 

domains that recognize these lipids, eventually leading to their activation and transduction of signals.  

Extracellular signals received by receptors such as Receptor Tyrosine Kinases (RTKs) and G-Protein 

coupled receptors (GPCRs) lead to the production of PIP3 which controls cell division, growth, metabolism, motility 

and the cytoskeleton. PIP3 was first identified in neutrophils activated by formyl peptide and leukotriene B4 (2). This 

resulted in actin polymerization, increase in intracellular calcium and production of reactive oxides independent of 

the then canonical protein kinase C (PKC) pathway. Chromatographic analysis showed a transient increase in a 

novel phospholipid which was identified to be PIP3. Concurrently, a PI-kinase was found to phosphorylate the 

inositol head group at the third position in fibroblasts stimulated by platelet-derived growth factor (PDGF) or 

transformed with the polyomavirus middle T antigen and was later found to produce PIP3 (3,4). In response to PDGF 

receptor activation, a burst of PIP3 production was observed in neutrophils immediately followed by the removal of 

phosphates and return to negligible basal levels. This showed that kinases and phosphatases work in concert to keep 

PIP3 levels under tight control to ensure proper signaling. The most well studied of the PIP3 phosphatases is the 

tumor suppressor PTEN which hydrolyzes the 3’ phosphate giving rise to phosphatidylinositol-4,5-bisphosphate or 

PIP2 (Figure 1.1A). PIP3 can also be converted to phosphatidylinositol-3,4-bisphosphate by the action of 5’ 

phosphatases, SHIP/INPP5 (5,6). 

PIP3 generated at the plasma membrane serves as a docking point for numerous downstream effectors 

(Figure 1.1B) (7). The most well studied of the PIP3 effectors is protein kinase Akt, which recognizes PIP3 through 

its pleckstrin homology (PH) domain. Akt is locked in an autoinhibited state by contacts between the PH and kinase 

domains. The binding of the PH domain to PIP3 and phosphorylation of the kinase domain by phosphoinositide 

dependent kinase 1 (PDK1) and mammalian target of rapamycin (mTOR) complex 2 relieves the inhibition and 

activates Akt (8–10). Additionally, PDK1 also contains a PH domain and is recruited to the membrane by PIP3 

serving as a coincidence signal in the activation of the Akt pathway. Akt phosphorylates numerous targets including 

mTOR complex 1 inhibiting tuberous sclerosis complex 2 (TSC2), glycogen synthase kinase 3b (GSK3b) and 

FOXO family transcription factors, which control cellular processes associated with growth, survival and 
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metabolism.  Other PIP3 effectors are Guanine Nucleotide Exchange factors (P-Rex1, Vav), GTPase activating 

proteins (ARAP3) and cytoskeletal proteins (WAVE2) which regulate movement and structural integrity (1,11). 

 

 

Figure 1.1. Class I PI3Ks generate PIP3 which controls essential cellular functions (A) Class I PI3Ks generate 
the signaling lipid PIP3 at the plasma membrane (PM) by phosphorylating the 3’ position on the inositol ring in the 
head group of PIP2. PIP3 is converted back to PIP2 by the action of phosphatase PTEN. (B) PIP3 activates 
downstream effectors by recruiting them to the plasma membrane. These effectors elicit numerous essential 
physiological functions. 
 

1.3 Class I Phosphoinositide-3-Kinases (PI3Ks) 

PIP3 is generated by the phosphorylation of the 3’ hydroxyl group on the inositol head group of  

phosphatidylinositol-4,5-bisphosphate (PIP2) through the action of enzymes called class I phosphoinositide-3 

kinases (PI3Ks) (Figure 1.1A). Class I PI3Ks are heterodimeric protein complexes composed of a catalytic p110 

subunit and a regulatory subunit. Most multicellular animals possess four p110 isoforms, p110a, p110b, p110g and 

p110d encoded by the PIK3CA, PIK3CB, PIK3CG and PIK3CD genes, respectively (12). These isoforms assemble 

with different regulatory subunits which subdivides the family into two groups- Class IA and Class IB PI3Ks 

(Figure 1.2). The Class IA p110 isoforms, p110a, p110b and p110d interact with a p85 or p85-like regulatory 

subunit (encoded by the PIK3R1, PIK3R2 and PIK3R3 genes) while the Class IB p110 isoform, p110g binds to one 

of two regulatory subunits-p101 (encoded by the PIK3R5 gene) or p84/p87 (encoded by the PIK3R6 gene). All 

p110s share a common organization composed of four well characterized domains- Ras binding domain (RBD), C2 

domain, helical domain and a bilobal kinase domain which is homologous to that of other lipid kinases (Figure 
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1.2A+C) (13,14). The class IA p110s also possess a ubiquitin-like adaptor binding domain (ABD) at the N-terminus. 

The different p110 isoforms have quite distinct expression patterns in human cells and tissues. While p110a and 

p110b are ubiquitously expressed, p110d and p110g are highly expressed in immune cells and a few select tissues 

such as neurons and the heart (15–18). 

The regulation of PI3K activity and subsequent PIP3 production is driven by the interplay between two 

phenomena- signals arising from upstream activating stimuli and the interpretation of these signals by the PI3K 

catalytic and regulatory components. PI3Ks are recruited to the membrane directly by inputs from three major 

families of signaling proteins- Ras superfamily of small GTPases, GPCRs and RTKs (Figure 1.2B+D) (19,20). 

Activated small GTPases bind to the Ras-binding domain of all p110s and enhances membrane recruitment (21–24). 

The p110a, p110d, and p110g isoforms are activated by Ras subfamily proteins while p110b is activated by 

members of the Rho GTPase subfamily (25). GPCR activation of PI3K is mediated by the Gbg subunits which can 

bind and activate both p110b and p110g (26,27). All class IA PI3Ks are able to be recruited and activated at the 

membrane by phosphorylated tyrosines on RTKs and their adaptor proteins (28). This diversity in the ability of 

various PI3K isoforms to differentially sense signaling inputs is key to their broad and physiologically crucial roles. 

In mammals, the class IA catalytic subunits p110a, p110b, p110d interact with five regulatory proteins 

which are encoded by three genes, PIK3R1, PIK3R2 and PIK3R3, broadly classified as p85s. PIK3R1 can give rise 

to p85a and two splice variants- p50a and p55a, while PIK3R2 and PIK3R3 encode p85b and p55g respectively. 

All five p85 family proteins contain two Src homology domains (called nSH2 and cSH2) separated by a coiled-coil 

inter-SH2 domain (iSH2) (Figure 1.2A). The p85a and p85b proteins have two additional domains at the N-

terminus of the SH2 domains- an SH3 domain and a Bcr Homology (BH) domain. The complex between the p110 

subunits of class IA PI3Ks and regulatory subunits is mediated by the extremely tight interaction between the ABD 

domain of p110 and the iSH2 coiled coil of the regulatory subunits. The interaction with regulatory subunits 

mediates three key functions, stabilizing p110 subunits, inhibiting activity, and allowing for activation downstream 

of phosphorylated receptors and adaptors (29,30). Mediating the activation downstream of RTKs are the two SH2 

domains, which are binders of phosphorylated tyrosine (pYXXM) motifs. Such motifs exist on membrane receptors 

(Insulin receptor, Platelet-derived growth factor receptor, etc.) and their adaptors (Insulin Receptor Substrate 1). The 

SH2 domains mediate the inhibition of p110 through a number of reversible inhibitory interactions. These 

interactions exist between the nSH2 and C2 and the helical and kinase domains of all class IA p110s and between 
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the cSH2 and the C-lobe of the kinase domains of p110b and p110d (31–33). The cSH2 does not bind to p110a due 

to a loop extension that disrupts this interface. The iSH2 also forms inhibitory contacts with C2 domains of all p110 

subunits, with this interface proposed to be slightly weaker for the p110b isoform (34). The binding of nSH2 and 

cSH2 domains to the phosphotyrosines on RTKs and RTK adaptors relieves these reversible inhibitory contacts and 

leads to PI3K activation (35). 

 

 

Figure 1.2. Class I PI3Ks are heterodimeric complexes that integrate diverse signaling inputs (A) Domain 
architecture of class IA catalytic and regulatory subunits (B) Schematic showing activating inputs into class IA 
PI3Ks. All class IA PI3Ks are activated by RTKs and Ras. PI3Kb is also activated by GPCR subunit, Gbg (C) 
Domain architecture of class IB catalytic and regulatory subunits (D) Schematic showing activating inputs into class 
IB PI3Ks. Both PI3Kg complexes are activated by Ras and Gbg. p110g/p101 is more sensitive to Gbg over 
p110g/p84. p110g/p84 is selectively activated by PKC while p110g/p101 is activated by Rab8 downstream of TLRs 
by an unknown mechanism. 
 
 
 
1.4 Phosphoinositide-3-Kinase g (PI3Kg) 

The primary focus of this thesis, the class IB PI3K PI3Kg, is a group of two heterodimeric complexes 

formed by the catalytic p110g subunit and one of either p101 or p84 regulatory subunits. p110g was first identified 

in myeloid cells and platelets as a GPCR activated PI3K that did not bind p85 (27,36,37). p110g is encoded by the 



 6 

PIK3CG gene found on chromosome 7 in humans. The structure of a p110g fragment showed that it possessed a 

similar domain organization to class IA p110s composed of the RBD, C2, helical and kinase domains (Figure 1.2C) 

(14). From sequence analysis, the N-terminus of p110g appears to possess a domain similar to the ABD but with 

limited conservation (13-16% identity). PIP3 generated by p110g plays important roles in the functioning of immune 

cells of both the myeloid (macrophages, mast cells and neutrophils) and lymphoid (T cells, B cells and Natural 

Killer cells) lineages. Critical to p110g functioning is the ability of the enzyme to be activated by numerous 

stimulating partners including Ras, GPCRs, RTKs, IgE/Antigen receptors and Toll-like receptors (TLRs).  

Ras is a group of membrane localized proteins that cycles between an active GTP bound form and an 

inactive GDP bound form. In its active form, the switch I and switch II domains of Ras become ordered by GTP and 

it is able to activate a number of downstream effectors including Raf kinase and class I PI3Ks which are essential in 

cell growth, survival and proliferation. Consequently, genes encoding the Ras family proteins are the most frequent 

sites of oncogenic mutations. Similar to other class I p110s, the RBD of p110g mediates activation by the small 

GTPase Ras (Figure 1.2D). A crystal structure of the p110g fragment with Ras-GTP provided the first insight into 

molecular details of the Ras-RBD interaction. This study showed that Ras uniquely contacts PI3Ks through its 

switch II unlike its interactions with other effectors which are mediated by the switch I. Corroborating this are 

covalent Ras inhibitors targeting switch II which inhibit PI3K activation without affecting Raf binding (38). From 

the crystal structure, it was initially proposed that Ras could induce conformational changes in the kinase domain. 

However, hydrogen deuterium exchange and single molecule studies have since shown that it activates PI3Ks by 

enhancing membrane recruitment, consistent with the inability of soluble Ras to mediate activation (21,24). Mice 

with knock-in mutations in the RBD (p110gDASAA) that render p110g insensitive to Ras activation showed 

diminished reactive oxide production from neutrophils highlighting the importance of Ras in p110g function in vivo 

(39,40). In addition to Ras, the RBD of p110g has been proposed to mediate activation by another small GTPase 

Rab8a, downstream of the TLR4 receptors in macrophages (41). 

Concurrently with Ras, p110g is also capable of directly interacting with the Gbg subunit of GPCRs (Figure 

1.2D). GPCRs are a large family of membrane receptors which control an array of important cellular roles including 

sensory perception, circulation, immunity and hormonal response. The binding of a GPCR agonist to the receptor 

results in the activation of the associated Ga GTPase which breaks its interaction with the Gbg subunit (42). Gbg is a 
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heterodimeric complex comprised of b-propeller Gb subunit and a lipidated small helical Gg subunit. It can activate 

p110g and p110b by recruiting these PI3Ks to the membrane. Hydrogen-deuterium exchange mass spectrometry 

(HDX-MS) studies have shown that the binding of Gbg to p110g is dependent on the orientation of the linker 

connecting the C2 and helical domains (43). Mutations in basic residues at the end of the linker (RK552DD) 

diminished p110g activation substantially when neutrophils were stimulated by GPCR agonists (44).  In addition to 

the Gbg binding site on p110g, activation by GPCRs in vivo is highly dependent on the association of the catalytic 

subunit with regulatory subunits. p110g associates with one of two class IB adaptor subunits, p101 or p84/p87 (referred 

to as p84 for the rest of the text). These regulatory subunits are thought to arise from a gene duplication event in jawed 

vertebrates (12). Among the class IB PI3Ks, p84 has a more widespread expression while that of p101 is restricted to 

myeloid cells (45). The highest expression of PI3Kg is observed in immune tissues and cardiac muscle where the two 

regulatory subunits exhibit varying degrees of redundancy. The p101 and p84 proteins exhibit a sequence similarity 

of ~40% and their domain architecture is unknown. Unlike p85 which inhibits the class IA PI3Ks in the absence of 

RTK activation, the regulatory partners of p110g do not inhibit kinase activity but instead potentiate activating signals.  

 

p101 

p101 (PIK3R5) was discovered in porcine neutrophils where it was found that the activation of p110g by 

GPCR subunit Gbg was increased by more than 100-fold by association with a 101 kDa protein (46). Biochemical 

experiments have shown that downstream of GPCRs, the class IB heterodimer comprising p101 is significantly more 

activated by Gbg subunits than that containing p84 (Figure 1.2D) (43). HDX-MS experiments have indicated that the 

C-terminus of p101 provides an additional Gbg site, driving the enhanced stimulation of p110g/p101 by GPCRs. It is 

unknown if one Gbg is able to engage both binding sites or if each site binds to a Gbg molecule.  

The physiological role of p101 was best characterized in neutrophils where it is highly expressed, with mouse 

neutrophils lacking p101 exhibiting a 50% reduction in PIP3 accumulation in response to the GPCR agonist fMLP 

(39). These neutrophils exhibit reduced chemotaxis in response to accumulation which was attributed to defects in F-

actin polymerization.  In macrophages, knockdown of p101 results in reduced V-CAM1 mediated adhesion in 

response to GPCR activating chemokines IL-8 and SDF-1a (47). Stimulation by these chemokines resulted in 

increased membrane translocation of p110g/p101 but not p110g/p84 further providing evidence for the role of p101 in 
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stimulation of PI3Kg downstream of GPCRs. There is also evidence that the p110g/p101 complex is preferentially 

activated by Rab8a downstream of toll like receptors (TLR) through an unknown mechanism (41,48).   

 

p84 

p84 (encoded by PIK3R6) was first identified in the mouse genome by sequence similarity to p101, on 

chromosome 11 in mouse just downstream of PIK3R5 (49) . The p84 regulatory subunit is considered to be a part of 

a constitutively expressed form of PI3Kg with high levels of expression in leukocytes, endothelial cells and the heart 

(45).  HDX-MS experiments indicated that the primary interface of p84 on p110g is the C2-helical linker and helical 

domain (50). The p84 subunit still facilitates stimulation by GPCRs, but to a much lower extent than p101 (Figure 

1.2D) (51). Studies in HEK cells expressing p110g/p84 showed that Ras is necessary for complete activation of the 

complex by fMLP (51). Macrophages require p84 for proper adhesion when stimulated by agonists of RTKs such as 

IL-1b, IL-6, CSF-1, VEGF-A and TNFa. This is thought to happen through the activation of Ras by RTKs and 

subsequent activation of p110g/p84 (47). 

      In neutrophils, p84 has been shown to mediate reactive oxide production in response to fMLP, C5a and LTB4 (39). 

Mast cells require p84 for antigen- and IgE induced degranulation mediated by adenosine, a GPCR agonist (52). 

Interestingly, it was later found that GPCRs do not stimulate a considerable portion of this degranulation response. 

Instead, the influx of calcium ions and the subsequent activation of PKCb has been shown to stimulate p110g. PKCb 

phosphorylates p110g on S582,  and this is thought to displace the p84 from the complex activating p110g by a 

mechanism that is not entirely clear (50). In cardiomyocytes, p84 has been shown to mediate contractility downstream 

of the b-adrenergic receptor (b-AR). This is reported to happen through binding of p84 to protein kinase A which 

phosphorylates T1024 on p110g. This inhibitory modification subsequently reduces p110g activity which serves to 

downregulate the internalization of b-AR (18). p110g/p84 has also been proposed to control PKA activation through 

an interaction with phosphodiesterase 3B (PDE3B) which lowers cyclic AMP levels in cardiac muscle cells (53). p84 

knockout mice subjected to transverse aortic constriction exhibited higher rates of cardiac failure and cardiac function 

improved upon inhibition of PI3Kg (18).  
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Despite this wealth of research on PI3Kg, key fundamental questions still remain. Why does p110g require 

activating signals despite the lack of inhibitory regulatory subunits? How do p101 and p84 stimulate GPCR activation 

of p110g? Biochemical and structural studies answering these questions are required to better understand PI3Kg 

functioning in vivo. Further underscoring the need for such studies on PI3Kg is its emergence as a therapeutic target 

in disease. 

 

1.5 PI3Kg in disease 

Given the essential cellular roles of PIP3, it is no surprise that all class I PI3Ks are implicated in human 

disease. This is most evident by the high frequency of hotspot somatic activating mutations found in PIK3CA 

(encoding for p110a) in multiple human cancers. p110g is also involved in cancers with overexpression of PIK3CG 

emerging as a driving feature in pancreatic ductal adenocarcinoma (PDAC) (54–56). Downregulation of p110g was 

found to arrest proliferation of hepatocellular carcinoma (57), while increased expression of p110g was found to 

promote metastasis in triple negative breast cancer  (58). In addition to p110g overexpression, mutations in PIK3CG 

have also been found in numerous cancers (59–61), albeit to a lesser extent compared to p110a (1739 for PIK3CG 

versus 17359 for PIK3CA on the COSMIC database). A PIK3CG mutation was found to be one of the top drivers of 

cancer progression in a study annotating somatic mutations in pancreatic cancer (62). These oncogenic mutations are 

found throughout the primary sequence of p110g and their effects on kinase activity and regulation cannot be 

ascertained from the existing structure of the catalytic subunit fragment. The mechanisms by which PI3Kg promotes 

proliferation and cancer progression are not entirely clear. There is evidence for p110g acting as a suppressor of 

cancer immune response in tumor associated macrophages (TAMs) (Figure 1.3A) (63). p110g was found to be 

highly expressed in metastatic breast cancer cells but not in the adjacent benign cells. These benign cells underwent 

metastatic transformation when the enzyme was overexpressed indicating a potential role for PI3Kg in cancer cell 

migration (64). Additionally, PI3Kg has been found to be a key player in endothelial cell migration (65) and could 

hence potentially promote angiogenesis at the tumor site.  
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Figure 1.3. PI3Kg is involved in cancer and inflammatory disease (A) PI3Kg activity in tumor associated 
macrophages and myeloid cells blocks recruitment of cytotoxic T lymphocytes to the tumor site. PI3Kg can also 
influence tumor angiogenesis by promoting endothelial cell migration. (B) P3Kg is involved in inflammation by 
promoting cytokine production from immune cells.  
 

In addition to cancer, PI3Kg is also an important player in inflammatory disease, owing to its ability to 

promote immune cell migration and cytokine production (Figure 1.3B). Knockout of p110g was found to be 

protective in mice models of rheumatoid arthritis (66). p110g-/- mice are protected from obesity-related adipose 

tissue inflammation and development of insulin resistance (67). p110g inhibition extended life span of mice with 

lupus (68).  Targeting p110g has also been shown to reduce mast cell recruitment and degranulation, protecting 

against allergy and anaphylaxis (69).  p110g inhibition is also proposed to be beneficial in asthma, pulmonary 

fibrosis, cystic fibrosis and respiratory infection (70). Finally, mutations inactivating p110g kinase activity have 

been shown to protect mice against cardiac muscle damage (71). 

 Given the toxicity of pan-PI3K ATP competitive inhibitors, the limited expression profile of PI3Kg makes 

it an attractive target in therapy particularly in cancer, leading to a push for development of p110g-specific 

inhibitors. IPI-549, a recently developed inhibitor with >100-fold selectivity for p110g over other p110 isoforms is 

currently in clinical trials in solid tumors for use as an immune modulator in conjunction with checkpoint inhibitors 

(72). IPI-145, a dual p110g/d-specific inhibitor has been shown to improve antitumor efficacy of adoptively 

transferred T-cells (73). Dual g/d inhibitors are also in clinical development for asthma and chronic obstructive 

pulmonary disease (COPD) (70).  Targeting p110g is not without its adverse effects as p110g ablation in certain 

dietary settings can induce hepatic damage (56). Bi-allelic mutations that inactivate p110g kinase activity have been 
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shown to cause immunodeficiency (74). p110g inhibitors do not discriminate between the PI3Kg complexes. Hence, 

studies on the regulatory subunits could potentially uncover novel strategies for targeting specific PI3Kg complexes 

in therapy and prevent these adverse effects.   

 

1.6 Research Objectives 

PI3Kg is a major regulator of immune function with clinical implications in cancer and inflammatory 

disease. Our understanding of its functional roles in both normal and disease states have been hampered by the lack 

of information on the regulatory features that control the activity of the p110g kinase. Defining these features will 

bridge the knowledge gap between regulation and cellular function and will expand our understanding of how 

disease-linked mutations alter PI3Kg activity. These studies can also potentially uncover novel ways to target 

specific PI3Kg complexes in disease, bypassing the adverse effects of ATP-competitive p110g inhibitors. In line 

with this, this thesis aims to address the following questions: 

1. What is molecular basis for the regulation of p110g by the regulatory C-terminal motif and how 

do disease related mutations disrupt this motif? 

2. How can we target the activation of specific PI3Kg complexes by nanobodies?  

3. How does the p101 regulatory subunit assemble with p110g and regulate activation downstream 

of GPCRs? 

To answer these questions, a synergy of cutting edge biochemical, biophysical and structural tools 

including HDX-MS, X-ray crystallography, cryo-electron microscopy (cryoEM) and single molecule microscopy 

was employed to study the regulation of PI3Kg. The data presented in this thesis has provided valuable insight into 

the regulation of p110g and the molecular basis for regulation by p101 in addition to developing tools for studying 

the activation of specific PI3Kg complexes in vivo. Notably, this work resulted in the first structural characterization 

of a heterodimeric PI3Kg complex. Overall, the studies presented in this thesis provide fundamental insights into 

how PI3Kg elicits its cellular roles besides offering novel avenues to inhibit the enzyme in disease.   

 

 

 



 12 

Chapter 2: The regulatory C-terminal motif in p110g and its implications in 

disease and inhibition 

 

Adapted from: 

       Rathinaswamy, M.K., Gaieb, Z., Fleming, K.D., Borsari, C., Harris, N.J., Moeller, B.J., Wymann, M.P., 

Amaro, R.E., and Burke, J.E. (2021). Disease related mutations in PI3Kγ disrupt regulatory C-terminal 

dynamics and reveal a path to selective inhibitors. Elife 10. 

 

Contributions: 

Myself: Cloning, expression and purification of all proteins, kinase assays, HDX-MS and crystallography. 

Kaelin Fleming/Brandon Moeller: Assistance with HDX-MS. Noah Harris: Assistance with crystallography. 

 

2.1     Abstract 

Class I Phosphoinositide 3-kinases (PI3Ks) are master regulators of cellular functions, with the class IB PI3K 

catalytic subunit (p110g) playing key roles in immune signaling. p110g is a key factor in inflammatory diseases, and 

has been identified as a therapeutic target for cancers due to its immunomodulatory role. Using a combined 

biochemical/biophysical approach, we have revealed insight into regulation of kinase activity, specifically defining 

how immunodeficiency and oncogenic mutations of R1021 in the C-terminus can inactivate or activate enzyme 

activity. Screening of inhibitors using HDX-MS revealed that activation loop-binding inhibitors induce allosteric 

conformational changes that mimic those in the R1021C mutant. Structural analysis of advanced PI3K inhibitors in 

clinical development revealed novel binding pockets that can be exploited for further therapeutic development. 

Overall, this work provides unique insights into regulatory mechanisms that control PI3Kg kinase activity, and shows 

a framework for the design of PI3K isoform and mutant selective inhibitors.  
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2.2     Introduction 

The class IB p110g isoform encoded by PIK3CG is a master regulator of immune cell function. It carries out 

almost all of its physiological functions in the cell when bound to regulatory subunits, with these complexes frequently 

referred to as PI3Kg (which can be either p110g/p101 or p110g/p84). PI3Kg plays important roles in the regulation of 

myeloid (macrophages, mast cells, neutrophils) and lymphoid (T cells, B cells, and Natural Killer cells) -derived 

immune cells (66,71,75). It regulates immune cell chemotaxis (75–77), cytokine release (69,78), and generation of 

reactive oxygen species (75), which are important processes in both the innate and adaptive immune systems. The 

ability of PI3Kg to mediate multiple immune cell functions is controlled by its activation downstream of numerous 

cell surface receptors, including G-protein coupled receptors (GPCRs) (79), the IgE/Antigen receptor (78), receptor 

tyrosine kinases (RTKs) (80), and the Toll-like receptors (TLRs) (81,82). Activation of PI3Kg downstream of these 

stimuli are potentiated by their p84 and p101 regulatory subunits (82–86). In mouse models, loss of PI3Kg either 

genetically or pharmacologically is protective in multiple inflammatory diseases including cardiovascular disease 

(71), arthritis (66), Lupus (68), asthma (69), pulmonary inflammation and fibrosis (87,88), and metabolic syndrome 

(67). PI3Kg is also a driver of pancreatic ductal adenocarcinoma progression through immunomodulatory effects (89), 

and targeting PI3Kg in the immune system in combination with checkpoint inhibitors has shown promise in 

experimental cancer therapy (63,90).  

Extensive biophysical and biochemical assays have identified many of the molecular mechanisms underlying 

PI3Kg regulation. The p110g enzyme is composed of five domains, a putative uncharacterized adaptor binding domain 

(ABD), a Ras binding domain (RBD), a C2 domain, a helical domain, and a bi-lobal lipid kinase domain (91) (Figure 

2.1A). PI3Kg activation is primarily mediated by Gbg subunits downstream of GPCR signaling, through a direct 

interaction of Gbg with the C2-helical linker of p110g (86). Activation of PI3Kg by Gbg requires a secondary 

interaction between Gbg and regulatory subunits for physiologically relevant activation (85), with the free p110g 

subunit having no detectable activation downstream of GPCR activation in cells (92). In addition, PI3Kg activation 

can be facilitated by Ras GTPases interacting with the RBD of p110g (93), with the same interface also putatively 

mediating activation by Rab8 (81). Experiments exploring a novel type II-like kinase inhibitor that targets an active 

conformation of PI3Kg revealed novel molecular aspects of regulation involving the C-terminal regulatory motif of 

the kinase domain, which is composed of the ka7, 8, 9, 10, 11, 12 helices that surround the activation loop, and keep 
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the enzyme in an inhibited state (94) (Figure 2.1B). The ka10, ka11, and ka12 helices are sometimes referred to as 

the regulatory arch (95). Inhibition mediated by the C-terminal regulatory motif is conserved through all class I PI3Ks, 

although for all other isoforms, this inhibited conformation requires interactions with a p85 regulatory subunit (Figure 

2.1E+F) (96). The activation of all class I PI3Ks is proposed to require a conformational change in the regulatory 

motif leading to a reorientation of the C-terminus to a conformation that is compatible with membrane binding (Figure 

2.1G). The p110g catalytic subunit is unique in that it maintains an inactive conformation in the absence of regulatory 

subunits. This conformation is proposed to be maintained by a Tryptophan lock, where W1080 maintains a closed 

conformation of the membrane binding C-terminal ka12 helix, leading to an inactive conformation of the activation 

loop (94) (Figure 2.1B+D).  

Disruption of PI3K signaling by either activating or inactivating mutations and deletions are involved in 

multiple human diseases. Overexpression of any activated class I PI3K isoform can lead to oncogenic transformation 

(97), although p110a is the most frequently mutated in human disease. Activating p110a mutations are linked to both 

cancer (98,99) and overgrowth disorders (100), while activating p110d mutations are linked to primary immuno-

deficiencies (101–103). A high proportion of these activating mutations cluster to the C-terminal regulatory motif of 

the p110 catalytic subunits. Multiple p110g mutations have been identified in cancer patients (104–106), although at 

a lower frequency than p110a mutations. It would be expected that these mutations are activating, although this has 

not been fully explored. Intriguingly, p110g loss of function mutations in the C-terminal regulatory motif (R1021P, 

N1085S) have been identified in patients with immunodeficiencies (106,107) (Figure 2.1B). PI3K mediated diseases 

being caused by both activating and inactivating mutations highlights the critical role of maintaining appropriate PIP3 

levels for human health.  
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Figure 2.1. PI3Kg contains a C-terminal regulatory motif which is reorganized upon membrane binding. (A) 
Domain architecture of p110g (PDB ID: 6AUD) (108), with the domain schematic shown beneath. (B) Model of the 
C-terminal regulatory motif of the kinase domain of p110g. The helices that make up the regulatory motif, which 
includes the regulatory arch (ka10, 11,12) and those that pack against them (ka7, 8, 9) are highlighted in green both 
in the structural model and cartoon schematic. (C) Alignment of residues around R1021 in p110g with class IA p110 
isoforms. (D) A close up of the W1080 ‘Tryptophan lock’ interaction with ka7 and the ka4-ka5 loop which maintains 
an inhibited conformation is shown, as well as the interaction of the R1021 residue with residues on the ka10-ka11 
loop.  (E) A structural model comparing the architecture of the C-terminal regulatory motif in PIK3CG (PI3Kg, PDB: 
6AUD (108)), PIK3CA (PI3Ka, PDB: 4JPS (109)), PIK3CB (PI3Kb, PDB: 2Y3A (110)). The activation loop is 
shown in orange, with the ka12 helix shown in red (not a helix in PI3Ka). The p85 regulatory subunits interacting 
with the motif in PI3Ka and PI3Kb are shown in blue, with the domains of the nSH2, iSH2, and cSH2 annotated on 
the structure. (F) Cartoon model shown in the same format as in Figure 1, highlighting the regulatory motif and its 
interaction with regulatory subunits. (G) Cartoon model highlighting putative conformational changes in the 
regulatory motif required for membrane binding. 
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The involvement of activated PI3K signaling in multiple diseases has motivated class I PI3K inhibitor 

development. There are, however, toxicity effects associated with compounds that target all PI3K isoforms by 

mechanism-based adverse side effects (111), driving the development of isoform selective inhibitors. These efforts 

have led to multiple clinically approved inhibitors of PI3Ka and PI3Kd (112–114). The critical role of PI3Kg in 

inflammation and the tumor microenvironment has stimulated development of PI3Kg specific inhibitors. Two main 

strategies for generating p110g selective ATP-competitive inhibitors have been established: i) targeting p110g specific 

pockets in and around the ATP binding site which are not conserved among p110 isoforms (72,115), and ii) targeting 

selective p110g conformational changes (94). Intriguingly, the conformational selective p110g inhibitors appear to 

target its putatively activated conformation.  

The parallel discovery of disease linked mutations in the C-terminal regulatory motif, and conformational 

selective p110g inhibitors that cause altered dynamics of the C-terminus led us to investigate the underlying molecular 

mechanisms. Using a combined biochemical and biophysical approach, we characterized the dynamic conformational 

changes caused by the loss of function R1021P p110g mutation, as well as a putative oncogenic R1021C p110g 

mutation identified in the Catalogue of Somatic Mutations in Cancer database [COSMIC (106)]. We found that the 

R1021P mutant leads to greatly decreased protein stability, while the activating R1021C mutation leads to localised 

conformational disruption of the regulatory motif at the c-terminus. A screen of a number of PI3Kg selective and pan-

PI3K inhibitors revealed that many of these molecules induced allosteric conformational changes in p110g. A 

combined X-ray crystallography and hydrogen deuterium exchange mass spectrometry (HDX-MS) approach showed 

that inhibitor interactions with the activation loop mediates the allosteric conformational changes. Intriguingly, similar 

conformational changes occurred with the R1021C mutant. The R1021C mutant was also found to be more sensitive 

to inhibition by kinase inhibitors that cause allosteric conformational changes. Overall, this work provides a unique 

insight into how mutations alter PI3Kg regulation, and paves the way to novel strategies for isoform and mutant 

selective PI3K inhibitors. 
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2.3     Materials and Methods 

Expression and Purification of PI3Kg constructs: 

Full length monomeric p110g (WT, R1021C) and p110g/p101 complex (WT, R1021C, R1021P) were 

expressed in Sf9 insect cells using the baculovirus expression system. For the complex, the subunits were co-expressed 

from a MultiBac vector (116). 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. Both the monomer and the complex 

were purified identically through a combination of nickel affinity, streptavidin affinity and size exclusion 

chromatographic techniques. 

Frozen insect cell pellets were resuspended in lysis buffer (20 mM Tris pH 8.0, 100 mM NaCl, 10 mM 

imidazole pH 8.0, 5% glycerol (v/v), 2 mM beta-mercaptoethanol (bME), protease inhibitor (Protease Inhibitor 

Cocktail Set III, Sigma)) and sonicated for 2 minutes (15s on, 15s off, level 4.0, Misonix sonicator 3000). Triton-X 

was added to the lysate to a final concentration of 0.1% and clarified by spinning at 15,000 g for 45 minutes (Beckman 

Coulter JA-20 rotor). The supernatant was 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 bME). 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 bME), 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 bME) and the protein was eluted with 100% NiNTA B. 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 tris(2-carboxyethyl) phosphine (TCEP)). The 

column was washed with the same buffer and loaded with tobacco etch virus protease. After cleavage on the column 

overnight, the protein was eluted in gel filtration buffer. The eluent 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 crystallography, p110g (aas 144-1102) was expressed in Sf9 insect cells for 72 hours. The cell pellet was 

lysed and the lysate was subjected to nickel affinity purification as described above. The eluent was loaded onto 

HiTrapTM Heparin HP cation exchange column equilibrated in Hep A buffer (20 mM Tris pH 8.0, 100 mM NaCl, 5% 
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glycerol and 2 mM bME). A gradient was started with Hep B buffer (20 mM Tris pH 8.0, 1 M NaCl, 5% glycerol and 

2 mM bME) and the fractions containing the peak were pooled. This was then loaded onto HiTrapTM Q HP anion 

exchange column equilibrated with Hep A and again subjected to a gradient with Hep B. The peak fractions were 

pooled, concentrated on 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 (20 mM Tris pH 

7.2, 0.5 mM (NH4)2SO4, 1% ethylene glycol, 0.02% CHAPS and 5 mM DTT). Protein from size exclusion was 

concentrated to >5 mg/mL, aliquoted, frozen and stored at -80oC. 

 

Expression and Purification of lipidated Gβg: 

Full length, lipidated Gβg was expressed in Sf9 insect cells and purified as described previously (117). 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 bME, protease inhibitor (Protease Inhibitor Cocktail 

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 

g 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 

g 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 bME) 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 bME) 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. 
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Expression and Purification of Lipidated HRas G12V: 

 Full-length HRas G12V was expressed by infecting 500 mL of Sf9 cells with 5 mL of baculovirus. Cells 

were harvested after 55 hours of infection and frozen as described above. The frozen cell pellet was resuspended in 

lysis buffer (50 mM HEPES pH 7.5, 100 mM NaCl, 10 mM bME and protease inhibitor (Protease Inhibitor Cocktail 

Set III, Sigma)) and sonicated on ice for 1 minute 30 seconds (15s ON, 15s OFF, power level 4.0) on the Misonix 

sonicator 3000. Triton-X 114 was added to the lysate to a final concentration of 1%, mixed for 10 minutes at 4°C and 

centrifuged at 25,000 rpm for 45 minutes (Beckman Ti-45 rotor). The supernatant was warmed to 37°C for few 

minutes until it turned cloudy following which it was centrifuged at 11,000 rpm at room temperature for 10 minutes 

(Beckman JA-20 rotor) to separate the soluble and detergent-enriched phases. The soluble phase was removed, and 

Triton-X 114 was added to the detergent-enriched phase to a final concentration of 1%. Phase separation was 

performed 3 times. Imidazole pH 8.0 was added to the detergent phase to a final concentration of 15 mM and the 

mixture was incubated with Ni-NTA agarose beads (Qiagen) for 1 hour at 4°C. The beads were washed with 5 column 

volumes of Ras-NiNTA buffer A (20mM Tris pH 8.0, 100mM NaCl, 15mM imidazole pH 8.0, 10mM bME and 0.5% 

Sodium Cholate) and the protein was eluted with 2 column volumes of Ras-NiNTA buffer B (20mM Tris pH 8.0, 

100mM NaCl, 250mM imidazole pH 8.0, 10mM bME and 0.5% Sodium Cholate). The protein was buffer exchanged 

to Ras-NiNTA buffer A using a 10,000 kDa MWCO Amicon concentrator, where protein was concentrated to ~1mL 

and topped up to 15 mL with Ras-NiNTA buffer A and this was repeated a total of 3 times. GTPgS was added in 2-

fold molar excess relative to HRas along with 25 mM EDTA. After incubating for an hour at room temperature, the 

protein was buffer exchanged with phosphatase buffer (32 mM Tris pH 8.0, 200 mM Ammonium Sulphate, 0.1 mM 

ZnCl2, 10 mM bME and 0.5% Sodium Cholate). 1 unit of immobilized calf alkaline phosphatase (Sigma) was added 

per milligram of HRas along with 2-fold excess nucleotide and the mixture was incubated for 1 hour on ice. MgCl2 

was added to a final concentration of 30 mM to lock the bound nucleotide. The immobilized phosphatase was removed 

using a 0.22-micron spin filter (EMD Millipore). The protein was concentrated to less than 1 mL and was 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, 1 mM MgCl2 and 2 mM TCEP).  The protein was concentrated to 1 

mg/mL using a 10,000 kDa MWCO Amicon concentrator, aliquoted, snap-frozen in liquid nitrogen and stored at            

-80°C. 
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Lipid Vesicle Preparation: 

For kinase assays comparing WT and mutant activities, lipid vesicles containing 5% brain 

phosphatidylinositol 4,5- bisphosphate (PIP2), 20% brain phosphatidylserine (PS), 50% egg-yolk 

phosphatidylethanolamine (PE), 10% egg-yolk phosphatidylcholine (PC), 10% cholesterol and 5% egg-yolk 

sphingomyelin (SM) were prepared by mixing the lipids dissolved 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. For inhibitor response assays, lipid vesicles containing 95% PS and 5% C8-PIP2 were used. PS was dried and 

desiccated as described above. The lipid film was mixed and resuspended with C8-PIP2 solution (2.5 mg/mL in lipid 

buffer). Following this, vesicles were essentially prepared the same way as described above. All vesicles were stored 

at 5 mg/mL. 

 

Lipid Kinase assays: 

All lipid kinase activity assays employed the Transcreener ADP2 Fluorescence Intensity (FI) Assay 

(Bellbrook labs) which measures ADP production. For assays comparing the activities of mutants, final concentrations 

of PM-mimic vesicles were 1 mg/mL, ATP was 100 µM ATP and lipidated Gβg/HRas were at 1.5 µM. 2 µL of a PI3K 

solution at 2´ final concentration (50-3000 nM final) was mixed with 2 µL substrate solution containing ATP, vesicles 

and Gβg/HRas or Gβg/HRas gel filtration buffer and the reaction was allowed to proceed for 60 minutes at 20°C. The 

reaction was stopped with 4 µL of 2´ stop and 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 a 0-100% ADP window made using conditions containing either 100 µM ATP/ADP with vesicles 

and kinase buffer. % ATP turnover was interpolated from an ATP standard curve obtained from performing the assay 

on 100 µM (total) ATP/ADP mixtures with increasing concentrations of ADP using Prism 7. All specific activities of 

lipid kinase activity were corrected for the basal ATPase activity by subtracting the specific activity of the WT/mutant 

protein in the absence of vesicles/activators.  
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For assays measuring inhibitor response, substrate solutions containing vesicles, ATP and Gβg at 4´ final 

concentration (as described above) were mixed with 4´ solutions of inhibitor dissolved in lipid buffer (<1% DMSO) 

in serial to obtain 2´ substrate solutions with inhibitors at the various 2´ concentrations. 2 µL of this solution was 

mixed with 2 µL of 2´ protein solution (4 nM final for the mutant and 8 nM final for WT) to start the reaction and 

allowed to proceed for 60 minutes at 37 oC. Following this, the reaction was stopped and the intensity was measured. 

The raw data was normalized against a 0-100% ADP window as described above. The % inhibition was calculated by 

comparison to the activity with no inhibitor to obtain fraction activity remaining.  

 

Hydrogen Deuterium Exchange Mass Spectrometry (HDX-MS): 

HDX experiments were performed similarly as described before (102). For HDX with mutants, 3  µL 

containing 13 picomoles of protein was incubated with 8.25 µL of D2O buffer (20mM HEPES pH 7.5, 100 mM NaCl, 

98% (v/v) D2O) for four different time periods (3, 30, 300, 3000 s at 20 oC). After the appropriate time, the reaction 

was stopped with 57.5 µL of ice-cold quench buffer (2M guanidine, 3% formic acid), immediately snap frozen in 

liquid nitrogen and stored at -80 oC. For HDX with inhibitors, 5 µL of p110g or p110g/p101 at 2 µM was mixed with 

5 µL of inhibitor at 4 µM in 10% DMSO or 5 µL of blank solution containing 10% DMSO and incubated for 20 

minutes on ice. 40 µL of D2O buffer was added to this solution to start the exchange reaction which was allowed to 

proceed for four different time periods (3, 30, 300, 3000 s at 20 oC). After the appropriate time, the reaction was 

terminated with 20 µL of ice-cold quench buffer and the samples were frozen. 

Protein samples were rapidly thawed and injected onto an ultra-high pressure liquid chromatography (UPLC) 

system at 2 °C. Protein was run over two immobilized pepsin columns (Trajan, ProDx protease column, PDX.PP01-

F32 and Applied Biosystems, Porosyme, 2-3131-00) at 10 °C and 2 °C at 200 µl/min for 3 min, and peptides were 

collected onto a VanGuard precolumn trap (Waters). The trap was subsequently eluted in line with an Acquity 1.7-

µm particle, 100 × 1 mm2 C18 UPLC column (Waters), using a gradient of 5–36% B (buffer A, 0.1% formic acid; 

buffer B, 100% acetonitrile) over 16 min. Mass spectrometry experiments were performed on an Impact II TOF 

(Bruker) acquiring over a mass range from 150 to 2200 m/z using an electrospray ionization source operated at a 

temperature of 200 °C and a spray voltage of 4.5 kV. Peptides were identified using data-dependent acquisition 

methods following tandem MS/MS experiments (0.5-s precursor scan from 150–2000 m/z; 12 0.25-s fragment scans 
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from 150–2000 m/z). MS/MS datasets were analyzed using PEAKS7 (PEAKS), and a false discovery rate was set at 

1% using a database of purified proteins and known contaminants. 

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 and presence of 

overlapping peptides. Deuteration levels were calculated using the centroid of the experimental isotope clusters. The 

results for these proteins are presented as the raw percent deuterium incorporation, as shown in Appendix C, with the 

only correction being applied correcting for the deuterium oxide percentage of the buffer utilized in the exchange 

(62% for experiments with mutants and 75.5% for experiments with inhibitors). No corrections for back exchange 

that occurs during the quench and digest/separation were applied. 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.  

 Changes in any peptide at any time point greater than both 5% and 0.4 Da between conditions with a paired 

t test value of p < 0.01 were considered significant. Peptides that crossed these criteria were mapped onto the structures 

in Figures 2.3A+B and 2.4B-D. The raw HDX data are shown in two different formats. The raw peptide deuterium 

incorporation graphs for a selection of peptides with significant differences are shown, with the raw data for all 

analyzed peptides in the appendix. To allow for visualization of differences across all peptides, we utilized number of 

deuteron difference (#D) plots. These plots show the total difference in deuterium incorporation over the entire H/D 

exchange time course, with each point indicating a single peptide. These graphs are calculated by summing the 

differences at every time point for each peptide and propagating the error (example Figure 2.3C-F). This visualization 

was utilized over the similar strategy of graphing differences at each timepoint separately as it allowed for the display 

of multiple comparisons on the same graph (example Figure 2.4A). The mass spectrometry proteomics data have been 

deposited to the ProteomeXchange Consortium via the PRIDE partner repository (118) with the dataset identifier 

PXD021132. 

X-ray crystallography: 

p110g (aas 144-1102) was crystallized from a grid of 2 µl sitting drops at 1:1, 2:1 and 3:1 protein to reservoir 

ratios at 18oC. Protein at 4 mg/mL (in 20 mM Tris pH 7.2, 0.5 mM (NH4)2SO4, 1% ethylene glycol, 0.02% CHAPS 

and 5 mM DTT) was mixed with reservoir solution containing 100 mM Tris pH 7.5, 250 mM (NH4)2SO4 and 20-22% 

PEG 4000. Large multinucleate crystals were generated in these drops. Inhibitor stocks were prepared at 
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concentrations of 0.01 mM, 0.1 mM and 1 mM in cryo-protectant solution containing 100 mM Tris pH 7.5, 250 mM 

(NH4)2SO4, 23% PEG 4000 and 14% glycerol. Inhibitors at increasing concentrations were added to the drops stepwise 

every 1 hour. After overnight incubation with the inhibitor, single crystals were manually broken from the multi-

nucleates and soaked in a fresh drop containing 1 mM inhibitor in cryo-protectant before being immediately frozen in 

liquid nitrogen. The final crystals were rod/needle shaped and had dimensions of roughly 10 x 20 x 80 µm, and were 

mounted on either 0.1 - 0.2 or 0.05-0.1 mm cryo loops (Hampton Research). Each unique structure of PI3K bound to 

inhibitors was solved from a single crystal. 

Diffraction data for PI3Kg crystals were collected on beamline 08ID-1 of the Canadian Light Source. Data 

was collected at 0.97949 Å using a beam width of 50 µm. Diffraction data for each unique crystal was collected using 

a strategy of 0.2-0.4 sec exposure / 0.2° rotation for each image, over a total rotational range of 180°. Data were 

processed using XDS (119). Phases were initially obtained by molecular replacement using Phaser (120) using PDB: 

2CHW for the IPI-549 complex (121), and 5JHA for Gedatolisib and NVS-PI3-4 (122). Iterative model building and 

refinement were performed in COOT (123) and phenix.refine (124). Refinement was carried out with rigid body 

refinement, followed by translation/libration/screw B-factor and xyz refinement, with the final round of refinement 

optimising X-ray/stereochemistry and X-ray/ADP weighting. The final model was verified in Molprobity (125) to 

examine all Ramachandran and Rotamer outliers. Data collection and refinement statistics are shown in Appendix E. 

The crystallography data has been deposited in the protein data bank with accession numbers (PDB: 7JWE, 7JX0, 

7JWZ).  

 

2.4     Results 

R1021P and R1021C mutations alter the activity of p110g 

The recent discovery of an inactivating disease-linked mutation in PIK3CG located near the C-terminus of 

the p110g kinase domain (R1021P) in immunocompromised patients led us to investigate the molecular mechanism 

of this mutation. Intriguingly, this same residue is found to be mutated in the COSMIC database (R1021C) (106). The 

R1021 residue in p110g is conserved across all class I PI3K isoforms (Figure 2.1 C), and mutations in the equivalent 

residue in PIK3CA (p110a) are putatively oncogenic (R992L/N). To define the effect of these mutations on protein 

conformation and biochemical activity, we generated them recombinantly in complex with the p101 regulatory 

subunit. Both the p110g R1021C and R1021P complexes with p101 eluted from gel filtration similar to wild-type 
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p110g-p101, suggesting they were properly folded (Figure 2.2A+B). However, the yield of the R1021P complex with 

p101 was dramatically decreased relative to both wild-type and R1021C p110g, indicating that this mutation may 

decrease protein stability, consistent with decreased p110g and p101 expression in patient tissues (74). We also 

generated the free R1021C p110g subunit, however we could not express free p110g R1021P, further highlighting that 

this mutation likely leads to decreased protein stability. 

The R1021 residue forms hydrogen bonds with the carbonyl oxygens of L1055, T1056, and K1059 located 

in or adjacent to the regulatory arch helices ka10 and ka11 of PI3Kg (Figure 2.1D). Both R1021C and R1021P would 

be expected to disrupt these interactions, with the R1021P also expected to distort the secondary structure of the ka8 

helix. The R1021P has been previously found to lead to greatly decreased lipid kinase activity in vitro (74). To 

characterize these mutations, we carried out biochemical assays of wild-type, R1021C, and R1021P p110g/p101 

complexes against plasma membrane-mimic lipid vesicles containing 5% PIP2. Assays were carried out in the presence 

and absence of lipidated Gβg and Ras. Lipidated Gβg leads to a >100-fold activation of lipid kinase activity for wild-

type complexes, with Ras causing a ~10-fold activation. These assays revealed that p110g/p101 R1021C was ~8-fold 

more active than wild-type both basally and in the presence of Gβg, and ~2-3 fold more active upon Ras activation 

(Figure 2.2C). The R1021C mutant also showed a ~8-fold increase in lipid kinase activity compared to wild-type when 

assaying the free p110g subunit (Figure 2.2E). This is consistent with the R1021C mutation destabilizing the regulatory 

motif, potentially disrupting the Tryptophan lock and leading to increased membrane recruitment.  

The R1021P complex showed weak but detectable basal lipid kinase activity, however, there was almost no 

activation by lipidated Gβg compared to wild-type, suggesting this complex would be almost completely inactive in a 

physiological context (Figure 2.2C). To examine if the catalytic machinery of the R1021P mutant was intact, we 

carried out experiments looking at ATPase activity (non-productive turnover of ATP in the absence of lipid substrate). 

Intriguingly, R1021P p110g-p101 showed higher basal ATPase activity compared to wild-type p110g/p101 and 

R1021C p110g-p101, revealing that it still has catalytic activity, but almost no activity on membrane substrate (Figure 

2.2D). This suggests that the minimal structural features required for ATP hydrolysis are maintained in the R1021P 

mutant, but that either membrane binding or PIP2 recognition is severely impaired.  
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Figure 2.2. Mutations in the regulatory C-terminal motif alter PI3Kg activity.  (A) SDS-page analysis of the final 
complexes after size exclusion chromatography. The location of size markers are shown on the left. (B) Gel filtration 
elution of the wild type and mutant p110g/p101 complexes on a Superdex™ 200 10/300 GL Increase column (C). 
Lipid kinase activity assays testing the activity of WT, R1021C, and R1021P p110g/p101 WT basally and in the 
presence of lipidated Gbg and HRas. Experiments were carried out with 50-3000 nM kinase, 1500 nM Ras, 1500 nM 
Gbg, all in the presence of 100 µM ATP and 1 mg/mL PM-mimic vesicles [5% phosphatidylinositol 4,5 bisphosphate 
(PIP2), 20% phosphatidylserine (PS), 10% phosphatidyl choline (PC), 50% phosphatidylethanolamine (PE), 10% 
Cholesterol, 5% sphingomyelin (SM)]. (D) Activity assays testing the intrinsic ATPase activity (ATP conversion in 
the absence of membrane substrate) for wild type and mutant p110g/p101 complexes. (E) Lipid kinase activity assays 
testing the activity of WT and R1021C for the free p110g catalytic subunit with and without lipidated Gbg. Lipid 
kinase activity was generated by subtracting away non-specific ATPase activity, for unstimulated WT p110g there 
was no detectable lipid kinase activity above basal ATPase activity (N.D.). For panels E-G every replicate is plotted, 
with error shown as standard deviation (n=3-6). Two tailed p-values represented by the symbols as follows: 
***<0.001; **<0.01; *<0.05; n.s.>0.05. 
 

R1021P and R1021C cause allosteric conformational changes throughout the regulatory C-terminal motif 

We carried out hydrogen deuterium exchange mass spectrometry (HDX-MS) experiments to define the 

molecular basis for why two different mutations at R1021 have opposing effects on lipid kinase activity. 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 (126). HDX-MS 

experiments were performed on complexes of wild-type p110g/p101, R1021C p110g/p101, and R1021P p110g/p101. 
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The coverage map of the p110g and p101 proteins was composed of 153 peptides spanning ~93% percent of the 

exchangeable amides (Appendix A).   

The R1021C and R1021P mutations led to significant changes in the conformational dynamics of the p110g 

catalytic and p101 regulatory subunits (Figure 2.3A-G). The R1021P mutation resulted in large increases in exchange 

throughout almost the entire C2, helical, and kinase domains (Figure 2.3B+D). Comparing the rates of hydrogen 

exchange between wild-type, R1021C, and R1021P showed many regions where both R1021C and R1021P mutations 

caused increased H/D exchange. However, for the majority of these regions, the R1021P mutation led to increased 

exchange at early (3 s) and late timepoints (3000 s) of exchange, indicating that this mutation was leading to significant 

disruption of protein secondary structure (Figure 2.3G). This large-scale destabilization throughout the protein may 

explain the low yield and decreased kinase activity.  

The R1021C mutation resulted in increased H/D exchange in the C2, helical and kinase domains of p110g. 

Intriguingly, many of the changes in dynamics of the helical and kinase domains are similar to those observed upon 

membrane binding (86). The largest differences occurred in the helices in the C-terminal regulatory motif (ka7-12) 

(Figure 2.3A+C). A peptide spanning the C-terminal end of the activation loop and ka7 (976-992) showed increased 

exchange, with these changes primarily occurring at later timepoints of exchange (3000 s) (Figure 2.3G). This is 

indicative of these regions maintaining secondary structure, although with increased flexibility. Differences in HDX-

MS with R1021C is consistent with a disruption of the inhibitory conformation of the regulatory motif. In addition, 

the increased dynamics of the activation loop seen in the mutant may pre-organize the catalytic machinery for 

activation. This is consistent with previous HDX-MS analysis of the regulatory mechanisms of class IA PI3Ks which 

revealed that increased dynamics of the activation loop occurred concurrently with increased lipid kinase activity 

(102,127–129).  
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Figure 2.3. R1021P leads to global destabilization while R1021C leads to localised disruption of the C-terminal 
regulatory W1080 Tryptophan ‘lock’. (A+B). Peptides showing significant deuterium exchange differences (>5 %, 
>0.4 kDa and p<0.01 in an unpaired two-tailed t-test) between wild-type and R1021C (A) and wild-type and R1021P 
(B) p110g/p101 complexes are coloured on a model of p110g (PDB: 6AUD) (108). Differences in exchange are 
coloured according to the legend. (C+D). The number of deuteron difference for the R1021C and R1021P mutants for 
all peptides analyzed over the entire deuterium exchange time course for p110g. Every point represents the central 
residue of an individual peptide. The domain location is noted above the primary sequence. A cartoon model of the 
p110g structural model is shown according to the legend in panels A+B. Error is shown as standard deviation (n=3). 
(E+F). The number of deuteron difference for the R1021C and R1021P mutants for all peptides analyzed over the 
entire deuterium exchange time course for p101. Every point represents the central residue of an individual peptide. 
Error is shown as standard deviation (n=3). (G) Deuterium incorporation behaviour over time for selected p110g 
peptides that showed decreases and increases in exchange are shown.  
 
 

The two mutations in R1021C and R1021P both caused increased exchange in the p101 subunit. Peptides 

spanning 602-623, and 865-877 of p101 showed similar increases in exchange for both R1021C and R1021P, with 

R1021P also leading to increased exchange in a peptide nearer the N-terminus (102-122) (Figure 2.3E+F). As there is 
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no structural model for the p101 subunit, it is hard to unambiguously interpret this data, however, these may represent 

increased H/D exchange due to partial destabilization of the complex. 

 

Multiple PI3Kg inhibitors lead to allosteric conformational changes 

The increased H/D exchange in the regulatory motif for the R1021C mutant is similar to previously observed 

differences caused by cyclopropyl ethyl containing isoindolinone inhibitors (94). This result suggested it would be 

worth interrogating the dynamics of p110g induced by multiple classes of p110g inhibitors. Specifically, we wanted 

to understand if inhibitors that promote allosteric conformational changes might be useful in the development of 

isoform/mutant selective compounds.  

We performed HDX-MS experiments with seven potent PI3K inhibitors on free p110g to define the role of 

allostery in PI3Kg inhibition. We analyzed inhibitors that were selective for PI3Kg (AS-604850 (66), AZ2 (94), NVS-

PI3-4 (130), and IPI-549 (72)) as well as pan-PI3K inhibitors (PIK90 (121), Omipalisib (131), and Gedatolisib (132)). 

Of these compounds, only AS-604850, PIK90, and Omipalisib have been structurally characterized bound to p110g. 

A table summarizing these compounds and their selectivity for different PI3K isoforms is shown in Appendix B. 

Deuterium exchange experiments were carried out with monomeric p110g over 4 timepoints of deuterium exchange 

(3,30,300, and 3000 s). We obtained 180 peptides covering ~89% percent of the exchangeable amides (Appendix C).  

Based on the H/D exchange differences observed with inhibitors present, we were able to classify the 

inhibitors into three broad groups. The first group contains the isoquinolinone compound IPI-549, the imidazo[1,2-

c]quinazoline molecule PIK-90 and the thiazolidinedione compound AS-604850 (Figure 2.4A+B). These compounds 

caused decreased exchange near the active site, with the primary protected region being the hinge region between the 

N- and C- lobes of the kinase domain (Figure 2.4B+E). No (IPI-549, AS-604850) or very small (PIK-90) increases in 

deuterium incorporation were observed (Figure 2.4A, Appendix D), suggesting that there are localized allosteric 

conformational changes for these compounds.  

The H/D exchange experiments revealed a second class of inhibitors that showed decreased exchange at the 

active site, but also significant increases in exchange in the kinase and helical domains (Figure 2.4A+C, Appendix D). 

The second group includes the bis-morpholinotriazine molecule Gedatolisib, difluoro-benzene sulfonamide compound 

Omipalisib, and the PI3Kg-specific thiazole derivative NVS-PI3-4. Binding of these inhibitors caused increased 

exchange in multiple regions of the kinase regulatory motif, including ka7, ka10, ka11 and ka12. The peptide 
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covering ka7 also spans the C-terminal end of the activation loop (Figure 2.4C+E). In addition to these changes, there 

were also increases in exchange within the helical domain. Intriguingly, for Gedatolisib, the regions of the protein that 

showed differences in H/D exchange matched very closely to those observed in the R1021C mutant. This suggests 

that the conformational changes induced by these compounds may partially mimic the activated state that occurs in 

the R1021C mutant.  

 

 

Figure 2.4. HDX-MS reveals that different classes of PI3K inhibitors lead to unique allosteric conformational 
changes. (A) The number of deuteron difference for the 7 different inhibitors analyzed over the entire deuterium 
exchange time course for p110g. Every point represents the central residue of an individual peptide. The domain 
location is noted above the primary sequence. Error is shown as standard deviation (n=3). (B-D). Peptides showing 
significant deuterium exchange differences (>5%, >0.4 kDa and p<0.01 in an unpaired two-tailed t-test) between wild-
type and IPI-549 (B), Gedatolisib (C), and AZ2 (D) are coloured on a model of p110g (PDB: 6AUD). Differences in 
exchange are mapped according to the legend. A cartoon model in the same format as Figure 2.1 is shown as a 
reference. (E). Selected p110g peptides that showed decreases and increases in exchange are shown.  

 

Finally, AZ2 caused large scale increased exposure throughout large regions of the helical and kinase 

domains (Figure 2.4A+D), consistent with previous reports (94). The same regulatory motif regions that showed 

increased exchange with Gedatolisib showed much larger changes with AZ2. Importantly, increased exchange was 

observed at earlier timepoints for AZ2 compared to Gedatolisib (example peptide 976-992 covering the activation 
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loop and ka7), suggesting that AZ2 leads to a complete disruption of secondary structure, with Gedatolisib likely 

causing increased secondary structure dynamics (Figure 2.4E).  

This shows that multiple PI3K inhibitors can cause large scale allosteric conformational changes upon 

inhibitor binding, however, deciphering the molecular mechanism of these changes were hindered by lack of high-

resolution structural information for many of these compounds. 

 

Structures of PI3Kg bound to IPI-549, Gedatolisib, and NVS-PI3-4 

To further define the molecular basis for how different inhibitors lead to allosteric conformational changes 

we solved the crystal structure of p110g bound to IPI-549, Gedatolisib, and NVS-PI3-4 at resolutions of 2.55Å, 2.65Å, 

and 3.15Å, respectively (Figure 2.5A-C). The inhibitor binding mode for all were unambiguous (Figure 2.5H). 

These structures revealed insights into how IPI-549 and NVS-PI3-4 can achieve selectivity for PI3Kg (Figure 

2.5I+J, L+M). All inhibitors formed the critical hydrogen bond with the amide hydrogen of V882 in the hinge region, 

which is a conserved feature of ATP competitive PI3K kinase inhibitors. NVS-PI3-4 leads to opening of a p110g 

unique pocket mediated by a conformational change in K883 (Figure 2.5L). The opening of K883 is accommodated 

by it rotating into contact with D884 and T955. This opening would not be possible in p110a and p110d as the 

corresponding K883 residue (L829 in p110d and R852 in p110a) would clash with the corresponding T955 residue 

(R902 in p110d and K924 in p110a) (Figure 2.5M). IPI-549 binds with a characteristic propeller shape, as seen for 

multiple p110g and p110d selective inhibitors (133). IPI-549 leads to a conformational change in the orientation of 

M804, which opens the specificity pocket, primarily composed of W812 and M804 (Figure 2.5C). Comparison of IPI-

549 bound to p110g to the selective inhibitor Idelalisib bound to p110d revealed a potential molecular mechanism for 

p110g selectivity. Structure activity analysis of IPI-549 and its derivatives showed a critical role for substitutions at 

the alkyne position in achieving p110g specificity (72). The N-methylpyrazole group in IPI-549 projects out of the 

specificity pocket towards the ka1-ka2 loop. This loop is significantly shorter in p110d, with a potential clash with 

bulkier alkyne derivatives (Figure 2.5I+J). However, this cannot be the main driver of specificity, as a phenyl 

substituent of the alkyne had decreased selectivity for p110g over p110d, with hydrophilic heterocycles in this position 

being critical in p110g selectivity (72). A major difference in this pocket between p110g and p110d is K802 in p110g 

(T750 in p110d), with this residue making a pi-stacking interaction with W812. The N-methylpyrazole group packs 



 31 

against K802, with a bulkier group in this position likely to disrupt the pi stacking interaction, explaining the decreased 

potency for these compounds.  

 

Figure 2.5. Structures of Gedatolisib, IPI-549 and NVS-PI3-4 bound to p110g (A).  Overall structure of 
Gedatolisib (red) and IPI-549 (green) bound to p110g. (B+C).  Comparison of Gedatolisib and IPI-549 bound to p110g 
with the activation loop and selectivity pocket highlighted. M804 that changes conformation upon selectivity pocket 
opening is coloured red. (D+E).  Comparison of the conformation of the activation loop (orange) of p110g when 
Gedatolisib or IPI-549 are bound, with residues in the activation loop labelled, specifically D964 and F965 of the DFG 
motif labelled. (F+G).  The Trp lock composed of W0180 is partially disrupted in the Gedatolisib structure compared 
to the IPI-549 structure. The interaction between W1080 and D904 is shown, with the distance between the two shown 
on each structure. The electron density from a feature enhanced map (124) around W1080 and D904 in each structure 
is contoured at 1.5 sigma. (H). The electron density from a feature enhanced map around IPI-549, NVS-PI3-4, and 
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Gedatolisib contoured at 1 sigma. (I+J). Molecular basis for IPI-549 specificity for p110g over p110d. The structure 
of p110g bound to IPI-549 (I) compared to a model of IPI-549 bound to p110d (J), based on the structure of p110d 
bound to the specificity pocket inhibitor Idelalisib (PDB: 4XE0) (134). K802 and W812 in p110g are labelled, along 
with the corresponding residues in p110d. The ka1-ka2 loop is green, with potential clashes in p110d with the 
methylpyrazole of IPI-549 highlighted. (K). NVS-PI3-4 bound to p110g with the activation loop and selectivity 
pockets highlighted. M804 and K883 that change conformation are colored in magenta and cyan, respectively. (L+M). 
Molecular basis for NVS-PI3-4 for p110g over p110a/d. The structure of p110g bound to NVS-PI3-4 (L), revealed a 
conformational change in K883 leading to opening of pocket accommodating the t-butyl motif. Comparing this to a 
model of p110d (PDB: 5DXU) (135) (M) with NVS-PI3-4 revealed that this pocket is unlikely to open with L829 in 
p110d (corresponds to K883 in p110g) unable to adopt this conformational change due to steric clashes / electrostatic 
repulsion with R902 in p110d (corresponds to T955 in p110g).  

 

One of the most striking differences between the structure of Gedatolisib and IPI-549 bound to p110g is the 

conformation of the N-terminus of the activation loop, including the residues that make up the DFG motif (Figure 

2.5B). The majority of the activation loop is disordered in PI3Kg crystal structures, with the last residue being between 

967 and 969. Gedatolisib makes extensive contacts with the activation loop, with H967 immediately following the 

DFG motif in a completely altered conformation. The interaction of the cyclopropyl motif in AZ2 with the activation 

loop has previously been proposed to be critical in mediating allosteric conformational changes. In addition to the 

change in the activation loop, there was a minor perturbation of the W1080 lock, with the Gedatolisib structure 

revealing a disruption of the hydrogen bond between W1080 and D904, with this bond maintained in the IPI-549 

structure (Figure 2.5F+G). The C-terminus of the activation loop and ka7 immediately following showed some of the 

largest changes upon inhibitor binding in HDX experiments. The ka7 helix is directly in contact with W1080, and we 

postulated that the conformational changes induced in the N-terminus of the activation loop may mediate these 

changes.  

 

Conformational selective inhibitors show altered specificity towards activating PI3Kg mutant 

We observed that HDX differences occurring in the R1021C mutant were very similar to conformational 

changes observed for p110g bound to Gedatolisib. This suggested that both the mutant and Gedatolisib bound forms 

might be adopting an activated conformation of the regulatory motif. HDX differences were very similar for the region 

spanning 976-992 in the activation loop (Figure 2.3G, Figure 2.4E). As this region is directly adjacent to the inhibitor 

binding site, we postulated that there may be altered inhibitor binding for the R1021C mutant. We carried out IC50 

measurement for wild-type and R1021C p110g/p101 with both IPI-549 and Gedatolisib (Figure 2.6A). Gedatolisib 

was roughly three-fold more potent for the R1021C mutant over the wild-type, with no significant difference in IC50 
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values for IPI-549 compared to wild-type. This provides initial insights into how understanding the dynamics of 

activating mutations and inhibitors may be useful as a novel strategy towards designing mutant specific inhibitors.   

 

 

Figure 2.6. Activating mutations show slight differences in inhibition by allosteric inhibitors and model of 
PI3Kg regulation.  (A). IC50 curves for wild-type and R1021C p110g/p101 complexes. Assays were carried out with 
5% C8 PIP2 / 95% PS vesicles at a final concentration of 1 mg/ml in the presence of 100 µM ATP and 1.5 µM lipidated 
Gbg. PI3Kg concentration was 4 nM for R1021C and 8 nM for WT. Error is shown as standard deviation (n=3). (B). 
Model of conformational changes that occur upon mutation of the C-terminal motif and binding of activation loop 
interacting conformation selective inhibitors.  
 

2.5     Discussion 

Understanding the molecular determinants of how mutations in PI3Ks lead to altered signaling in disease is 

vital in the design of targeted therapeutic strategies. The PI3Kg isoform is critical to maintain immune system function, 

and plays important roles in the regulation of the tumor microenvironment (136,137). Bi-allelic loss of function 

mutations in p110g are a driver of human immunodeficiencies, and multiple inactivating mutations located in the C-

terminal regulatory motif of the kinase domain have been described (74,107). Initial results linking deletion of PI3Kg 

to the development of colon cancer (77) have been disputed (138), and recent studies suggest that tumor growth and 
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metastasis is attenuated in PI3Kg deficient mice (56,63) and IPI-549 treated animals (90). Inhibiting PI3Kg has shown 

promise as an immunomodulatory agent in generating an anti-tumor immune response. There have also been numerous 

reports of overexpression and single nucleotide variants in PIK3CG linked to cancer development in multiple tissues 

(54,57–60,60,61). Oncogenic mutations in PIK3CG are widely distributed, which is distinct from the oncogenic 

hotspot mutations seen in the helical and kinase domain of PIK3CA. There has been limited analysis of the functional 

consequences of oncogenic PIK3CG mutants, with the R1021 residue in the regulatory motif of the kinase domain 

being unique, as mutations of this residue exist in both immunodeficiencies and tumors.  

Here, we have described the biochemical and biophysical characterisation of both activating and inactivating 

disease-linked R1021 mutations in the regulatory motif of the p110g kinase domain. This has revealed that mutation 

of R1021 can lead to either kinase activation or inactivation. The R1021 in the ka8 helix is conserved across all class 

I PI3Ks, with it making a number of hydrogen bonds with residues in ka10 and ka11. Both R1021P and R1021C 

would lead to disruption of the hydrogen bonds with ka10 and ka11, however R1021P would also lead to disruption 

of the ka8 helix due to the altered dynamics introduced by the proline residue. HDX-MS results were consistent with 

this hypothesis, with R1021P leading to large scale conformational changes across the entire protein, with the main 

disruptions occurring in the helical and kinase domain. The R1021P mutation greatly destabilized the protein, with 

purification yields being >20-fold lower than wild-type, consistent with greatly decreased p110g and p101 levels in 

patient T cells (74). Consistent with previous reports, we found greatly decreased lipid kinase activity for R1021P, 

although the enzyme maintained catalytic ability, as it showed greatly increased basal ATPase activity, which is 

similar to what occurs upon mutation of the W1080 lock or removal of the ka12 helix (74,94). Overall, this data is 

consistent with this mutation leading to destabilization of the p110g protein, leading to both greatly decreased protein 

levels, and decreased lipid kinase activity.   

The R1021C mutation, in contrast, had enhanced lipid kinase activity, both basally, and upon Gbg activation. 

HDX-MS suggests that this activation is mediated by a conformational disruption of the inhibitory c-terminal 

regulatory motif of the kinase domain. Many of these changes in the C-terminal regulatory motif have been previously 

observed upon membrane binding (86), as well as upon binding to conformational selective inhibitors (94). One of 

the largest changes in exchange occurred at the C-terminus of the activation loop and the beginning of ka7 which is 

in contact with the W1080 lock. We propose a model of how mutation of R1021 can lead to either activated or 
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inactivated lipid kinase activity (Figure 2.6B). The conformation of the C-terminal regulatory motif is critical in 

regulating lipid kinase activity, where minor perturbations (R1021C) can lead to disruption of multiple inhibitory 

contacts allowing for reorientation of the ka12 membrane binding helix and increased lipid kinase activity. This 

suggests that the mutation can pre-organise the enzyme for productive catalysis, either through increased membrane 

binding, or increased PIP2 kinase activity. Reinforcing the importance of the R1021 mutant for class I PI3K regulation 

is the fact that mutation of the equivalent R992 in PIK3CA to either Leu or Asn has been found in tumor samples 

(106).  

This work corroborates the important role of the C-terminal regulatory motif in controlling PI3K lipid kinase 

activity. The orientation of this motif is critical in the regulation of all class I PI3Ks, although this is regulated by 

different molecular mechanisms in p110a, p110b, p110d, and p110g. The class IA PI3Ks require p85 regulatory 

subunits to stabilize the C-terminal regulatory motif, with the nSH2 of p85 interacting with and stabilizing ka10 for 

all class IA PI3Ks (129,139), and the cSH2 of p85 stabilizing ka7, ka8, ka11 and ka12 for p110b and p110d 

(110,127). The p110g isoform is unique in that its C-terminal motif adopts an inhibited conformation in the absence 

of regulatory proteins. The C-terminal regulatory motif of p110g can be post-translationally modified by 

phosphorylation of ka9 (T1024) by protein kinase A decreasing lipid kinase activity (140), while protein kinase C 

phosphorylates an adjacent area in the helical domain (S582) (141) increasing lipid kinase activity.   

Extensive work has been carried out toward the development of allosteric inhibitors of PI3Ks. While no 

allosteric inhibitors that bind out of the ATP binding pocket have been developed, fragment screens have revealed 

potential druggable pockets that may be targeted in class IA PI3Ks (142). It has previously been noted that PI3Kg can 

be selectively targeted through a conformationally selective inhibitor, AZ2 (94). This was mediated through a 

cyclopropyl moiety on AZ2, which putatively alters the orientation of the activation loop, leading to disruption of the 

inhibitory conformation of the C-terminal regulatory motif. Many of the changes observed for this inhibitor were 

similar to those seen in the R1021C mutant. To interrogate if allosteric conformational changes were unique to 

cyclopropyl containing compounds, we screened a panel of pan-PI3K and PI3Kg selective inhibitors using HDX-MS. 

The compounds PIK90, IPI549, and AS-604850 only caused decreased exchange at the active site. Comparison of the 

crystal structures of these compounds (66,121) revealed similar conformations of the activation loop, with limited 

interaction between the inhibitors and the activation loop. After this study was submitted for publication, the structure 

of IPI-549 was released by Arcus Biosciences (143) with a conserved binding mode to the model proposed here. 
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The AZ2 compound containing the cyclopropyl moiety, led to large scale conformational changes consistent 

with previous results (94). Intriguingly, the non-specific inhibitors, Gedatolisib and Omipalisib, caused increased 

exchange in many of the same regions that showed enhanced exchange with the R1021C mutant. Comparison of the 

crystal structures of these inhibitors revealed more extensive interactions with the activation loop and significant 

conformational rearrangement of the activation loop. Distinct from the AZ2 compound, neither Gedatolisib and 

Omipalisib show specificity for PI3Kg over class IA PI3Ks (131,132). Similar HDX-MS differences were observed 

for both the R1021C mutant and wild type bound to Gedatolisib. Gedatolisib showed increased potency versus 

R1021C over wild type PI3Kg, with a ~3-fold decrease in IC50 values. Altogether, this suggests that R1021C induces 

a conformation similar to the wild type enzyme bound to Gedatolisib. This provides an intriguing approach for 

designing oncogenic PI3K specific inhibitors through further optimisation of the ATP competitive inhibitor moieties 

in the activation loop binding region. 

Overall, this work provides novel insights into how the C-terminal regulatory motif of PI3Kg regulates lipid 

kinase activity, how oncogenic and immunodeficiency mutations can disrupt this regulation, and how one can exploit 

these conformational changes to develop isoform and mutant selective small molecule inhibitors. Further exploration 

of the dynamic regulation of the C-terminal regulatory motif of PI3Ks by mutations and inhibitors may reveal unique 

approaches to develop therapeutics for PI3K related human diseases.  
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Chapter 3: Nanobodies as tools for biochemical and structural studies on 

PI3Kg complexes 

 

Adapted from: 

       Rathinaswamy, M.K.*, Fleming, K.D.*, Dalwadi, U., Pardon, E., Harris, N.J., Yip, C.K., Steyaert, J., and 

Burke, J.E. (2021). HDX-MS optimized approach to characterize nanobodies as tools for biochemical and 

structural studies of class IB phosphoinositide 3-kinases. (2021) Structure (In Press). 

*  indicates equal contribution 

Contributions: 

The data presented in this chapter was a collaborative effort between the Burke lab, Yip lab (University of 

British Columbia) and the Steyaert lab (Vlaams Instituut voor Biotechnologie). Myself: Cloning, expression and 

purification of all proteins, nanobody characterization, HDX-MS and kinase assay development. Dr. Els Pardon 

(Steyaert Lab): Immunization and generation of nanobody plasmids.  Kaelin Fleming: Kinase assays and 

assistance with HDX-MS. Noah Harris: Assistance with nanobody characterization. Udit Dalwadi (Yip Lab): EM 

experiments with proteins generated by me. 

 

3.1     Abstract 

There is considerable interest in developing antibodies as modulators of signaling pathways. One of the most 

important signaling pathways in higher eukaryotes is the phosphoinositide 3-kinase (PI3K) pathway, which plays 

fundamental roles in growth, metabolism and immunity. The class IB PI3K, PI3Kg, is a heterodimeric complex 

composed of a catalytic p110g subunit bound to a p101 or p84 regulatory subunit. PI3Kg is a critical component in 

multiple immune signaling processes and is dependent on activation by Ras and GPCRs to mediate its cellular roles. 

Here we describe the rapid and efficient characterization of multiple PI3Kg single chain camelid nanobodies using 

hydrogen deuterium exchange mass spectrometry (HDX-MS) for structural and biochemical studies. This allowed us 

to identify nanobodies that stimulated lipid kinase activity, blocked Ras activation and specifically inhibited p101-

mediated GPCR activation. Overall, this reveals novel insight into PI3Kg regulation and identifies sites that may be 

exploited for therapeutic development. 
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3.2     Introduction 

Class I Phosphoinositide-3-Kinases (PI3Ks) are important lipid signaling proteins which are frequently mis-

regulated in human disease (136). These enzymes produce phosphatidylinositol-3,4,5-trisphosphate at the plasma 

membrane, which recruits numerous downstream effectors that control growth, survival, metabolism and immunity 

(144). All class I PI3Ks are hetero-dimeric complexes composed of a p110 catalytic subunit bound to a regulatory 

subunit. The regulatory subunits are crucial in the activation of class I PI3Ks downstream of membrane localized 

signaling molecules including receptor tyrosine kinases (RTKs), G-protein coupled receptors (GPCRs) and the Ras 

family of small GTPases (145). The class IB PI3Ks are composed of a single catalytic subunit (p110g) bound to one 

of two regulatory subunits, p101 or p84 (also called p87). Both PI3Kg complexes have important roles in immune cell 

migration, cytokine production and cardiac function  (146) and are therapeutic targets in cancer immunotherapy 

(63,90) and inflammation (66). The regulatory subunits mediate activation of p110g, with either p101 or p84 needed 

for activation by Gbg, derived from GPCRs (85,147). The p101 subunit is unique as it has a direct binding site for 

Gbg (148), while p84 merely potentiates Gbg binding to p110g. Both complexes of p110g are activated by Ras (84), 

which is mediated by the Ras binding domain (RBD) of p110g (93).  

These differences in regulation translate into distinct cellular functions with p110g/p101 controlling immune 

cell migration while p110g/p84 controls mast cell degranulation and production of reactive oxides from neutrophils 

(83,92). A full understanding of how PI3Kg is regulated has been hampered by lack of molecular details on complex 

assembly, and activation by GPCRs. In addition, due to the severe side effects of pan-PI3K ATP-competitive 

inhibitors, targeting specific PI3Kg complexes could be useful for therapeutic approaches in cancer and inflammatory 

diseases. The development of potent and specific biomolecules that modulate PI3Kg activity will be useful for 

structural, biochemical and cellular studies of PI3K regulation.  

One of the most powerful biomolecules for optimizing structural studies and modulating signaling pathways 

are single chain antibodies from camelids, known as nanobodies (149). Nanobodies are the variable domains of the 

heavy-chain only camelid antibodies (VHH), and lack hydrophobic residues that would normally pack against the light 

chain (VL) in conventional antibodies. As a result, nanobodies can be expressed in high yield in multiple expression 

systems (150). Nanobodies have an enlarged antigen binding surface with a longer CDR3 loop, which normally packs 
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against the VL in conventional dual chain antibodies (151). This coupled with their small size (~15 kDa versus 150 

kDa for conventional antibodies) provide nanobodies the potential to bind specifically to epitopes that are inaccessible 

for conventional antibodies, with high affinity. These advantages have resulted in their widespread use in research, 

testing and therapy (152). 

Nanobodies have proven to be exceptional tools for optimizing structural biology approaches of protein 

assemblies. In X-ray crystallography, they can stabilize flexible protein regions, prevent aggregation/oligomerization, 

and offer novel crystal contact sites (153–156). Nanobodies are powerful tools to lock protein complexes into specific, 

functionally-relevant conformational states. For example, nanobodies have provided insight into active/inactive states 

of receptors or different stages in the transport cycle of membrane channels and pumps (157–160). They have played 

an important role in understanding PI3K biology, as a specific nanobody was crucial in the crystallization of the 385 

kDa class III PI3K complex (161). In addition to crystallography, they have been useful in electron microscopy to 

assist structural characterization and in the labelling of protein subunits in large complexes (162–164).  

In addition to their utilization in structural biology, nanobodies can be used to dissect and target signaling 

events in cells and organisms (165,166). They are a potent tool to interfere with protein-protein interactions in vivo, 

which has potential applications in multiple human diseases. This is highlighted by their utilization as neutralizing 

agents in betacoronavirus infection, including SARS CoV-1/2 and MERS CoV, through blocking the interaction of 

the viral spike protein with ACE2 (167,168). Nanobodies have been particularly powerful in modulating the signaling 

inputs and outputs of GPCRs (169,170). Conformationally selective nanobodies that bind to GPCRs can modulate 

agonist binding, receptor phosphorylation, and the recruitment of downstream partners including both G-proteins and 

b-arrestin (171–173). GPCR activation of G-protein signaling stimulates the dissociation of the heterotrimeric G 

protein into Ga-GTP and a Gbg dimer, and nanobodies targeting the effector binding surface of Gbg inhibit Gbg 

signaling (174). Development of nanobodies that disrupt specific inputs from GPCRs and other membrane receptors 

into distinct signaling pathways will be powerful in dissecting the molecular mechanisms of signaling and in 

developing novel therapeutics. Critical to determining the usefulness of nanobodies as structural chaperones and 

signaling modulators is the ability to rapidly determine their binding sites and how they might alter protein 

conformational dynamics. 

Here we report the characterization of multiple PI3Kg binding nanobodies, and describe their application for 

both structural biology approaches and modulation/inhibition of the activation and kinase activity of PI3Kg. We 
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utilized hydrogen deuterium exchange mass spectrometry (HDX-MS) to rapidly identify binding epitopes in p110g, 

p101, and p84. This allowed us to identify and characterize p110g binding nanobodies that activate lipid kinase 

activity, block activation by Ras, and a p101 binding nanobody that disrupts GPCR activation. Identified nanobodies 

were also capable of stabilizing flexible regions/domains, allowing for high resolution cryo electron microscopy (cryo-

EM) studies (details described in chapter 4). Overall, this work provides an HDX-MS enabled flow-path for the rapid 

characterization of nanobodies for structural and biochemical studies (Figure 3.1).  

 

3.3     Materials and Methods 

Virus Generation and Amplification:  

PI3Kg complexes were expressed from a MutliBac plasmid with a 10X histidine tag, a 2´-strep tag and a 

Tobacco Etch Virus protease cleavage site on the N-terminus of the regulatory subunits. The plasmids encoding genes 

for insect cell expression 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 into the bacmid were 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 2´YT 

(BioBasic #SD7019). Cells were pelleted by centrifugation and the pellet was resuspended in 300 µL P1 Buffer (50 

mM Tris-HCl, pH 8.0, 10 mM EDTA, 100 mg/mL RNase A), chemically lysed by the addition of 300 µL Buffer P2 

(1% sodium dodecyl sulfate (SDS) (w/v), 200 mM NaOH), and the lysis reaction was neutralized by addition of 400 

µL Buffer N3 (3.0 M potassium acetate, pH 5.5). Following centrifugation at 21130 RCF and 4 oC (Rotor #5424 R), 

the supernatant was separated and mixed with 800 mL 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 mL 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 between 0.3-0.5X106 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 prepared 

by the addition of 2-10 ug of bacmid DNA to 100 µL 1xPBS and 12 mL polyethyleneimine (PEI) at 1 mg/mL 

(Polyethyleneimine ‘‘Max’’ MW 40.000, Polysciences #24765, USA) to 100 µL 1xPBS. The bacmid-PBS and the 
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PEI-PBS solutions were mixed together, 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. 

 

Purification of PI3Kg complexes  

PI3Kg catalytic and regulatory subunits were co-expressed in Spodoptera frugiperda (Sf9) cells using the 

baculovirus expression system. After 55 hours, the cells were harvested and the pellets were resuspended in lysis 

buffer (20 mM Tris pH 8.0, 100 mM NaCl, 10 mM imidazole pH 8.0, 2 mM beta-mercaptoethanol (bME), 5% (v/v) 

glycerol, Protease Inhibitor Cocktail (Millipore Protease Inhibitor Cocktail Set III, Animal-Free)) on ice. The 

resuspended pellets were sonicated for 2.5 minutes at level 4.0 with cycles consisting of 15 seconds ON/OFF using 

the Misonix Sonicator 3000. Triton X-100 was added to the cell lysate at a final concentration of 0.1% (v/v), and the 

lysates were centrifuged at 14,000 rpm at 4 ̊C for 45 minutes in a JA-20 rotor. The supernatant was loaded onto a 

HisTrap™ FF column (GE Healthcare Life Sciences) equilibrated with NiNTA A buffer (20 mM Tris pH 8.0, 100 

mM NaCl, 10 mM imidazole pH 8.0, 5% (v/v) glycerol) and a high salt wash was performed using NiNTA A High 

Salt Buffer (20 mM Tris pH 8.0, 1 M NaCl, 10 mM imidazole pH 8.0, 5% (v/v) glycerol, 2mM bME). The protein 

was washed on an AKTA Start FPLC (GE) system with 4 column volumes (CV) of NiNTA A, 4 CV of 94% NiNTA 

A/6% NiNTA B (20 mM Tris pH 8.0, 100 mM NaCl, 200 mM imidazole pH 8.0, 2 mM bME, 5% (v/v) glycerol), and 

eluted in 2 CV of NiNTA B buffer. The eluted protein was loaded onto a StrepTrap™ column (GE) equilibrated with 

gel filtration buffer (GFB) (20 mM Tris pH 8.5, 100 mM NaCl, 50 mM (NH4)2SO4, 0.5 mM Tris (2-carboxyethyl) 

phosphine (TCEP)). For pulldowns, the column was washed with 2 CV GFB and the tagged protein was eluted in 2 

CV GFB containing 2.5 mM Desthiobiotin. For studies using untagged protein, the washed column was incubated on 

ice overnight with 100 uL Tobacco Etch Virus Protease (1 mg/mL) diluted in GFB and eluted the following day. The 

protein was concentrated in an Amicon 50K Concentrator (Millipore Sigma). Gel filtration chromatography was 

performed on an AKTA Pure (GE) using a Superdex™ 200 10/300 Increase column (GE) equilibrated in GFB. The 

fractions containing the protein were pooled and concentrated, flash frozen in liquid nitrogen, and stored at -80 ̊C. All 

purification steps were analyzed using SDS-PAGE.  
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Nanobody generation and small scale nanobody purification. 

Nanobody discovery was carried out as previously described by the Steyaert lab at the VIB-VUB Center for 

Structural Biology (170). Briefly, one llama was immunized 6 times with in total 900µg of p110g/p101, another llama 

was immunized 6 times with in total 830µg of p110g/p84 complex. Four days after the final boosts, peripheral blood 

lymphocytes were collected from both animals and RNA was extracted and used for creating cDNA encoding the 

ORFs of nanobodies. After PCR amplification, each library of Nanobody ORFs was cloned in the pMESy4 phage 

display vector (GenBank KF415192) creating 2 phage display libraries. Nanobodies were obtained after phage display 

selection on either p110g/p101 or p110g/p84 complex. In total, 88 nanobodies were identified and classified into 49 

families according to CDR3 sequence similarity. Nanobodies were expressed from pMYESy4 vectors in the 

periplasms of Escherichia coli WK6 cells. For pulldowns and HDX-MS, 5 mL cultures were grown to OD600 of 0.7 

in Terrific Broth containing 0.1% glucose and 2mM MgCl2 in the presence of 100 µg/mL ampicillin and was induced 

with 0.5 mM isopropyl-β-D-thiogalactoside (IPTG). For assays and EM studies, nanobodies were expressed in 1L 

cultures. Cells were harvested the following day by centrifuging at 2500 RCF (Eppendorf Centrifuge 5810 R) and the 

pellet was snap-frozen in liquid nitrogen. Nanobodies were isolated from these pellets by osmotic shock. Cell pellets 

were resuspended TES buffer (3 mL for pellets from 5mL cultures or 15 mL for pellets from 1L cultures)  (0.2 M Tris 

pH 8.0, 0.5 mM ethylenediaminetetraacetic acid (EDTA), 0.5 M sucrose) with Protease Inhibitor Cocktail Set III and 

rotated for 45 minutes at 4 ̊C. Twice the volume of TES/4 buffer was added to the cells and rotated for 30 minutes at 

4 ̊C, followed by centrifugation at 14,000 rpm for 30 minutes at 4 C̊ in a JA-20 rotor. The periplasmic extract was 

loaded onto a HisTrap™ HP column (GE) equilibrated with NiNTA buffer (1X PBS pH 7.4, 1 M NaCl), followed by 

a wash with 5 CV NiNTA A wash buffer (1X PBS pH 7.4, 15 mM imidazole, 1 M NaCl). The protein was eluted with 

2 CV of NiNTA B buffer (1X PBS pH 7.4, 200 mM imidazole, 1 M NaCl). The protein elution was exchanged into 

PI3K GFB with a 5 mL HiTrap™ Desalting column (GE). The success of purification was determined by SDS-PAGE.  

 

Purification of lipidated Gbg:  

Full length, lipidated human Gbg (Gb1g2) was expressed in Sf9 insect cells and purified as described 

previously (117) . 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 



 43 

(Protease Inhibitor Cocktail 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 g 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 g 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 bME) 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 βME) 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. 

 

Expression Purification of Lipidated HRas G12V 

Full-length HRas G12V was expressed by infecting 500 mL of Sf9 cells with 5 mL of baculovirus. Cells 

were harvested after 55 hours of infection and frozen as described above. The frozen cell pellet was resuspended in 

lysis buffer (50 mM HEPES pH 7.5, 100 mM NaCl, 10 mM βME and protease inhibitor (Protease Inhibitor Cocktail 

Set III, Sigma)) and sonicated on ice for 1 minute 30 seconds (15s ON, 15s OFF, power level 4.0) on the Misonix 

sonicator 3000. Triton-X 114 was added to the lysate to a final concentration of 1%, mixed for 10 minutes at 4°C and 

centrifuged at 25,000 rpm for 45 minutes (Beckman Ti-45 rotor). The supernatant was warmed to 37°C for few 

minutes until it turned cloudy following which it was centrifuged at 11,000 rpm at room temperature for 10 minutes 

(Beckman JA-20 rotor) to separate the soluble and detergent-enriched phases. The soluble phase was removed, and 

Triton-X 114 was added to the detergent-enriched phase to a final concentration of 1%. This phase separation was 

performed for a total of 3 times. Imidazole pH 8.0 was added to the detergent phase to a final concentration of 15 mM 

and the mixture was incubated with Ni-NTA agarose beads (Qiagen) for 1 hour at 4°C. The beads were washed with 
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5 column volumes of Ras-NiNTA buffer A (20mM Tris pH 8.0, 100mM NaCl, 15mM imidazole pH 8.0, 10mM βME 

and 0.5% Sodium Cholate) and the protein was eluted with 2 column volumes of Ras-NiNTA buffer B (20mM Tris 

pH 8.0, 100mM NaCl, 250mM imidazole pH 8.0, 10mM bME and 0.5% Sodium Cholate). The protein was buffer 

exchanged to Ras-NiNTA buffer A using a 10,000 kDa MWCO Amicon concentrator, where protein was concentrated 

to ~1mL and topped up to 15 mL with Ras-NiNTA buffer A and this was repeated a total of 3 times. GTPgS was 

added in 2-fold molar excess relative to HRas along with 25 mM EDTA. After incubating for an hour at room 

temperature, the protein was buffer exchanged with phosphatase buffer (32 mM Tris pH 8.0, 200 mM Ammonium 

Sulphate, 0.1 mM ZnCl2, 10 mM bME and 0.5% Sodium Cholate). 1 unit of immobilized calf alkaline phosphatase 

(Sigma) was added per milligram of HRas along with 2-fold excess nucleotide and the mixture was incubated for 1 

hour on ice. MgCl2 was added to a final concentration of 30 mM to lock the bound nucleotide. The immobilized 

phosphatase was removed using a 0.22-micron spin filter (EMD Millipore). The protein was concentrated to less than 

1 mL and was 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, 1 mM MgCl2 and 2 mM TCEP).  The protein 

was concentrated to 1 mg/mL using a 10,000 kDa MWCO Amicon concentrator, aliquoted, snap-frozen in liquid 

nitrogen and stored at -80°C. 

 

Streptavidin Pulldown assays 

To confirm binding, purified nanobodies at 3µM final concentration were mixed with tagged p110g-p84 at 

2µM final concentration in PI3K GFB and incubated for 15 minutes on ice. To this mixture, streptavidin beads (GE 

Healthcare) equilibrated in GFB was added and incubated again for 15 minutes. The beads were spun down at 500 g 

(Eppendorf centrifuge 5424 R) and the supernatant was removed. The beads were then washed for a total of three 

times in GFB. Following the final wash, the beads were spun down, the supernatant was removed and the proteins 

were eluted in GFB containing 2.5 mM desthiobiotin. The beads were spun down again following which the 

supernatant was mixed with loading dye and run on a 4-12% Nu-PAGE gel (Invitrogen: NP0321BOX). Binders to 

both p110g and p84 were identified by the presence of bands corresponding to the nanobodies (~15 kDa). Pull down 

assays were performed again on all nanobodies with tagged p110g-p101 to identify binders to p101. 
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Differential Scanning Fluorimetry 

Differential scanning fluorimetry was performed using the Applied Biosystems StepOnePlus™ RT-PCR 

instrument (ThermoFisher Scientific, cat. 4376600) with the excitation and emission wavelengths set to 587 and 607 

nm, respectively. Briefly, p110g-p101/ p110g-p84 at a concentration of ~1 µM was dispensed into a 96-well plate 

and mixed with ~2 µM nanobody in PI3K GFB. SYPRO orange (Invitrogen) was diluted to 2.5x concentration, from 

a 5,000x stock. For thermal stability measurements, the temperature scan rate was fixed at 0.5 °C/min and the 

temperature range spanned 20 °C to 95 °C. Data analysis was performed using Protein Thermal Shift Software v1.4 

(ThermoFisher Scientific, cat. 4466038), which determined melting temperatures (Tms) of individual replicates by 

fitting fluorescence data to a two-state Boltzman model. 

 

Hydrogen-Deuterium Exchange Mass Spectrometry (HDX-MS)  

Preliminary HDX with p110g-p101, and p110g-p84 with nanobodies. 

HDX was performed by pre-incubating either p110g-p101 or p110g-p84 and 2-fold excess of nanobody for 2 

minutes. After equilibration H/D exchange was carried out by dilution into a D2O buffer for either 3 or 300 seconds 

at 18 ̊C in a 50 ul reaction volume. The final total amount of PI3Kg (with either p101 or p84) and nanobody were 20 

pmol and 30 pmol, respectively. D2O buffer (20 mM HEPES pH 7.5, 100 mM NaCl, 96% D2O) was added to the 

protein samples to initiate hydrogen-deuterium exchange (final 84.5% D2O) and the reaction was quenched with an 

acidic quench solution (0.6 M guanidine-HCl, 0.9% formic acid final). The samples were immediately frozen in liquid 

nitrogen at -80˚C.  

 

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 either one (at 

10°C) or two (at 10°C and 2°C) immobilized pepsin columns (Applied Biosystems; Poroszyme Immobilized Pepsin 

Cartridge, 2.1 mm x 30 mm; Thermo-Fisher 2-3131-00; Trajan; ProDx protease column, 2.1 mm x 30 mm PDX.PP01-

F32) at 200 mL/min for 3 minutes. The resulting peptides were collected and desalted on a C18 trap column (Acquity 
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UPLC BEH C18 1.7mm column (2.1 x 5 mm); Waters 186003975). The trap was subsequently eluted in line with a 

C18 reverse-phase separation column (Acquity 1.7 mm 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 minutes immediately 

followed by a gradient of 35-80% over 5 minutes. Mass spectrometry experiments acquired over a mass range from 

150 to 2200 m/z using an electrospray ionization source operated at a temperature of 200C and a spray voltage of 4.5 

kV. 

 

Peptide identification 

Peptides were identified from the non-deuterated samples of p110g alone or p110g complexed with p101 or 

p84 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 

peptide identification was carried out by using a false discovery based approach, with a threshold set to 1% using a 

database of of known contaminants found in Sf9 cells (175). The search parameters were set with a precursor tolerance 

of 20 ppm, fragment mass error 0.02 Da, charge states from 1-8, leading to a selection criterion of peptides that had a 

-10logP score of 21.7. 

 

Mass Analysis of Peptide Centroids and Measurement of Deuterium Incorporation 

HD-Examiner Software (Sierra Analytics) was used to automatically calculate the level of deuterium 

incorporation into each peptide. All peptides were manually inspected for correct charge state, correct retention time, 

appropriate selection of isotopic distribution, etc. Deuteration levels were calculated using the centroid of the 

experimental isotope clusters. Results are presented as relative levels of deuterium incorporation, with the only 

correction being applied correcting for the deuterium oxide percentage of the buffer utilized in the exchange (84.5% 

and 86.8%). Differences in exchange in a peptide were considered significant if they met all two of the following 

criteria: ≥5% change in exchange and ≥0.4 Da difference in exchange. The raw HDX data are shown in two different 

formats. To allow for visualization of differences across all peptides, we utilized number of deuteron difference (#D) 

plots (Figure 3.2B). These plots show the total difference in deuterium incorporation over the entire H/D exchange 

time course, with each point indicating a single peptide. Samples were only compared within a single experiment and 

were never compared to experiments completed at a different time with a different final D2O level. The mass 
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spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner 

repository (118) with the dataset identifier PXD025207.  

 

Lipid vesicle preparation 

For kinase assays, 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 dissolved 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. 

 

In vitro lipid kinase assays 

All lipid kinase activity assays employed the Transcreener ADP2 Fluorescence Intensity (FI) Assay 

(Bellbrook labs) which measures ADP production. For assays with nanobodies, PM-mimic vesicles (5% PIP2, 20% 

PS, 10% PC, 35% PE, 25% cholesterol, 5% SM) were used at a final concentration of 1 mg/mL, with ATP at a final 

concentration of 100 µM ATP and Gbg/HRas at 1.5 µM final concentration were used. The protein solution at 2´ final 

concentration was mixed with nanobody at 2´ final concentration in a black 385 well microplate (Corning). 2 µL of 

the protein-nanobody solution was mixed with 2 µL substrate solution containing ATP, vesicles and Gβg/HRas or 

Gbg/HRas gel filtration buffer and the reaction was allowed to proceed for 60 minutes at 20°C. Final concentration of 

kinase was 1200-3500nM for all basal conditions with or without nanobody. For conditions with Gbg (with or without 

nanobody), p110g-p84: 400-1500 nM and p110g-p101: 25-750 nM. For conditions with Ras (with or without 

nanobody), p110g-p84: 1000-3000 nM and p110g-p101: 750-3000 nM. For conditions with Gbg and Ras (with or 

without nanobody), p110g-p84: 120-3000 nM and p110g-p101: 5-3000 nM. The final nanobody concentration was 6 

µM. The reaction was stopped with 4 µL of 2´ stop and 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 
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normalized 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.  

 

3.4     Results 

Characterization and identification of a panel of PI3Kg nanobodies 

Llamas were immunized with either the p110g/p101 or p110g/p84 complex and putative binders were 

identified using phage display from the B-cells as previously described (170)(Figure 3.1A). We identified 88 potential 

binders, which were classified according to the sequence of the third complementarity determining region (CDR3), 

into 49 families. Representative nanobodies from all families were recombinantly expressed in WK6 E.coli cells and 

purified using Nickel affinity chromatography. Members of four families could not be expressed, leading to 45 purified 

nanobodies. Streptavidin pulldown assays were performed using strep-tagged p110g/p101 and p110g/p84 complexes 

with the purified nanobodies to determine binding. To identify nanobodies that bound to p110g, p101, or p84 we 

carried out pull downs on both p110g/p101 and p110g/p84. Nanobodies that bound both complexes were assumed to 

bind p110g, while ones that bound specifically to either p110g/p101 or p110g/p84 were assumed to be p101 or p84 

binders. Twenty-six nanobodies were identified as positive hits, of which twenty-two bound to p110g, three bound to 

p101, and one to p84 (Figure 3.1B, Appendix F). We used differential scanning fluorimetry (DSF) with nanobodies 

bound to PI3Kg to identify possible stabilizing effects. DSF measures the unfolding of proteins as a function of 

temperature, which allows for the identification of stabilizing binding partners by observing increases in the melting 

temperature (Tm) (Figure 3.1C). Fifteen nanobodies showed higher Tm values, including eight nanobodies which 

induced differences of 0.5°C or greater, indicating significant stabilizing effects (Appendix F).  
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Figure 3.1. Schematic describing the flow-path for characterizing nanobodies that bind PI3Kg as tools for 
structural and biochemical analysis. (A) Isolation of nanobodies through immunization with PI3Kg complexes, 
p110g-p101 and p110g-p84 and nanobody selection by phage display. (B) Small scale expression and purification of 
nanobodies for pulldown assays to select for binders to p110g, p101 and p84. (C) Differential scanning fluorimetry 
(DSF) to obtain nanobodies with stabilizing effects. (D) Identification of nanobody epitopes on p110g, p101 and p84 
by hydrogen-deuterium exchange mass spectrometry (HDX-MS). (E) Utilizing nanobodies in electron microscopy 
to label PI3Kg subunits and to facilitate high resolution structural studies. (F) Utilizing nanobodies as tools to 
modulate PI3Kg regulation in kinase activity assays. 

 

HDX-MS enabled identification of nanobody binding epitopes  

The p110g/p101 and p110g/p84 complexes were subjected to hydrogen deuterium exchange mass 

spectrometry (HDX-MS) in the presence of 19 different nanobodies confirmed by pulldowns, in order to determine 

the binding epitope, and possible differences in conformational dynamics. HDX-MS measures the exchange rate of 

hydrogens on the protein amide backbone with the deuterium from a deuterated buffer. These exchange rates are 

primarily dependent on protein secondary structure, and thus it is a powerful tool to examine protein conformational 

dynamics (176). The changes in HDX as a result, allow for the identification of potential binding interfaces or 

conformational changes induced upon complex formation with nanobodies. The full details of HDX data collection 

and analysis are shown in Appendix G-I. 
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HDX-MS was used to identify the epitopes of nineteen nanobodies, including the fifteen p110g binding and 

four p101/p84 nanobodies (Figure 3.1D). HDX experiments were carried out at two timepoints of H/D exchange (3 

or 300 seconds at 18°C). The p110g-binding nanobodies caused decreased exchange at regions spanning almost the 

entire p110g sequence (Figure 3.2 and Appendix J+K). Multiple nanobodies caused decreased exchange in the helical 

domain of p110g, which has been observed for previous p110g antibody and small molecule binding partners 

(94,177,178) due to the propagation of allosteric changes to the helical domain. 

Of the nanobodies studied by HDX, we were able to identity putative epitopes for the majority (Figure 3.2, 

Appendix F, Appendix J+K). Of this group, we will focus the discussion on nanobodies that were further characterized. 

The nanobody NB5-PIK3CG caused decreased HDX in a region spanning the end of the uncharacterized adaptor 

binding domain (ABD) and the first helix in the ABD-RBD linker (122-157) (Figure 3.2B). Nanobody NB7-PIK3CG 

caused decreased HDX throughout the helical domain, with the largest decrease being localized in the Ras binding 

domain (RBD) which is essential for Ras binding (196-211) (Figure 3.2C). The p101-binding nanobody, NB1-

PIK3R5, induced large scale decreases in exchange within multiple regions in the final 200 amino acids, which has 

been identified as a critical region for Gbg activation (148). The p101 region previously identified as the putative Gbg 

binding site (816-828) had a >25% protection in deuterium incorporation. 
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Figure 3.2. Using HDX-MS to identify nanobody epitopes on PI3Kg. (A) Domain organization of p110g subunit 
with domains colored on the crystal structure of the 144-1102 crystal construct. (PDB ID: 6aud) (B) HDX-MS 
differences in p110g-p84 with the addition of NB5-PIK3CG mapped on a structural model of p110g. The number of 
deuteron difference for all peptides analyzed over the entire deuterium exchange time course is shown for p110g and 
p84. In panels (B-D), peptides showing significant difference in deuterium exchange (>5%,>0.4 kDa) between 
conditions with and without nanobody are colored on the cartoon. (C) HDX-MS differences in p110g-p84 with the 
addition of NB7-PIK3CG mapped on a model of p110g. The number of deuteron difference for all peptides analyzed 
over the entire deuterium exchange time course is shown for p110g and p84. (D) HDX-MS differences in p110g-
p101 with the addition of NB1-PIK3R5 mapped on a cartoon representation of p110g/p101, as changes only occur in 
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the p101 subunit, which has not been structurally characterized. The number of deuteron difference for all peptides 
analyzed over the entire deuterium exchange time course is shown for p110g and p101.  
 

Nanobodies stabilize protein conformations enabling high resolution Cryo-EM analysis 

 Many nanobodies bound to regions of either p110g or the p101 and p84 subunits that have not been 

characterized structurally up to this point. We first used utilized negative stain electron microscopy to analyze three 

nanobodies that bind novel regions of the p110g-p101 complex: NB1-PIK3R5 (p101 C-terminus), NB2-PIK3R5 

(p101) and NB5-PIK3CG (p110g ABD) (Figure 3.3A). 2D analysis revealed that additional densities along the 

periphery of the complex corresponding to unique binding sites of these nanobodies. We were able to model the 

approximate location of these binding sites by integrating data from HDX-MS and negative stain EM (Figure 3.3D). 

We also conducted cryo-EM analysis of the p110g-p101 complex, generating a map at an overall resolution of 3.4 Å. 

However, this 3D reconstruction revealed that a large portion of p101 was poorly resolved in the EM density map, 

with this region matching the area where NB1-PIK3R5 bound based on the negative stain analysis and HDX-MS. 

Hence, we reconstituted a ternary complex of p110g-p101 with NB1-PIK3R5 and vitrified this sample for cryo-EM 

analysis. We were able to obtain a 3D reconstruction at an overall resolution of 2.9 Å, with greatly improved local 

resolution compared to the apo complex at the NB1-PIK3R5 binding site (Figure 3.3B+C). The improved quality of 

the EM density map resulting from the nanobody serves as a proof of principle for the HDX-MS guided approach to 

rapidly optimize nanobodies as structural chaperones. This enabled us to efficiently narrow down to the best possible 

nanobody to overcome the challenges facing structural investigations of p110g-p101 (Figure 3.3D). 

 

 

 

 

 

 

 

 

 



 53 

 

Figure 3.3. Nanobodies facilitate structural studies by EM. (A) Representative 2D class averages of p110g-p101 
indicating positions of the nanobodies NB1-PIK3R5, NB2-PIK3R5 and NB5-PIK3CG as seen on negative stain EM. 
(B) Cryo-EM 3D reconstructions of p110g-p101 and NB1-PIK3R5 bound p110g-p101 showing the stabilizing effect 
of this nanobody. Density for the nanobody is circled. (C) p110g-p101 reconstructions with and without NB1-
PIK3R5 colored according to local resolution as estimated using cryoSPARC v3.1 (D) Cartoons showing 
approximate binding sites of NB1-PIK3R5, NB2-PIK3R5, NB5-PIK3CG and NB7-PIK3CG as determined by 
HDX-MS and negative stain EM. 
 

Nanobodies can both inhibit and activate PI3Kg lipid kinase activity 

The identification of nanobodies that bound at the protein interfaces for the upstream activators Ras (which 

binds the RBD of p110g) and Gbg (binds the c-terminus of p101) led us to characterize their effects on lipid kinase 

activity and activation by lipidated Ras and Gbg. We hypothesized that nanobodies sharing the same binding epitopes 
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as known PI3Kg activators could potentially disrupt PI3Kg activation and signaling.  Additionally, the important role 

of the ABD domain in regulating class I PI3Ks, led to investigate the potential role of nanobodies binding this region. 

We selected three nanobodies for full biochemical characterization (the RBD binding nanobody NB5-PIK3CG, the 

p101 binding nanobody NB1-PIK3R5, and the ABD binding nanobody NB7-PIK3CG) using in vitro lipid kinase 

assays of its basal activity and activation by lipidated Gbg and Ras (Figure 3.1F, Figure 4). Assays were carried out 

with both the p110g-p101 and p110g-p84 complexes, to determine any complex specific modulatory effects. The 

development of biomolecules that can specifically target unique p110g complexes would be an important tool to 

decipher PI3Kg signaling, as ATP competitive inhibitors will equally inhibit both complexes.  

The RBD-binding nanobody NB7-PIK3CG had no effect on basal lipid kinase activity of either p110g-p101 

or p110g-p84 (Figure 3.4A+D). For both complexes it completely blocked activation by lipidated Ras (Figure 

3.4A+D). This nanobody appeared to have a limited effect on Gbg activation of the p110g-p101 complex, as it was 

still robustly activated, however, for the p110g-p84 complex it caused complete disruption of both Ras and Gbg 

activation (Figure 3.4A+D). This potentially could be utilized as a biased inhibitor that would preferentially inhibit 

p110g-p84 over p110g-p101. The contact site of the p101 binding nanobody NB1-PIK3R5 partially overlapped with 

the one identified for lipidated Gbg on membranes (148). In light of this, we hypothesized that this nanobody would 

be able to specifically inhibit Gbg-mediated activation of p110g/p101. Gbg activation of p110g/p101 was almost 

completely inhibited in the presence of NB1-PIK3R5 (Figure 3.4B), with no effect on Ras activation. This nanobody 

caused no significant differences in lipid kinase activity under any conditions for the p110g/p84 complex (Figure 

3.4E). Due to its ability to potently inhibit only GPCR activation of the p110g-p101 complex, NB1-PIK3R5 will be a 

powerful tool to selectively inhibit only p110g-p101 over p110g-p84 to decipher their specific roles in PI3Kg signaling.  

We tested the effect of the p110g ABD binding nanobody (NB5-PIK3CG) on lipid kinase activity. The ABD 

of p110g is structurally uncharacterized, but the ABD domain of class IA PI3Ks is known to be a critical regulator of 

lipid kinase activity (95).  The NB5-PIK3CG nanobody activated lipid kinase activity under all conditions tested for 

both p110g-p101 and p110g-p84 (Figure 3.4C+F). This reveals an unexpected and previously undescribed role of the 

ABD as a regulator of p110g signaling, with molecules targeting this region able to modulate lipid kinase activity.   
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Figure 3.4. Nanobodies modulate PI3Kg regulation. (A) Lipid kinase activity assay showing the effect of NB7-
PIK3CG binding on the specific activity of p110g-p101 under the indicated conditions. For assays in (A-F), plasma 
membrane mimic vesicles (20% phosphatidylserine (PS), 50% phosphatidylethanolamine (PE), 10% Cholesterol, 10% 
phosphatidylcholine (PC), 5% sphingomyelin (SM) and 5% phosphatidylinositol-3,4,5-trisphosphate (PIP2)) at 0.5 
mg/mL final concentration were used. Final concentration of ATP was 100 µM. Final concentration of nanobody was 
6 µM. Lipidated Gbg and HRas G12V were present at 1.5 µM concentration. Two tailed p-values represented by the 
symbols as follows: ***<0.001; **<0.01; *<0.05; N.S.>0.05. (B) Lipid kinase activity assay showing the effect of 
NB5-PIK3CG binding on the specific activity of p110g-p101 under the indicated conditions. (C) Lipid kinase activity 
assay showing the effect of NB1-PIK3R5 binding on the specific activity of p110g-p101 under the indicated 
conditions. Biochemical assays in panels A-C were carried out with p110g-p101 at 50-3,000 nM final concentration. 
(D) Lipid kinase activity assay showing the effect of NB7-PIK3CG binding on the specific activity of p110g-p84 
under the indicated conditions. (E) Lipid kinase activity assay showing the effect of NB5-PIK3CG binding on the 
specific activity of p110g-p84 under the indicated conditions. (F) Lipid kinase activity assay showing the effect of 



 56 

NB1-PIK3R5 binding on the specific activity of p110g-p84 under the indicated conditions. Biochemical assays in 
panels D-F were carried out with p110g-p84 at 1,500-3,000 nM final concentration.  
      

3.5     Discussion 

The class I PI3Ks are master regulators of growth, metabolism, and immunity (136). Mutations leading to 

activation of the PI3K pathway are the most frequent alterations in human cancer (179). Small molecule inhibitors of 

class I PI3Ks are in clinical and pre-clinical development for cancer, immune disorders, developmental disorders, and 

inflammatory disorders. Partially limiting this approach is the severe side effects associated with pan-PI3K ATP-

competitive inhibitors (180). Further development of biomolecules that can selectively modulate distinct PI3K 

isoforms and complexes will be critical in fully understanding PI3K signaling, and may prove useful as therapeutics 

for multiple human diseases. Here we describe an HDX-MS optimized flow-path for the rapid identification of a panel 

of class IB binding nanobodies. These identified nanobodies enabled high resolution structural studies, and selectively 

modulated different p110g regulatory complexes. 

Nanobodies can be powerful tools in preventing protein-protein interactions, and they are rapidly entering 

the clinic for treatment of multiple diseases (181), with the first nanobody drug Cablivi approved as a treatment for 

acquired thrombotic thrombocytopenic purpura (182). In addition to this therapeutic role, one of the first applications 

of nanobodies was as chaperones facilitating structural biology approaches. This has enabled high resolution structures 

of multiple signaling proteins, highlighted by the foundational impact nanobodies have had on GPCR structural 

biology (158). A complication of generating optimized nanobodies, is the extensive screening required for 

biomolecules that enable either EM or X-ray approaches. Here we have described how HDX-MS can be utilized to 

rapidly identify epitopes for nanobodies and stabilizing conformational changes induced upon binding. HDX-MS is a 

well-established technique for efficiently defining antibody binding sites for biopharmaceuticals (183), and has been 

used to define nanobody binding sites (161,184). The identification of the NB1-PIK3R5 nanobody, which stabilized 

the dynamic C-terminus of the p101 subunit, allowed us to obtain a high-resolution map of the p110g-p101 complex 

by cryo-EM, which is described in depth in chapter 4. Overall, our HDX-MS based approach allows for a repeatable 

method to rapidly identify the most suitable nanobodies to optimize X-ray crystallography and cryo-EM approaches.  

Our combined HDX-MS and EM structural studies revealed multiple nanobodies that bound at critical 

regulatory interfaces involved in the binding of Ras and Gbg in both p110g and p101. We identified two nanobodies 
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(NB6-PIK3CG, NB7-PIK3CG) that bound to the RBD in p110g, which contains the Ras binding interface (93). 

Membrane reconstitution assays of Ras activation showed that NB7-PIK3CG potently inhibited Ras activation for 

both the p110g-p101 and p110g-p84 complexes. Intriguingly, for p110g-p84, this nanobody also disrupted activation 

by Gbg. The p110g-p84 complex is proposed to strictly require Ras for activation in vivo (84), however, this data 

suggests a key role of the RBD in the activation by both Ras and Gbg in this complex. NB7-PIK3CG induced large-

scale allosteric changes within the helical domain of p110g (Figure 3.2C). It has been shown that the Gbg binding 

interface in p110g lies within the helical domain (148), and thus a potential molecular mechanism for this inhibition 

is the disruption of the helical domain-Gbg interaction through nanobody-induced allosteric changes. The p110g-p101 

complex has a second Gbg binding site in p101 (85,185) which potentially allows it to overcome this inhibitory effect 

and still be activated by Gbg. This difference between the two PI3Kg complexes will likely enable this nanobody to 

be used as a biased p110g-p84 inhibitor. A similar effect was seen with a C2 binding antibody that was able to 

selectively inhibit GPCR activation of p110g-p84 over p110g-p101 (178). Together these biomolecules will be useful 

as tools to study the specific roles of p110g-p84 in cell signaling.  

The p110g-p101 complex contains Gbg binding sites in both p110g and p101 (85,148,185,186), with the 

unique p101 Gbg binding site being an attractive target for the development of molecules to selectively inhibit GPCR 

activation of the p110g-p101 complex. Nanobodies have been developed that can inhibit/modulate GPCR signaling at 

multiple levels (187), including ones that target the extracellular (188) and intracellular (158,189) faces of GPCRs, as 

well as the released Gbg heterodimer (174) . The development of molecules that can specifically block activation of a 

single Gbg effector will have major advantages both as tools, and as potential therapeutics. The NB1-PIK3R5 

nanobody bound to p101 at a site previously proposed as the Gbg binding site (148), and selectively inhibited Gbg 

activation of only the p110g-p101 complex. Selectively inhibiting the p110g-p101 complex has potential applications 

and advantages in targeting p110g in disease. In heart failure, the p110g-p101 complex is upregulated, while the p110g-

p84 complex plays an important role in maintaining cardiac contractility (71,140) , highlighting the potential 

advantage of specifically targeting p110g-p101. Initiation of toll-like receptor (TLR) signaling activates p110g through 

engagement with Rab8 (82), with this being proposed to selectively activate p110g-p101 through an unknown 

mechanism. This might indicate an advantage of targeting p110g-p101 in TLR driven inflammation. Further structural 
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and biochemical optimization of biomolecules binding at this site in p101 may play an important role in understanding 

p110g signaling and designing potential therapeutics.  

Overall, this study using HDX-MS to probe a family of PI3Kg binding nanobodies identified a wide variety of 

biomolecules that were useful in both high-resolution structural analysis and as selective modulators of PI3K activity. 

This approach can be employed for other large multi-component protein complexes, and is uniquely well-suited to 

develop and identify biomolecules that can allosterically modulate enzyme activity outside of the active site. 
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Chapter 4: Molecular basis for the regulation of p110g-p101 by GPCRs 

 

Adapted from: 

       Rathinaswamy, M.K.*, Dalwadi, U.*, Fleming, K.D., Adams, C., Stariha, J.T.B., Pardon, E., Minkyung, B., 

Vadas, O., DiMaio, F., Steyaert, J., Hansen, S.D., Yip, C.K. and Burke, J.E. (2021). Structure of the 

phosphoinositide 3-kinase p110g-p101 complex reveals molecular mechanism of GPCR activation. (2021) 

Science Advances (In Press)  

*  indicates equal contribution 

Contributions: 

The data presented in this chapter was a collaborative effort between the Burke lab, Yip lab (University of 

British Columbia), DiMaio lab (University of Washington) and Hansen lab (University of Oregon). Myself: 

Cloning, expression and purification of all proteins, kinase assays, HDX-MS and biolayer interferometry. Udit 

Dalwadi (Yip Lab): EM experiments using protein produced by me and 3D map generation. Kaelin 

Fleming/Jordan Stariha: Assistance with HDX-MS. Carson Adams (DiMaio Lab): Assistance with model 

building. Dr. Scott Hansen (Hansen Lab): Single molecule microscopy experiments using proteins purified by me.  

 

4.1     Abstract 

The class IB phosphoinositide 3-kinase (PI3K), PI3Kg, is a master regulator of immune cell function, and a 

promising drug target for both cancer and inflammatory diseases. Critical to PI3Kg function is the association of the 

p110g catalytic subunit to either a p101 or p84 regulatory subunit, which mediates activation by G-protein coupled 

receptors (GPCRs). Here, we report the cryo-EM structure of a heterodimeric PI3Kg complex, p110g-p101. This 

structure reveals a unique assembly of catalytic and regulatory subunits that is distinct from other class I PI3K 

complexes. p101 mediates activation through its Gbg binding domain, recruiting the heterodimer to the membrane 

and allowing for engagement of a secondary Gbg binding site in p110g. Multiple oncogenic mutations mapped to 
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these novel interfaces and enhanced Gbg activation. A nanobody that specifically binds to the p101-Gbg interface 

blocks activation providing a novel tool to study and target p110g-p101-specific signaling events in vivo. 

 

4.2     Introduction 

The class IB p110 isoform p110g, encoded by PIK3CG  is a master regulator of immune cell function (137), 

chemotaxis (76,77), cytokine release (78), and reactive oxygen species generation (75), which are important processes 

for both the innate and adaptive immune systems. It is a key factor in multiple inflammatory diseases, including 

rheumatoid arthritis (66), atherosclerosis (190), Lupus (68), allergy (69,78,83), cardiovascular diseases (71), obesity 

related changes in metabolism (67), and pulmonary fibrosis (87). The immunomodulatory effects of PI3Kg are drivers 

of pancreatic ductal adenocarcinoma (89) and targeting PI3Kg in combination with checkpoint inhibitors has shown 

promise as an anti-cancer therapeutic (63,90). Its ability to mediate multiple immune cell functions is controlled by 

its activation downstream of diverse cell surface receptors, including G-protein coupled receptors (GPCRs) (79), the 

IgE/Antigen receptor (78), receptor tyrosine kinases (80), and Toll-like receptors (TLRs) (81,82). 

Structural and biophysical analysis have provided initial insight into the regulation of p110g and its activation 

by upstream stimuli. The structure of a p110g fragment revealed a conserved molecular architecture shared by all p110 

subunits composed of a Ras Binding Domain (RBD) which mediates activation by the small GTPase Ras (93), a C2 

domain, an armadillo repeat helical domain, and an archetypal bi-lobal kinase domain, similar to protein kinases (91) 

(Figure 4.1A). Sequence analysis suggested the presence of a ubiquitin-like domain at the N-terminus, possibly 

playing a similar function as the Adaptor Binding Domain (ABD) of class IA PI3Ks. Both p101 and p84 differ from 

the class IA PI3K regulatory subunits, as they are not essential for p110 stability and do not inhibit lipid kinase activity 

(85,191) , but instead mediate activation by upstream stimuli. The molecular basis for why regulatory subunits 

differentially regulate class IA and IB PI3Ks has remained elusive.  

The class I PI3Ks are frequently mis-regulated in multiple human diseases (192). This is most evident by the 

high frequency of hotspot somatic activating mutations found in PIK3CA (encodes for p110a) in multiple human 

cancers (98,179). The other class I PI3K isoforms are also potentially involved in cancer, with overexpression of these 

p110 catalytic subunits leading to oncogenic transformation in cells (97). Both overexpression of PIK3CG and rare 

point mutations spanning the catalytic subunit have been identified in tumor biopsies (55,56,58,193).  The mechanisms 
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by which these mutations affect lipid kinase activity cannot be clearly explained by the existing structure of the 

catalytic subunit alone, highlighting the importance of understanding the molecular details of PI3Kg regulatory 

complexes.  

PI3Kg is mainly activated downstream of GPCRs, where the presence of different adaptor subunits greatly 

modulates activation. The p84 and p101 subunits show distinct expression profiles, and alter PI3Kg signaling 

responses to distinct upstream inputs (186). In vivo, the p110g catalytic subunit alone is unable to be activated 

downstream of GPCRs and requires either the p101 or p84 regulatory subunits to respond to GPCRs (185). p101 and 

p84 play unique roles, with neutrophils lacking p84 having reduced reactive oxide species generation and neutrophils 

lacking p101 showing impaired migration (92). The distinct signaling responses were attributed to differential 

sensitivity of each of the PI3Kg  heterodimers to Gbg subunits, with the p110g-p101 complex being preferentially 

activated by Gbg (85,148)  and p110g-p84 requiring Ras binding for activation (84). To better understand how 

preferences for activating inputs translate into differences in function, there is a need for molecules that selectively 

inhibit one of the two p110g complexes without affecting the other. 

To decipher the molecular mechanism of how the p101 subunit regulates p110g activation, we determined 

the structure of the p110g-p101 complex using cryo-electron microscopy (cryo-EM). This structure reveals a novel 

binding interface between p101 and p110g, which is completely distinct with the interface of class IA PI3K adaptors. 

Our structure also validates the presence of an ABD in p110g similar to other class I PI3Ks, although with a unique 

orientation. Unlike class IA ABDs, the p110g ABD does not directly bind p101, but instead orients the RBD-C2 linker 

for productive binding to this regulatory subunit. Intriguingly, oncogenic mutations found in p110g localize at the 

interfaces of the ABD and p101. Hydrogen deuterium exchange mass spectrometry analysis revealed the altered 

dynamics of the p110g-p101 interfaces upon mutation, leading to increased activation by Gbg. The structure also 

showed that the Gbg binding domain (GBD) in p101 contains a putative membrane binding surface that positions 

p110g for catalysis. Single molecule fluorescence microscopy experiments indicated that the full activation of the 

p110g-p101 complex requires the engagement of two Gbg molecules to p101 and p110g, respectively. Finally, a 

nanobody used in the cryo-EM analysis was found to be a potent inhibitor of GPCR activation of only p110g-p101, 

with no effect on p110g-p84. This nanobody could be used to decipher the complex specific roles of PI3Kg in immune 

cell signaling, while also providing a novel potential therapeutic strategy for targeting unique PI3Kg complexes. 
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4.3     Materials and Methods 

Expression and purification of nanobody: 

Nanobody NB1-PIK3R5 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 2mM 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 (bME)). 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 bME), 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 bME) 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. 

 

Plasmid Generation for PI3Kg constructs: 

PI3Kg constructs without the regulatory subunit (p110g  full length and p110g 144-1102) were encoded in a 

pACEBac vector while the complexes were expressed from MutliBac (WT) or biGBac (mutants) vectors. For 

purification, a 10X 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 p110g for constructs without regulatory subunits. All 

mutations were made in pLib vectors encoding p110g using site-directed mutagenesis according to published 
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commercial protocols (QuickChange Site-Directed Mutagenesis, Novagen). Oligonucleotides spanning the region of 

interest containing altered nucleotides were used in PCR reactions (Q5 High-Fidelity 2´ MasterMix, New England 

Biosciences #M0492L) and the resulting reaction mixture was transformed into XL10 E.coli. Single colonies were 

grown overnight and purified using QIAprep Spin Miniprep Kit (Qiagen #27104). Plasmid identity was confirmed by 

sequencing. 

 

Virus Generation and Amplification:  

The plasmids encoding genes for insect cell expression 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 into the bacmid were 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 2´YT (BioBasic #SD7019). Cells were pelleted by centrifugation and the 

pellet was resuspended in 300 µL P1 Buffer (50 mM Tris-HCl, pH 8.0, 10 mM EDTA, 100 mg/mL RNase A), 

chemically lysed by the addition of 300 µL Buffer P2 (1% sodium dodecyl sulfate (SDS) (W/V), 200 mM NaOH), 

and the lysis reaction was neutralized by addition of 400 µL Buffer N3 (3.0 M potassium acetate, pH 5.5). Following 

centrifugation at 21130 RCF and 4 oC (Rotor #5424 R), the supernatant was separated and mixed with 800 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 (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 between 0.3-

0.5X106 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 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 together, 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. 
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Viral stocks were amplified by adding P1 viral stock to suspension Sf9 cells between 1-2´106 cells/mL at a 

2/100 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 27oC 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). 

 

Expression and purification of PI3Kg constructs: 

The PI3Kg complexes (Human p110g-porcine p101 WT/mutants and Human p110g-mouse p84 WT) 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. Constructs without the regulatory subunit (Human p110g full length and Human p110g 144-1102) were 

expressed in insect cells for 55 hours from a pACEBac vector. Both the monomer and the complex were purified 

identically through a combination of nickel affinity, streptavidin affinity and size exclusion chromatographic 

techniques.  

Frozen insect cell pellets were resuspended in lysis buffer (20 mM Tris pH 8.0, 100 mM NaCl, 10 mM 

imidazole pH 8.0, 5% glycerol (v/v), 2 mM bME), protease inhibitor (Protease Inhibitor Cocktail Set III, Sigma)) and 

sonicated for 2 minutes (15s on, 15s off, level 4.0, Misonix sonicator 3000). Triton-X was added to the lysate to a 

final concentration of 0.1% and clarified by spinning at 15,000 RCF for 45 minutes (Beckman Coulter JA-20 rotor). 

The supernatant was 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 bME). 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 bME), 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 bME) and the protein was eluted with 100% NiNTA B. 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. After cleavage on the column overnight, the protein was eluted in gel filtration buffer. For the 

complex with nanobody, the eluted protein was incubated with two-fold molar excess of purified nanobody on ice for 
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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. 

 

Expression and Purification of lipidated Gbg for kinase activity assays: 

Full length, lipidated human Gbg (Gb1g2) was expressed in Sf9 insect cells and purified as described 

previously (117). 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 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 bME) 

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 bME) 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. 

 

Lipid vesicle preparation for kinase activity assays: 

Lipid vesicles containing 5% brain phosphatidylinositol 4,5- bisphosphate (PIP2), 20% brain 

phosphatidylserine (PS), 50% egg-yolk phosphatidylethanolamine (PE), 10% egg-yolk phosphatidylcholine (PC), 

10% cholesterol and 5% egg-yolk sphingomyelin (SM) were prepared by mixing the lipids solutions in organic 
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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. 

 

Lipid kinase activity assays: 

All lipid kinase activity assays employed the Transcreener ADP2 Fluorescence Intensity (FI) Assay 

(Bellbrook labs) which measures ADP production. For assays comparing the activities of p110g, p110g-p101 and 

p110g-p84, PM-mimic vesicles at a final concentration of 1 mg/mL, ATP at a final concentration of 100 µM ATP and 

Gbg at 1.5 µM final concentration were used. Final concentration of kinase was 3000nM for all basal conditions. For 

conditions with Gbg, p110g: 3000 nM, p110g-p84: 1000 nM and p110g-p101: 30 nM.   2 µL kinase solution at 2´ final 

concentration was mixed with 2 µL substrate solution containing ATP, vesicles and Gbg or Gbg gel filtration buffer 

and the reaction was allowed to proceed for 60 minutes at 20°C. For assays comparing mutants, kinase was mixed 

with vesicles at 1mg/mL, ATP at 100 µM and Gbg at 75 nM or 1.5 µM final concentrations and the reaction was 

allowed to proceed for 60 minutes at 37°C. The reactions were stopped with 4 µL of 2´ stop and 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.  

For assays measuring nanobody inhibition at saturating Gbg concentrations, kinase at 4´ concentration was 

mixed with nanobody at 4´ concentration to obtain 2´ enzyme-nanobody solution (6 µM final nanobody). Final 

concentration of kinase was 3000nM for all basal conditions. For conditions with Gbg, p110g-p84: 1500 nM and 

p110g-p101: 50 nM. 2 µL of this solution was mixed with 2 µL of 2´ substrate solution containing ATP (100 µM 

final), vesicles (1 mg/mL final) with or without Gbg (1.5 µM final) to start the reaction and allowed to proceed for 60 

minutes at 20 oC. Following this, the reaction was stopped, the intensity was measured, the data was normalized and 
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specific activity calculated as described above. For the nanobody IC50 curve, kinase at 4´ concentration was mixed 

with nanobody at 4´ concentration to obtain 2´ enzyme-nanobody solution (200nM final kinase; 41-10,000 nM final 

nanobody). 2 µL of this solution was mixed with 2 µL of 2´ substrate solution containing ATP (100 µM final), vesicles 

(2 mg/mL final) and Gbg (600 nM final) to start the reaction and allowed to proceed for 60 minutes at 20 oC. Following 

this, the reaction was stopped, the intensity was measured, and the data was normalized as described above. The 

normalized values for conditions with nanobody were then further normalized against the condition with maximal 

activity (no nanobody).  

 

Bio-layer interferometry: 

Biolayer interferometry was performed using Octet K2 (Fortebio, Inc.). His-tagged nanobody was 

immobilized on an Anti-Penta-His biosensor for 600 seconds and the sensor was dipped into solutions of p110g-p101 

at 1.5, 6 and 25 nM final concentrations diluted in kinetics buffer (KB) containing 20mM Tris pH 8.5, 100mM NaCl, 

50mM ammonium sulphate, 0.1% bovine serum albumin and 0.02% tween-20. The association step was allowed to 

proceed for 600 seconds followed by a dissociation step in KB without protein for 600 seconds. The baseline was 

obtained by dipping sensor without nanobody into a solution containing 25 nM p110g-p101 in a similar fashion. The 

average Kd was calculated from the three binding curves based on their global fit to a 1:1 binding model. 

 

Hydrogen Deuterium Exchange Mass Spectrometry (HDX-MS) (STAR methods) 

HDX-MS sample preparation 

For HDX reactions comparing p110g alone and p110g in complex with p101 or p84, exchange was carried 

out in a 50 µl reaction containing 20 picomoles of protein, either p110g, p110g-p84 or p110g-p101. To initiate 

hydrogen-deuterium exchange, 1.5µL of either protein was incubated with 48.5 µL of D2O buffer solution (20mM 

HEPES pH 7.5, 100mM NaCl, 94.3% D2O) for five time points (3s on ice, 3s, 30s, 300s, 3000s at room temperature) 

to give a final concentration of 91.5% D2O.  

HDX reactions comparing full length p110g and ABD truncated p110g were conducted in 50 µl reaction 

volumes with a final p110g amount of 15 pmol. Exchange was carried out for four time points (3s, 30s, 300s and 3000s 
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at room temperature). To initiate hydrogen-deuterium exchange, 1.2 µL of either protein was incubated with 48.8 µL 

of D2O buffer solution (20mM HEPES pH 7.5, 100mM NaCl, 94.3% D2O) to give a final concentration of 92% D2O.  

HDX reactions comparing p110g-p101 with and without nanobody were conducted in 50 µl reaction volumes 

with a final p110g amount of 16 pmol and a final nanobody amount of 7 pmol. Exchange was carried out for two time 

points (3s and 300s at room temperature). To initiate hydrogen-deuterium exchange, 1µL of p110g-p101 and 1µL of 

nanobody was incubated with 48 µL of D2O buffer solution (20mM HEPES pH 7.5, 100mM NaCl, 94.3% D2O) to 

give a final concentration of 90.5% D2O.  

HDX reactions comparing wild-type p110g-p101, R472C p110g-p101, and E347K p110g-p101 were 

conducted in 50 µl reaction volumes with a final protein amount of 12.5 pmol. Exchange was carried out for five time 

points (3s on ice, 3s, 30s, 300s and 3000s at room temperature). To initiate hydrogen-deuterium exchange, 2 µL of 

protein was incubated with 48 µL of D2O buffer solution (20mM HEPES pH 7.5, 100mM NaCl, 94.3% D2O) to give 

a final concentration of 90.5% D2O. All exchange reactions were terminated by the addition of ice-cold quench buffer 

to give a final concentration 0.6M guanidine-HCl and 0.9% formic acid and samples were frozen in liquid nitrogen 

and stored at -80°C. All experiments were carried out in independent triplicate.  

 

Protein digestion and MS/MS data collection 

Protein samples were rapidly thawed and injected onto an integrated fluidics system containing a HDx-3 PAL 

liquid handling robot and climate-controlled chromatography system (LEAP Technologies), a Dionex Ultimate 3000 

UHPLC system, as well as an Impact HD QTOF Mass spectrometer (Bruker). The protein was run over either one (at 

10°C) or two (at 10°C and 2°C) immobilized pepsin columns (Applied Biosystems; Poroszyme Immobilized Pepsin 

Cartridge, 2.1 mm x 30 mm; Thermo-Fisher 2-3131-00; Trajan; ProDx protease column, 2.1 mm x 30 mm PDX.PP01-

F32) at 200 µL/min for 3 minutes. The resulting peptides were collected and desalted on a C18 trap column (Acquity 

UPLC BEH C18 1.7mm column (2.1 x 5 mm); Waters 186003975). The trap was subsequently eluted in line with a 

C18 reverse-phase separation column (Acquity 1.7 mm particle, 100 x 1 mm2 C18 UPLC column, Waters 186002352), 

using a gradient of 5-36% B (Buffer A 0.1% formic acid; Buffer B 100% acetonitrile) over 16 minutes. Mass 

spectrometry experiments acquired over a mass range from 150 to 2200 m/z using an electrospray ionization source 

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

Peptides were identified from the non-deuterated samples of p110g alone, p110g-p84, or p110g-p101 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 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. The search parameters were set with a precursor tolerance of 20 ppm, 

fragment mass error 0.02 Da, charge states from 1-8, leading to a selection criterion of peptides that had a -10logP 

score of 21.7. 

 

Mass Analysis of Peptide Centroids and Measurement of Deuterium Incorporation 

HD-Examiner Software (Sierra Analytics) was used to automatically calculate the level of deuterium 

incorporation into each peptide. All peptides were manually inspected for correct charge state, correct retention time, 

appropriate selection of isotopic distribution, etc. Deuteration levels were calculated using the centroid of the 

experimental isotope clusters. The results for these proteins are presented as the raw percent deuterium incorporation, 

as shown in the Appendix, with the only correction being applied correcting for the deuterium oxide percentage of the 

buffer utilized in the exchange (91.7% for comparing p110g to p110g-p101 and p110g-p84, 86.8% for comparing 

p110g-p101 with NB1-PIK3R5, 92% for the ABD deletion, and 90.5% for the oncogenic mutants). No corrections for 

back exchange that occurs during the quench and digest/separation were applied. 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 <0.01 using a two tailed student t-test. The 

raw HDX data are shown in two different formats.  

The raw peptide deuterium incorporation graphs for a selection of peptides with significant differences are 

shown, with the raw data for all analyzed peptides in the appendix. To allow for visualization of differences across all 

peptides, we utilized number of deuteron difference (#D) plots. These plots show the total difference in deuterium 
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incorporation over the entire H/D exchange time course, with each point indicating a single peptide. These graphs are 

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. Samples were only compared within a single experiment and were 

never compared to experiments completed at a different time with a different final D2O level. The data analysis 

statistics for all HDX-MS experiments are in Appendix P according to the guidelines (194). The mass spectrometry 

proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository (118) 

with the dataset identifier PXD025209. 

 

4.4     Results 

Structure of the p110g-p101 complex 

Full length human p110g alone, as well as the p110g-p84 and p110g-p101 complexes were purified (Figure 

4.1A+B). Gel filtration elution profiles of the p110g-p84 and p110g-p101 complexes confirmed their heterodimeric 

stoichiometry. Lipid kinase assays testing Gbg activation revealed a ~100-200-fold activation of p110g-p101, a less 

potent ~6-fold activation of p110g-p84, and limited activation for p110g alone, results that are consistent with previous 

work (148) (Figure 4.1C). To delineate the molecular basis for how p101 protein controls the activation of p110g we 

examined its architecture using an approach combining hydrogen deuterium exchange mass spectrometry (HDX-MS) 

and Cryo-EM.   

We first conducted cryo-EM analysis of the p110g-p101 complex. Although negative stain analysis revealed 

that purified p110g-p101 was homogeneous (data not shown) and high-quality vitrified specimens from this relatively 

small-sized and asymmetric complex could be obtained, the region encompassing the p101 regulatory subunit was 

poorly resolved in our initial 3D reconstruction of p110g-p101. This could be attributed to the highly dynamic nature 

of the C-terminal region of p101. To obtain a more “rigid” complex for cryo-EM analysis, we screened nanobodies 

targeting p110g-p101 and found one that specifically stabilized the p101 C-terminal domain (NB1-PIK3R5, described 

in chapter 3). We purified the nanobody-bound p110g-p101 complex and confirmed its 1:1:1 stoichiometry by gel 

filtration (Figure 4.1B).  Using this sample, we were able to obtain a cryo-EM reconstruction of the ternary complex 

of nanobody-bound p110g-p101 at 2.9 Å overall resolution from 320,179 particles (Appendix L). The density map 
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was of sufficient quality to allow for automated and manual building of the majority of the p110g and p101 subunits 

(Figure 4.1D-F). We were able to unambiguously fit available crystal structures of p110g (aas 144-1102) (195) into 

our map and build an additional 210 residues that constitute the ABD, the linkers connecting the RBD-C2 and C2-

helical domains, and the kinase domain activation loop (Appendix M). The region with the lowest local resolution 

was the Gbg binding domain (GBD) of p101, along with the bound nanobody. The GBD forms a beta sandwich 

structure composed of two sheets, and initial automated and manual model building only allowed for partial building 

of one of the two sheets. To build the remainder of the GBD, we utilized computational approaches. This allowed us 

to build a complete model of the structured regions of p101 (Appendix N). 

The p101 regulatory subunit structure (Appendix N) features a helical solenoid (aas 11-149, 186-267) and a 

a/b barrel (aas 150-185, 268-670, 867-877) that together we refer to as the p110g binding domain (PBD), and a beta 

sandwich Gbg binding domain (aas 671-834, GBD). In addition to these motifs, there are four linker regions that were 

not resolved in the electron density map (aas 311-512, 560-603, 623-650, and 835-866). Comparisons between p101 

and p84 revealed that the structured regions of the PBD and GBD are partially conserved (28% identity and 47% 

similarity for the PBD, and 24% identity and 44% similarity for the GBD) (Appendix N). We analyzed our p101 

model using the DALI server (196) and found multiple lipid kinases that shared a similar arrangement of an a/b barrel 

and b sandwich domain, including Diacylglycerol kinase (197), the phosphatidyl kinase YegS (198) and Sphingosine 

kinase 1 (199) (Appendix N). The catalytic residues at the active site were not conserved, suggesting that p101 has no 

kinase activity. However, comparing the previously identified lipid binding region of Sphingosine kinase 1 (200) with 

p110g-p101 showed that the corresponding region of p101 is oriented towards the putative membrane interface (Figure 

4.1E+F), indicating a membrane binding site in p101. 
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Figure 4.1. Cryo-EM structure of the p110g p101 complex. (A) Domain schematic of H. Sapiens p110g and S. 
Scrofa p101 used in this study. (B) Gel filtration elution profile of different p110g complexes (i.e. apo or bound to 
p84, p101, and p101-NB1-PIK3R5). An SDS-PAGE image of the p110g-p101-NB1-PIK3R5 complex is shown, with 
MW standards indicated. (C) Lipid kinase activity assays of different p110g complexes (concentration 30-3,000 nM) 
with and without lipidated Gbg (1.5 µM concentration) using 5% PIP2 vesicles mimicking the plasma membrane 
(20% phosphatidylserine (PS), 50% phosphatidylethanolamine (PE), 10% Cholesterol, 10% phosphatidylcholine 
(PC), 5% sphingomyelin (SM) and 5% phosphatidylinositol-3,4,5-trisphosphate (PIP2)). The fold change upon Gbg 
activation is indicated. Every replicate is plotted, with error shown as standard deviation (n = 3–6). Two tailed p-
values represented by the symbols as follows: **<0.001; *<0.02; N.S.>0.02. (D). Density map of the p110g-p101-
NB1-PIK3R5 complex colored according to the schematic in panel A. (E) Cartoon representation of the p110g-p101 
complex colored according to the schematic in panel A. (F) Cartoon schematic of the p110g-p101 complex. 
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Molecular details of the p110g-p101 interface 

Our cryo-EM structure revealed that p101 engages p110g in an extended interface resulting in buried surface 

area of ~1202 Å2 (Figure 4.2A+B, Appendix O). There are three specific regions of p110g that bound to p101:  the C2 

domain, and the two linkers between the RBD-C2 and the C2-helical domains (Figure 4.2A). These inter-domain 

linkers were not resolved in previous structures of p110g alone and contain critical contact residues with p101. The 

primary binding interface on p101 is composed of the helices a5+6 and the intervening turn in the PBD which interacts 

with the C2 domain and linkers. The C2 domain also makes an additional interaction with the C-terminal proline of 

p101. These interfacial residues are strongly conserved across evolution (Appendix N). Intriguingly, we found that 

the PBD contact residues in p101 were also conserved with p84 (78% identical, 89% similar), revealing a likely shared 

mode of binding for both regulatory subunits.  

A secondary contact site between p101 and p110g is formed between two beta strands in the GBD of p101 

(aas 729-741) and the C2 domain of p110g (Appendix O). This interface is formed by multiple electrostatic interactions 

between positively charged residues from the GBD of p101 and an anionic surface in the C2 domain of p110g (Figure 

4.2B, Appendix O). This anionic surface in the C2 is absent in all other class I PI3Ks. Residues forming this contact 

site are conserved in the evolutionary history of both p101 and p110g, but are only partially conserved in p84 (57% 

identical, 86% similar), suggesting that the dynamics of this contact may be altered between the two complexes. This 

unique interface could explain how a previously designed C2 binding antibody specifically inhibited GPCR activation 

of p110g-p84 over p110g-p101 (178). 

To verify the contacts observed in the cryo-EM structure of p110g-p101, and to compare to dynamics at the 

p110g-p84 interfaces, we carried out HDX-MS experiments on p110g alone and with the two regulatory subunits. 

Consistent with our previous work (86,141), we found that with both p84 and p101, there was protection of large 

sections of the ABD and C2 domains along with the RBD-C2 and C2-helical linkers (Figure 4.2 D-F, Appendix O). 

The same regions were protected in both complexes, however, the differences were larger in the presence of p101, 

indicating enhanced stability of the p101-bound complex. These differences in stability can be explained by the only 

partial conservation of the secondary interface residues between p101 and p84, in line with previous data (186).  
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Figure 4.2. Structural basis of the p110g-p101 binding interface. (A) Cartoon representation of the p110g-p101 
complex, with p101 colored as in Figure 1, and p110g colored according to the attached schematic, with p101 
interacting regions (RBD-C2 linker, C2, and the C2-helical linker) indicated. Important features are shown in a cartoon 
schematic. (B) Interaction between the GBD of p101 and the C2 domain of p110g. The p110g C2 domain is shown as 
an electrostatic surface with p101 shown as sticks. (C) The electrostatic surface of the GBD of p101. A cartoon 
schematic highlighting potential electrostatic interactions between the GBD of p101 and the C2 domain of p110g and 
membranes.  (D) HDX-MS differences in p110g with the addition of the p101 subunit. (E) HDX-MS differences in 
p110g with the addition of the p84 subunit mapped on a model of p110g. The number of deuteron difference for p110g-
p84 for all peptides analyzed over the entire deuterium exchange time course is shown for p110g. (D+E) Peptides 
showing significant deuterium exchange differences (>5%,>0.4 kDa and p<0.01 in an unpaired two-tailed t-test) 
between conditions are colored on a cartoon model of p110g-p101 or p110g alone. A cartoon schematic is shown 
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indicating the two conditions compared using HDX-MS. The number of deuteron difference for p110g-p101 for all 
peptides analyzed over the entire deuterium exchange time course is shown for p110g. Every point represents the 
central residue of an individual peptide. Error is shown as standard deviation (n = 3). (F) Selected p110g peptides that 
showed decreases and increases in exchange between p110g alone, p110g-p101, and p110g-p84.  

 

Previous work showed that the interaction of the p110g with its regulatory partners required the presence of 

the N-terminal ABD (141).  Intriguingly, the ABD in p110g does not directly interact with the regulatory subunit, but 

instead forms extensive contacts with the RBD-C2 linker (Figure 4.3A) to orient the two linkers for binding the PBD 

of p101 (Figure 4.3B). To verify these interactions, we performed HDX-MS comparing full length p110g and the 

crystal construct of p110g (aas 144-1102) which lacks the ABD. Consistent with the structural data, presence of the 

ABD resulted in significant protection in the peptides spanning the RBD-C2 linker (Figure 4.3C). 

 

 

Figure 4.3. Structural basis of the ABD interface with the resit of p110g. (A) The structure of p110g-p101 complex, 
highlighting the orientation of the p110g ABD, with p101 shown as a transparent surface. The different domains are 
colored as indicated according to the cartoon schematic. (B) The ABD of p110g coordinates the RBD-C2 linker of 
p110g to interact with p101. The RBD-C2 linker, ABD, and the region of p101 that binds the RBD-C2 linker are 
shown in a cartoon representation. The electron density of the ABD interface, RBD-C2 linker and region of p101 that 
binds the RBD-C2 linker are visible. (C) HDX-MS differences in p110g with the presence of the ABD mapped on a 
model of p110g. The number of deuteron difference for the p110g ABD deletion for all peptides analyzed over the 
entire deuterium exchange time course is shown for p110g. 
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Comparison of regulatory subunit interactions in class IB to class IA PI3Ks 

 All class I PI3Ks bind to regulatory subunits, with the class IA PI3Ks binding to five different p85 regulatory 

subunits. p85 binding has three main effects: (1) it stabilizes the p110 catalytic subunit, (2) inhibits basal lipid kinase 

activity, and (3) allows activation downstream of pYXXM motifs (95). In contrast, association with class IB regulatory 

subunits neither stabilizes nor inhibits the p110g catalytic subunit. To explain these differences in regulation, we 

compared the orientation of adaptor subunits and the ABD between class IA and class IB PI3Ks (Figure 4.4A-D).  

The binding interface with regulatory subunits is completely distinct in class IA PI3Ks compared to class IB. 

While the C2 domain of class IA PI3Ks does interact with the iSH2 and nSH2 of p85 regulatory subunits, the interface 

is different from the one that binds the PBD and GBD of p101. Regulatory subunits in class IA PI3Ks make extensive 

inhibitory interactions with the C-lobe of the kinase domain, while no such contact is observed in the p110g-p101 

complex. Although ABDs of class IA and IB share a similar overall fold (Appendix Q), there are extensive 

conformational differences in secondary structure elements, consistent with the limited sequence conservation 

(identity ranging from 13-16% for p110a, p110b, and p110d). The ABD from class IA PI3Ks is required for forming 

a high affinity interaction with the iSH2 from p85, mediated by contacts between beta strands b1 and b2, and helix 

a3. This region is at the surface in the p110g ABD, making no interactions with the rest of the p110g subunit (Appendix 

Q). For all class IA PI3Ks, the ABD forms an inhibitory contact with the N-lobe of the kinase domain, through its N-

terminus and the b4-a3 loop. The ABD in p110g is rotated 180° around the ABD-RBD linker allowing the b4-a3 loop 

to bind to the RBD-C2 linker. The residues in these regions are highly conserved in the evolution of p110g, with no 

conservation with other class I PI3Ks (Appendix Q). Overall, this comparison reveals why p110g is not inhibited by 

p101 unlike class IA PI3Ks which are potently inhibited by extensive intra- and inter-subunit contacts with regulatory 

partners. (Figure 4.4E). 
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Figure 4.4. Class IA and IB PI3Ks form distinct interfaces with regulatory subunits and the ABD. (A) The 
structure of p110g-p101 complex, with p110g shown as a surface and p101 shown as a ribbon, and the domains colored 
according to the cartoon schematic as indicated in panel E. (B) The structure of p110a-p85a complex (PDB:4JPS), 
with p110a shown as a surface and the nSH2 and iSH2 domains of p85a shown as a ribbon, and the domains colored 
according to the cartoon schematic as indicated in panel E. (C) The ABD of p110g does not interact with either the 
regulatory subunit or kinase domain. The p110g-p101 complex is shown as in panel A. (D) The ABD of p110a 
interacts with both the regulatory subunit and kinase domain. The p110a-p85a complex is shown as in panel B. The 
altered orientation of the ABD compared to p110g is indicated by the black arrow. (Cartoon schematics indicating the 
differences between class IA and class IB are shown for panels A-D). (E) Domain schematic comparing the 
interactions between p110 catalytic and the p101 / p85 regulatory subunits. Inhibitory interactions are colored in red, 
with interacting regions indicated by the arrows. 
 

Rare oncogenic mutations cluster at the p101 and ABD interfaces in p110g 

 The PI3K-Akt pathway is the most commonly activated pathway in human cancer, primarily driven by 

activating oncogenic mutations in the PIK3CA gene encoding p110a. The role of the p110g isoform in cancer 

development has been ambiguous, with overexpression and rare somatic mutations of PIK3CG implicated in multiple 

cancers, including pancreatic, prostate, renal, and breast. To further explore if activating mutations potentially exist in 
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PIK3CG we analyzed the Catalog Of Somatic Mutations In Cancer (COSMIC) (106), which showed mutations 

spanning the primary sequence of p110g. Intriguingly, many of the most frequent mutations in p110g mapped to 

interfaces with either the ABD or p101 (Figure 4.5A). 

 To identify the consequence of these interfacial mutations we purified mutant complexes of p101 with p110g 

E347K (p101 interface) and p110g R472C (ABD interface). Mutant complexes eluted from gel filtration similar to 

wild-type (Figure 4.5B), demonstrating that they can still form heterodimers. Lipid kinase assays showed that the 

mutations resulted in a ~2-3-fold increased activity at both saturating and sub-saturating amounts of Gbg (Figure 

4.5C). To understand the mechanism of how these mutations lead to increased kinase activity, we carried out 

comparative HDX-MS experiments between the wild-type and mutant p110g-p101 complexes. The E347K mutant 

caused increased dynamics at the p101 interface with p110g, while the R472C mutant led to increased dynamics of 

the ABD, and the RBD-C2 linker (Figure 4.5D, Appendix R). This suggests that altering the orientation of p101 and 

ABD relative to the rest of p110g, may allow for increased access to membrane localized Gbg subunits. 

In addition to the disease-associated mutations at the primary interface between p110g and p101, we also 

wanted to determine the role of the GBD-C2 interface in regulating Gbg activation. This was motivated by analysis 

of the electron density maps between the free p110g-p101 complex, and the p110g-p101 complex with the NB1-

PIK3R5 nanobody, which showed that the GBD is highly dynamic in the absence of the nanobody (Figure 4.5E). We 

mutated a residue in the C2 domain (D369R) that interacts with R738 and R740 in the GBD (Figure 4.5F). The p110g 

D369R-p101 mutant eluted from gel filtration as a heterodimer, showing that this contact is not required for p101 

binding. Lipid kinase activity assays revealed that this mutation led to a ~2-fold decrease in activation by Gbg subunits, 

indicating that the secondary p110g-p101 interface is crucial in mediating full activation (Figure 4.5G). 

 

 



 79 

 

Figure 4.5. Disease-linked and engineered p110g mutations at the interface with p101 and the ABD modulate 
Gbg activation. (A) Somatic mutations found in PIK3CG from the Catalogue of Somatic Mutations in Cancer 
Database (COSMIC) are indicated on the structure, with frequency indicated by the legend. Mutations found in more 
than 7 tumors are shown as sticks, with mutations found in more than 11 tumors shown as spheres. The orientation of 
residues around mutations located at the p110g-p101 interface (i, E347) and ABD interface (ii, R472) are shown. (B) 
Mutations do not disrupt the p110g-p101 complex. Gel filtration elution profiles of complexes of p110g (wild-type, 
E347, and R472) bound to p101. (C) Mutations at the p110g-p101 and ABD interface can lead to enhanced activation 
by Gbg. Lipid kinase activity assays of different p110g complexes (concentration 10-1,000 nM) with and without Gbg 
(concentration indicated). (D) Hydrogen deuterium exchange mass spectrometry (HDX-MS) revealed enhanced 
protein dynamics at p101 and ABD interfaces induced by E347K and R472 mutants. Peptides showing significant 
deuterium exchange differences (>5%,>0.4 kDa and p<0.01 in an unpaired two-tailed t-test) between p110g-p101 
complexes of wild-type and E347K (left) and wild-type and R472C (right) are colored on a cartoon model of p110g-
p101 according to the legend. (E)  The GBD is dynamic in solution, but is stabilized by nanobody (NB1-PIK3R5) 
binding. Electron density maps of p110g-p101 alone (left) and p110g-p101 bound to NB1-PK3R5 (right). (F)  Charged 
residues in p110g-p101 mediate the interaction of the p110g C2 domain to the p101 GBD. (G)  Mutation of the p110g-
C2 p101-GBD interface (p110g D369R) leads to decreased activation by Gbg. Biochemical assays in panels (C+G) 
were carried out with p110g-p101 complexes (concentration 10-1,000 nM) and Gbg (concentration indicated). 5% 



 80 

PIP2 membranes were made mimicking the plasma membrane. Every replicate is plotted, with error shown as standard 
deviation (n = 3–9). Two tailed p-values represented by the symbols as follows: **<0.001; *<0.02. 
 

The Gbg binding domain is critical for membrane binding and Gbg activation 

 To decipher how p101 mediates activation by Gbg, we have previously examined the dynamic consequences 

of p110g-p101 binding to membranes, and membrane localized Gbg subunits using HDX-MS (86). Our current model 

of p110g-p101 allowed us to better understand these data in the context of the full complex. Analysis of the HDX 

differences upon membrane binding indicated the presence of a membrane binding region in the GBD and protection 

at the secondary interface between p110g and p101 (Figure 4.6A, Appendix R). Upon binding to Gbg subunits, many 

of these same regions showed greatly decreased exchange indicating enhanced membrane recruitment. Additionally, 

the Gbg binding sites (p101 GBD and p110g helical domain) showed decreases in exchange (Figure 4.6B, Appendix 

R). Combined with our observations of the GBD flexibility in cryo-EM and activity assays with the p110g D369R 

mutant, this HDX-MS data indicated that the GBD forms the secondary interface upon membrane binding, potentially 

explaining the inability of non-lipidated soluble Gbg (C68S, Gg) to interact with p110g-p101. 

 

A p101 binding nanobody prevents activation by Gbg subunits 

 HDX-MS analysis of the NB1-PIK3R5 nanobody used in cryo-EM experiments of p110g-p101(Figure 4.6D, 

5C, Appendix R) showed that it binds with high affinity (~3 nM) to the identified Gbg binding site in the GBD (Figure 

4.6D). This suggested that this nanobody might be useful in specifically disrupting Gbg activation of the p110g-p101 

complex. We utilized lipid kinase assays with both p110g-p101 and p110g-p84 to study the effects of NB1-PIK3R5 

on GPCR activation. The NB1-PIK3R5 nanobody at 6 µM led to a ~50-100-fold reduction in Gbg activation for 

p110g-p101, with no effect on p110g-p84 activation (Figure 4.6E). The nanobody was capable of potently inhibiting 

the p110g-p101 complex (IC50 ~1.5  µM) at super-physiological levels of  Gbg (600 nM) (Figure 4.6F), thereby 

providing a novel tool that may aid in deciphering the exact roles of the p110g-p101 complex in cells/tissues (Figure 

4.6G), and in designing complex-specific therapeutic strategies.  
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Figure 4.6. Full activation of p110g by lipidated Gbg requires the GBD domain of p101 and the GBD-Gbg 
interface can be disrupted by a p101 specific nanobody. (A) HDX-MS revealed that interaction of p110g-p101 with 
membranes leads to altered protein dynamics in both the p110g and p101 subunits, with stabilization of the GBD of 
p101. For panels (A-C), peptides showing significant deuterium exchange differences (>5%,>0.4 kDa and p<0.01 in 
an unpaired two-tailed t-test) between conditions are colored on a cartoon model of p110g-p101 according to the 
legend in panel B. A cartoon schematic is shown indicating the two conditions compared using HDX-MS. (B) HDX-
MS revealed that interaction of p110g-p101 with lipidated Gbg subunits stabilizes the GBD and C2-helical/helical 
domain of p110g. HDX-MS data from panels (A+B) are reproduced with permission from (148). (C) HDX-MS 
revealed that interaction of p110g-p101 with NB1-PIK3R5 protects the same surface of GBD that is stabilized upon 
binding Gbg on membranes. (D) Biolayer interferometry (BLI) analysis of the binding of the immobilized NB1-
PIK3R5 nanobody to p110g-p101. (E) The NB1-PIK3R5 nanobody specifically inhibits only the p110g-p101 complex 
from GPCR activation, while not affecting the p110g-p84 complex. Biochemical assays were carried out with p110g-
p101 (50-3,000 nM) and p110g-p84 (1,500-3,000 nM) using plasma membrane mimic vesicles with and without NB1-
PK3R5 (1 µM). Lipidated Gbg was present at 1.5 µM concentration. (F) IC50 measurement of p110g-p101 inhibition 
using varying concentrations of the NB1-PIK3R5 nanobody in the presence of 600 nM Gbg. For panels (E+F) every 
replicate is plotted, with error shown as standard deviation (n = 3–6). Two tailed p-values represented by the symbols 
as follows: **<0.001; *<0.02. N.S.>0.02. (G) Model of the inhibition of GPCR activation of the p110g-p101 complex 
by the NB1-PIK3R5 nanobody. 
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Defining the molecular basis of how Gbg subunits activate the p110g-p101 complex 

Structural analysis of the Gbg binding sites in p110g and p101 from HDX-MS indicated that these regions 

are separated by ~50 Å, which is greater than the ~40 Å diameter of the Gbg propeller domain. This suggested that 

activation of p110g-p101 is potentially mediated by interactions with two membrane anchored Gbg molecules. To 

gain new insight about the mechanism of Gbg dependent activation of p110g-p101 we performed single molecule 

Total Internal Reflection Fluorescence (TIRF) Microscopy experiments on supported lipid bilayers (SLBs) (Figure 

4.7A). Experiments were carried out using fluorescently tagged proteins (DY647-p110g, DY647-p110g-p101, and 

Alexa488-SNAP-Gbg) to track membrane binding. For these experiments, we flowed farnesylated Alexa488-SNAP-

Gbg over a SLB, leading to passive insertion into the membrane (t1/2 ~8 min). Single molecule dwell time 

measurements of fluorescently tagged DY647-p110g and DY647-p101-p110g revealed no appreciable membrane 

binding in the absence of Gbg (Figure 4.7B). In the presence of membrane anchored Gbg, we observed an increased 

binding frequency of DY647-p110g and transient dwell times that lasted 10-100 ms (Figure 4.7B+C). By contrast, 

DY647-p101-p110g bound strongly to membrane anchored Gbg and exhibited single molecule dwell times that lasted 

several seconds (Figure 4.7B+D). 

Since both subunits in the p110g-p101 complex contain Gbg binding interfaces we hypothesized that the 

single molecule dwell times of DY647-p101-p110g would strongly depend on the concentration of membrane 

anchored Gbg. When we titrated the concentration of Gbg, we observed a density dependent switch in p110g-p101 

membrane binding behavior (Figure 4.7E). In the presence of low Gbg concentration (i.e. ≤ 100 nM), the dwell time 

distribution of DY647-p101-p110g was best described by a single exponential decay curve with dwell times ranging 

from 100-400 ms. In contrast, we observed longer lived membrane binding interactions when our measurements were 

performed using more than 100 nM Gbg. Under these conditions, the dwell time distribution shifted from a single to 

double exponential decay curve. 
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Figure 4.7. Single molecule characterization of p110g-p101 reveals both subunits can engage membrane 
anchored Gbg (A) Schematic showing proteins examined using the single molecule fluorescence approach. 
Experiments measured the association of fluorescently tagged proteins (Alexa488-SNAP-Gbg, DY647-p110g, and 
DY647-p101-p110g to a supported lipid bilayer.  (B) Membrane association of DY647-p110g or DY647-p101-p110g 
requires membrane anchored Gbg. Single molecule localization measurements were measured in the presence of either 
100 pM DY647-p110g or 10 pM DY647-p101-p110g. (C-D) Single molecule dwell time distributions of DY647-
p110g or DY647-p101-p110g, measured in the presence of membrane anchored Gbg. DY647-p110g transiently 
associates with membrane anchored Gbg (C t1= 22 ms, n=2832 events). DY647-p101-p110g binds strongly to 
membrane anchored Gbg (t1= 0.334 sec (31%), t2= 1.31 sec (69%), n=3996 events). (E) Gbg membrane density 
dependent changes in the membrane binding behavior of DY647-p101-p110g. Concentration of Gbg represents the 
solution concentration. (F) DY647-p101-p110g absorption kinetics at different Gbg membrane densities. (G) Model 
of p110g-p101 recruitment to Gbg subunits at both low and high membrane densities.  
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Consistent with the concentration of Gbg modulating the dwell time of DY647-p101-p110g, we also observed 

changes in the bulk membrane absorption kinetics of p110g-p101 (Figure 4.7F). In the presence of low Gbg 

concentrations (100 nM), DY647-p101-p110g rapidly associated with the membrane and reached an equilibrium 

within ~30 seconds (Figure 4.7F). This is the expected kinetic profile for a simple biomolecular interaction between 

two proteins. In contrast, the membrane absorption kinetics of DY647-p101-p110g was biphasic in the presence of 

400 nM Gbg (Figure 4.7F). Under these conditions, DY647-p101-p110g association kinetics are described by rapid 

binding to the first Gbg, followed by slow engagement with a second Gbg (Figure 4.7F). This type of biphasic 

membrane absorption is similar to how BTK reportedly interacts with two PI(3,4,5)P3 lipids (201). In summary, our 

TIRF microscopy measurements show that the p110g-p101 can engage up to two Gbg molecules depending on the 

level of GPCR activation (Figure 4.7G). 

 

4.5     Discussion 

Understanding how p110g activity is regulated by p84 or p101 regulatory subunits has been critical in 

deciphering physiological roles (83,92,185), and will be important in effective PI3K therapeutic design. The class IB 

p110g catalytic subunit is a key regulator of immune cell signaling and is a therapeutic target for inflammatory diseases 

(66,146,202) and immunomodulatory cancer treatment (63,90). Here we report the architecture of the p110g-p101 

complex and a new mechanism of how it can be activated during GPCR signaling.  

Our cryo-EM structure of p110g-p101 reveals important differences in the assembly of catalytic and 

regulatory subunits between class IA and class IB PI3Ks, and provides novel insight into PI3K regulation.  Previous 

X-ray crystallographic studies of a p110g fragment revealed its domain organization and the molecular basis for 

interaction with the upstream activator Ras (91,93,195). Our cryo-EM structure showed an evolutionarily well-

conserved binding surface between the regulatory p101 subunit and p110g. The p110g ABD does not directly bind 

p101, but instead coordinates the p101 interaction site on the RBD-C2 linker. This unique architecture is distinct from 

the ABD in class IA PI3Ks, which mediates direct contacts with the iSH2 of p85 and forms an inhibitory interface 

with the N-lobe of the kinase domain (203,204).  

The architecture of the p110g-p101 complex reveals how the GBD of p101 orients the kinase domain of 

p110g towards the membrane upon Gbg binding. The p101 protein was identified as a key regulator of the activation 
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of p110g by GPCRs (85,147), however, defining the full details of this mechanism was hampered by a paucity of 

structural information. Complicating structural analysis of p101 is the lack of homologous proteins, with p84 being 

the only protein with greater than 20% sequence identity in the human proteome. Our p101 structural model validated 

and defined at high resolution the presence of a Gbg binding surface on the GBD of p101 (86).  The structural similarity 

of the a/b barrel and the GBD of p101 with the lipid binding surfaces of the lipid kinases diacylglycerol kinase and 

sphingosine kinase (200) support the idea that the GBD participates in membrane binding upon Gbg activation. 

Cellular studies revealed that Gbg was able to activate membrane localized p110g, suggesting that Gbg may orient 

p110g in a catalytically competent state (205). Our structure reveals how the GBD participates in membrane and Gbg 

binding, which orients the kinase domain for catalysis. Once recruited to the membrane, the p110g-p101 complex can 

engage a second Gbg binding site located on the helical domain of p110g, leading to full activation. Further structural 

analysis of the GBD bound to Gbg will be required to narrow down the exact molecular details of GPCR activation.  

The ability of p110g to generate discrete PIP3 signals upon activation by a unique set of upstream stimuli is 

critical to their role in immune cells (144) and is ultimately controlled by the p101 and p84 regulatory subunits. This 

has been highlighted by responses in neutrophils and mast cells, where p101 complexes mediate cell migration, and 

p84 complexes mediate reactive oxide production and degranulation (83,92). Various stimuli have been identified that 

can activate p110g, including G-protein coupled receptors (85) , Ras (93), Toll like receptors (TLR, mediated by Rab8 

activation) (82,206), and the IgE antigen receptor (partially mediated by protein kinase C phosphorylation of p110g) 

(141). The p101 and p84 regulatory subunits confer the ability to be preferentially stimulated by a specific subset of 

these stimuli. The p110g-p84 complex is uniquely sensitive to Ras activation (84), and is less responsive to signals 

downstream of GPCRs in comparison to the p101 complex (185). Our TIRF microscopy data reveals how p110g-p101 

is uniquely situated to generate varying PIP3 responses depending on the different Gbg membrane surface densities 

(Figure 4.8). The GBD of p101 uniquely responds to low Gbg surface densities and allows for distinct p110g-p101 

stimulated PIP3 responses compared to p110g-p84. In combination with the membrane localized activators Ras and 

Rab8 this allows for a multi-faceted set of PIP3 responses generated by p110g-p101. 
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Figure 4.8. Model for regulation of p110g-p101 activation by Gbg membrane density. Schematic of how Gbg 
subunits can lead to p110g-p101 activation at different Gbg surface densities, and how this can be disrupted by the 
NB1-PIK3R5 nanobody.  
 

Activating mutations in the class I PI3K pathway are the most frequent alterations in human cancer(179), 

with this primarily driven by oncogenic mutations of p110a (98,128). p110g is often overexpressed in cancer, 

specifically in pancreatic ductal adenocarcinoma (54–56,89). Supporting this role of increased expression of p110g in 

cancer is the knockdown of a microRNA targeting PIK3CG in patients that promotes metastasis in triple negative 

breast cancer (58). Tumor associated mutations in p110g are rare compared to p110a (1739 for PIK3CG compared to 

17,359 for PIK3CA, from the COSMIC database as of April 2021 (106)). However, multiple studies have found an 

association of somatic mutations in PIK3CG with cancer development and progression (56,59,60,207). Whether these 

mutants function within the tumor or the surrounding immune environment remains to be confirmed. Activating 

oncogenic mutants in the regulatory motif of the kinase domain of p110g (R1021C) have been identified (177), with 

bi-allelic inactivating mutations involving the same site (R1021P, R982 frameshift) causing primary 

immunodeficiencies (74). We found oncogenic mutations clustered at ABD and p101 interfaces in PIK3CG. These 

mutants led to increased kinase activity upon Gbg stimulation, which is explained by the altered interaction between 

p110g and p101 as observed by HDX-MS.  This may lead to a reorientation of the GBD allowing for increased binding 

to membranes or lipidated Gbg. Further analysis of the effect of these mutations on membrane recruitment, and their 

effects in cells and model organisms, will be required to understand their complete mechanism of regulation. 

 The association of p110g in human disease has driven intense interest in the generation of PI3K selective 

small molecule inhibitors, however, severe side-effects have limited their efficacy, particularly for  pan-PI3K 
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inhibitors (208).  Multiple p110g isoform selective inhibitors are currently in clinical trials for cancer, and are in 

development for COPD, and inflammatory disease. Inhibition of p110g has also been found to improve anti-tumor 

properties of CAR T-cells (73). Regulatory subunits are differentially involved in the onset and progression of p110g 

associated diseases. Upregulation of p110g-p101 is involved in congestive heart failure (140), while p110g-p84 plays 

a protective role by maintaining cardiac contractility (71). The p110g-p101 complex could also be involved in TLR9-

induced inflammation (209,210) due to its sensitivity to Rab8 activation downstream of TLRs (82). In pancreatic 

cancer models, targeting p110g is protective in cancer development (56), however, its applicability is limited by 

hepatotoxicity. Therefore, targeting p110g in these disease states could benefit from specifically inhibiting p110g-

p101 signaling. We have identified the structural basis for how the NB1-PIK3R5 nanobody can selectively inhibit 

Gbg activation of the p110g-p101 complex, which can be used to determine potential advantages of p110g-p101 

specific inhibition in p110g-linked diseases, and may allow for design of novel therapeutic strategies.  

 Collectively, our detailed biochemical and structural analysis of the p110g-p101 complex provides unique 

insight into the assembly and regulation of PI3Kg complexes. This work provides a framework for the design of 

selective modulators outside of the ATP binding pocket, which will be useful to decipher PI3Kg signaling roles and 

for the generation of potential therapeutics in inflammatory diseases and cancer.  
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Chapter 5: Discussion and Future Directions 

 

5.1      Summary of research objectives 

PI3Kg is a lipid kinase of the class I PI3K family with vital roles in immunity and cardiac function. Its 

ability to integrate a unique set of upstream activating signals depends on the presence of regulatory features in both 

the p110g and its binding partners, that are distinct from the other PI3Ks. Since its discovery in myeloid cells in the 

90s, a large cohort of studies have revealed crucial insight into the functioning of this enzyme-the ability of PI3Kg to 

be directly activated by GPCRs and small GTPases, the association of p110g with p101 and p84 and the roles of 

these complexes. However, many knowledge gaps still existed with regards to the regulation of this enzyme which 

prevented us from understanding how it is capable of translating unique signals from the upstream activators into 

cellular effects.  

The first insight into the molecular details of class I PI3Ks came from the crystal structure of  a p110g 

fragment solved more than 20 years ago (14). The structure revealed a domain organization that was eventually 

found to be shared across all other p110s. This was immediately followed by the structure of the same fragment with 

Ras bound to its RBD, a feature that is also shared by the four p110 isoforms (22). Since these discoveries, extensive 

structural and biochemical studies on the class IA PI3Ks have revealed molecular details on the complexes of p85 

with all three of its p110 partners and their regulation downstream of RTKs (33,211,212). On the other hand, 

progress on the class IB PI3K front had largely slowed until HDX studies provided the first insight into its 

regulation by GPCRs (213). Since this study, the work presented in this dissertation provides the first major 

advancement in our understanding of the molecular basis of PI3Kg regulation.  

As part of this dissertation, I have used a combination of cutting-edge biochemical and structural tools to 

define regulatory features that distinguish PI3Kg from its class IA PI3K counterparts. In chapter 2, I described the 

unique auto-inhibitory C-terminal motif in p110g and its roles in disease and inhibition. In chapter 3, I described the 

characterization of molecular tools that can be used to bias activating inputs into the different PI3Kg complexes and 

potentially study the cellular effects of regulation. This was followed by studies on the p110g-p101 complex in 

chapter 4 which presents the first structural insight into a complete class IB PI3K complex. This revealed a unique 

mode of assembly between p110g and its regulatory partners, highlighting how these partners differ from p85.  In 
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this final chapter, I will summarize the findings of this thesis, the implications of these findings and my ideas on 

future studies into PI3Kg regulation. 

 

5.2      The regulatory C-terminal motif in p110g 

The PI3Kg isoform is critical to maintain immune system function, and plays important roles in the regulation 

of the tumor microenvironment (11,16). Key to the involvement in these physiological roles is the recruitment of the 

enzyme to the plasma membrane by membrane localized activators such as Ras and the Gbg subunit of GPCRs (27,40). 

Upon binding the membrane, a regulatory motif at the C-terminus of p110g undergoes reorganization leading to an 

active form of the enzyme. This motif is shared amongst all class I p110s, but in class IA p110s it is maintained in the 

inactive conformation by inhibitory contacts with p85 (13). p110g does not have inhibitory partners but still requires 

activating signals that recruit the enzyme to the membrane. This implied the presence of an autoregulatory mechanism 

within p110g to keep the enzyme inactive in the absence of activators. Bi-allelic loss of function mutations in p110g 

are a driver of human immunodeficiencies, and multiple inactivating mutations located in the C-terminal regulatory 

motif of the kinase domain have been described (74,107). There have also been numerous reports of overexpression 

and single nucleotide variants in PIK3CG linked to cancer development in multiple tissues (54,57–60,60,61). 

Oncogenic mutations in PIK3CG are widely distributed, which is distinct from the oncogenic hotspot mutations seen 

in the helical and kinase domain of PIK3CA. However, there has been limited analysis of the functional consequences 

of oncogenic PIK3CG mutants. Inhibiting PI3Kg has shown promise as an immunomodulatory agent due to the 

enzyme’s role in blocking the recruitment of cytotoxic lymphocytes to the tumor site (214,215). 

In chapter 2, I described the characterization of both activating and inactivating disease-linked mutations in 

R1021 in the regulatory motif of the p110g kinase domain. R1021 in the ka8 helix is conserved across all class I 

PI3Ks and makes a number of hydrogen bonds with residues in ka10 and ka11. HDX-MS experiments indicated that 

the inactivating immunodeficiency-linked mutation R1021P leads to disruption of the secondary structure in the C-

terminal regulatory motif while the cancer-linked activating mutation R1021C pre-organizes the motif for membrane 

binding. This work corroborates the important role of the C-terminal regulatory motif in controlling PI3K lipid kinase 

activity. The orientation of this motif is critical in the regulation of all class I PI3Ks, although this is regulated by 

different molecular mechanisms in p110a, p110b, p110d, and p110g. In class IA PI3Ks, the nSH2 of p85 interacts 
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with ka10 (129,139), while the cSH2 contacts ka7, ka8, ka11 and ka12 for p110b and p110d (110,127). The p110g 

isoform is unique in that its C-terminal motif adopts an inhibited conformation through locking interactions such as 

those made by R1021 and W1080. The importance of the C-terminal regulatory motif in controlling p110g activity is 

also underscored by post-translational modifications both in a residue in the motif (T1024) (18) and in an adjacent 

region of helical domain (S582) (50).  

The regulatory C-terminal motif was shown to be manipulated by AZ2, a novel type II-like kinase inhibitor 

that preferentially targets an active conformation of PI3Kg (94). This was mediated through a cyclopropyl moiety on 

the inhibitor, which putatively alters the orientation of the activation loop, leading to disruption of the inhibitory 

interactions on the C-terminal regulatory motif. Many of the changes observed for this inhibitor were similar to those 

seen in the R1021C mutant. HDX-MS of multiple clinically relevant inhibitors with PI3Kg indicated that a number of 

these molecules were also selective for the active conformation. The crystal structure of p110g with one such inhibitor, 

Gedatolisib revealed that the inhibitor reorganized the regulatory motif through extensive interactions with the 

activation loop, unlike IPI-549, an inhibitor that was not conformationally selective. Given the similarity in HDX-MS 

differences between the R1021C mutant and p110g bound to Gedatolisib, we explored if conformationally selective 

inhibitors could target mutants more potently over the wild type enzyme. In line with this, Gedatolisib showed 

increased potency with a ~3-fold decrease in IC50 values. These results provide a basic framework for designing 

oncogenic PI3K specific inhibitors through further optimisation of the inhibitor moieties in the activation loop binding 

region. Further exploration of the dynamic regulation of the C-terminal regulatory motif of other class I PI3Ks may 

reveal more unique approaches to develop therapeutics for PI3K related human diseases. For instance, PI3Ka is a 

major therapeutic target in cancer. A major mutation hotspot in p110a is the regulatory C-terminal motif (examples- 

R992Q, M1043L, H1047R and G1049R). Hence, exploring the effects of mutations and inhibitors on the orientation 

of the motif would be useful in selectively targeting mutants and reducing off-target effects. 

 

5.3      Nanobodies as tools to modulate PI3Kg signaling 

Small molecule inhibitors of class I PI3Ks are in clinical and pre-clinical development for cancer, immune 

disorders, developmental disorders, and inflammatory disorders. Partially limiting this approach is the severe side 

effects associated with pan-PI3K ATP-competitive inhibitors (180). Further development of biomolecules that can 
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selectively modulate distinct PI3K isoforms and complexes will be critical in fully understanding PI3K signaling, and 

may prove useful as therapeutics for multiple human diseases. In chapter 3, I described an HDX-MS optimized flow-

path for the rapid identification of a panel of class IB binding nanobodies, identifying nanobodies that selectively 

modulated different PI3Kg complexes and enabled high resolution structural studies. 

Nanobodies are rapidly emerging as therapeutics due to ease of large-scale production, small size and high 

affinity for specific epitopes. This is highlighted by their utilization as neutralizing agents blocking cellular entry of 

betacoronaviruses, including SARS CoV-1/2 and MERS CoV (167,168).  A complication of generating optimized 

nanobodies is the extensive screening required to identify the epitopes of these molecules. In chapter 3, I outlined how 

HDX-MS can be utilized to rapidly identify epitopes for nanobodies and conformational changes induced upon 

binding. HDX-MS is a well-established technique for efficiently defining antibody binding sites for 

biopharmaceuticals (183), and has been used to define nanobody binding sites (161,184). The identification of the 

NB1-PIK3R5 nanobody, which stabilized the dynamic C-terminus of the p101 subunit, allowed us to obtain a high-

resolution map of the p110g-p101 complex by cryo-EM. Overall, this HDX-MS based approach provides a repeatable 

method to rapidly identify the most suitable nanobodies to optimize structural studies.  

In addition, combined HDX-MS and EM studies revealed multiple nanobodies that bound at critical 

regulatory interfaces involved in the binding of Ras and Gbg in both p110g and p101. We identified two nanobodies 

(NB6-PIK3CG, NB7-PIK3CG) that bound to the RBD in p110g, which contains the Ras binding interface (93). Kinase 

activity assays with one such nanobody showed inhibition of Ras-mediated activation. Intriguingly, this nanobody 

was found to be a biased inhibitor of p110g-p84 activation over p110g-p101 in line with Ras being crucial for the 

activity of this complex in vivo (84). We also identified NB1-PIK3R5, a nanobody that could preferentially target 

activation of the p110g-p101 complex. This nanobody bound the Gbg binding site in p101 (85,185) greatly reducing 

the increased sensitivity of this complex to activation downstream of GPCRs. Selectively inhibiting the p110g-p101 

complex has potential applications and advantages in targeting p110g in disease. In heart failure, the p110g-p101 

complex is upregulated (71,140) and this complex is proposed to drive TLR-mediated inflammation (48). Overall, the 

HDX-focused approach presented in chapter 3 identified a wide variety of biomolecules that were useful in both high-

resolution structural analysis and as selective modulators of PI3K activity. This approach can be employed for other 

large multi-component protein complexes, and is uniquely well-suited to develop and identify biomolecules that can 

allosterically modulate enzyme activity outside of the active site. 
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5.4      Molecular basis of p110g-p101 assembly and regulation  

The association of p110g with the p84 or p101 regulatory subunits is absolutely critical to its ability in 

mediating physiological roles (83,92,185). Understanding the roles of these subunits in regulation is also key in 

designing novel therapeutics for inflammatory diseases (66,146,202) and immunomodulatory cancer treatment 

(63,90). Therefore, obtaining the molecular details of PI3Kg heterodimers constitutes a major advancement in the 

PI3K field. In chapter 4, I described our collaborative effort to structurally characterize the p110g-p101 complex.  

Our cryo-EM structure of p110g-p101 revealed important differences in the assembly of catalytic and 

regulatory subunits between class IA and class IB PI3Ks, and provided novel insight into PI3Kg regulation.  The 

structure showed an evolutionarily well-conserved binding surface between p101 subunit and p110g. The interfacial 

regions on p101 were also conserved in p84 indicating a shared mode of assembly with p110g. Unlike in class IA 

p110s, the p110g ABD does not directly bind p101, but instead coordinates the p101 interaction site on the RBD-C2 

linker. The architecture of the p110g-p101 complex also revealed a novel role for p101 in mediating membrane and 

Gbg binding. The structural similarity of the a/b barrel and the GBD of p101 with the lipid binding surfaces of the 

lipid kinases diacylglycerol kinase and sphingosine kinase (200) further support the idea that the GBD participates in 

membrane binding. Our p101 structural model also validated at high resolution the presence of a Gbg binding surface 

on the GBD of p101 (86). Once recruited to the membrane, the p110g-p101 complex can engage a second Gbg binding 

site located on the helical domain of p110g, leading to full activation. Further structural analysis of the GBD bound to 

Gbg will be required to narrow down the exact molecular details of GPCR activation.   

The p101 and p84 regulatory subunits control distinct physiological functions. This has been highlighted by 

responses in neutrophils and mast cells, where p101 complexes mediate cell migration, and p84 complexes mediate 

reactive oxide production and degranulation (83,92). The p101 and p84 regulatory subunits confer the ability to be 

preferentially stimulated by a specific subset of these stimuli. The p110g-p84 complex is uniquely sensitive to Ras 

activation (84), and is less responsive to signals downstream of GPCRs relative to the p101 complex (185). Our TIRF 

microscopy data revealed how p110g-p101 is uniquely situated to generate varying PIP3 responses depending on the 

different Gbg membrane surface densities. The GBD of p101 is capable of responding to low Gbg surface densities 

and allows for distinct p110g-p101 stimulated PIP3 responses. On the other hand, the p110g-p84 complex responds 
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largely to high membrane densities of Gbg due to the presence of a singular binding site in p110g. This potentially 

explains the requirement of Ras for robust p110g-p84 activation. At low surface densities of Gbg, Ras can potentially 

work in tandem to effectively recruit the complex to the membrane. Hence, p110g-p84 requires co-stimulation by Ras 

and GPCR inputs while p110g-p101 is able to be efficiently activated by signals from GPCRs only.  

Activating mutations in the class I PI3K pathway are the most frequent alterations in human cancer(179), 

with this primarily driven by mutations in the p110a isozyme (98,128). Although, tumor associated mutations in 

p110g are rare compared to p110a, multiple studies have found an association of somatic mutations in PIK3CG with 

cancer development and progression (56,59,60,207). We found several oncogenic mutations clustered at the ABD and 

p101 interfaces in PIK3CG. Our preliminary HDX-MS data suggested that these mutants led to increased kinase 

activity upon Gbg stimulation, potentially through an altered interaction between p110g and p101.  Further analysis 

of the effect of these mutations on membrane recruitment, and their effects in cells and model organisms, will be 

required to understand their complete mechanism of regulation. 

 The association of p110g in human disease has driven intense interest in the generation of PI3K selective 

small molecule inhibitors, however, severe side-effects have limited their efficacy, particularly for  pan-PI3K 

inhibitors (208).  We identified the structural basis for how the NB1-PIK3R5 nanobody can selectively inhibit Gbg 

activation of the p110g-p101 complex, which can be used to determine potential advantages of p110g-p101 specific 

inhibition in p110g-linked diseases, and may allow for design of novel therapeutic strategies.  

 In summary, the detailed biochemical and structural analysis of the p110g-p101 described in chapter 4 

provides unique insight into the assembly and regulation of PI3Kg complexes. This work will be useful to decipher 

PI3Kg signaling roles and for the generation of potential therapeutics in inflammatory diseases and cancer.  

 

5.5      Future Directions 

Class I PI3Ks are important signaling proteins with roles in growth, survival, metabolism, cytoskeleton and 

immunity. All members of this enzyme family are implicated in a host of disease states and it is therefore essential 

that we understand the regulatory features in order to target them better in therapy. p110g contains a regulatory C-

terminal motif that keeps the activation loop in the inactive conformation in the absence of signals recruiting the 

enzyme to the membrane. The work described in chapter 2 showed that mutations disrupting these regulatory 
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interactions without affecting secondary structure can putatively pre-organize the enzyme to adopt an active 

conformation. Mutations in p110a encoded by the PIK3CA gene represent some of the most frequent drivers of human 

cancers and many of these mutations cluster to the C-terminal regulatory motif. This underscores the need of a similar 

approach to study the role of this motif in p110a. The mutations in the C-terminal motif have long been thought to 

increase membrane binding owing to most of them introducing a positive residue near the end of the protein (H1047R, 

G1049R). Intriguingly, analysis of existing crystal structures of WT p110a and a mutant showed that the region of 

the protein corresponding to ka12 in p110g actually adopts different conformations in the two structures. This could 

indicate the presence of an autoinhibitory mechanism in the regulatory motif on p110a as well. PI3Ka is the target of 

numerous inhibitors, both approved (Alpelisib) and in clinical trials. The work presented in this dissertation showed 

how inhibitors interacting with the activation loop of p110g were conformationally selective. Using a similar approach, 

p110a inhibitors can be tested to see if some of these molecules can preferentially target mutants. These studies could 

facilitate the development of better small molecules targeting this very clinically relevant isoform in disease.  

The data presented in chapter 4 represents the first structural model of a complete PI3Kg complex. This 

showed a novel mode of assembly between the catalytic and regulatory subunits in addition to elucidating the 

mechanism of activation by Gbg. This study also provides exciting new avenues for further understanding PI3Kg 

regulation. Gbg binds to two distinct sites on the p110g-p101 complex. Binding to p110g is dependent on the 

orientation of the C2-helical linker with mutations in this linker inhibiting activation. This mode of binding is 

conserved with p110b, the only other class I PI3K that is activated by GPCRs (216). On the other hand, the p101 GBD 

represents a unique regulatory interface that is specific to only the p110g-p101 complex. Understanding molecular 

details of how Gbg binds to the GBD would therefore be useful to understand how this interaction compares with 

other downstream effectors of the GPCR subunit. Such studies could also potentially drive the development of 

molecules targeting this interface in disease. Gbg can only interact with PI3Kg when localized to a membrane 

presenting a potential challenge for such a structural study. This could be resolved by bringing Gbg and p101 together 

spatially by using fusions of Gbg either directly with p101 or with the nanobody that binds to the p101 PBD. HDX-

MS can then be used to verify binding of Gbg with the GBD, after which high resolution structural studies can be used 

to reveal molecular details of this interface. 
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Given the findings of this thesis and numerous previous studies on class IA PI3Ks, p84 remains the last class 

I PI3K subunit to be structurally characterized. Sequence alignment of p101 with p84 indicates limited conservation 

with most of the conserved residues forming the primary interface with p110g (PBD). A key difference between the 

two PI3Kg complexes is the requirement of different activating inputs for physiological functions. Structural and 

biochemical characterization of the p110g-p84 complex and its activation by Ras and GPCRs would provide further 

crucial insight into the regulatory differences from the p110g-p101 complex. Another difference between p101 and 

p84 is the C-terminal domain. In p101, this domain is the GBD, responsible for Gbg binding. Sequence analysis 

indicates a general lack of conservation in this region between the two regulatory subunits. Hence, structural 

characterization of p110g-p84 would also provide novel insight into the role of this domain in p84. Such a structural 

study could be potentially facilitated by the p84-binding nanobody characterized as part of this dissertation.  

 

5.6.     Conclusion 

The class IB PI3Kg complexes are master regulators of immune functions with crucial roles in cell 

migration and inflammatory response. Studying the molecular basis for the regulation of these complexes is 

therefore crucial in understanding how diverse regulatory inputs from receptors and membrane associated proteins 

translate into distinct cellular outputs. Inhibitors targeting PI3Kg are currently being investigated for use in 

conjunction with cancer immunotherapy and in inflammatory disease. Elucidating the unique regulatory features in 

PI3Kg that are distinct from other class I PI3Ks would be useful in the design of targeted therapies with fewer off-

target effects. In line with these goals, this thesis describes regulatory features in p110g , its assembly with p101 and 

the regulation of the complex by GPCRs. In addition, characterization of nanobodies that bind novel regulatory 

interfaces provide novel avenues to investigate missing links between regulation and function in vivo and could 

potentially facilitate development of therapeutics that target specific PI3Kg complexes in disease. 
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Appendix 

Chapter 2 
 

Appendix A. Full statistics on all hydrogen deuterium exchange experiments according to the guidelines from 
the International Conference on HDX-MS (194) (refers to Figure 2.2) 
 

Data set – Figure 2 p110g / p101  R1021C p110g /p101  R1021P p110g /p101  
HDX reaction details %D2O=62.0% 

pH(read)=7.5 
Temp=18ºC 

%D2O=62.0% 
pH(read)=7.5 
Temp=18ºC 

%D2O=62.0% 
pH(read)=7.5 
Temp=18ºC 

HDX time course 
(seconds) 

3, 30, 300, 3000 3, 30, 300, 3000 3, 30, 300, 3000 

HDX controls N/A N/A N/A 
Back-exchange No correction No correction No correction 
Number of peptides 153 153 152 
Sequence coverage 92.7% 92.7% 91.7% 
Average peptide 
/redundancy 

Length=14.8 
Redundancy= 2.0 

Length=14.8 
Redundancy= 2.0 

Length=14.8 
Redundancy= 2.0 

Replicates 3  3  3 
Repeatability Average StDev=0.6% Average StDev=0.6% Average StDev=0.6% 
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 
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Appendix B. List of all compounds analyzed by HDX-MS with potency towards all class I PI3K isoforms. N.D 
is not determined. 
 

 Compound Structure PDB 
ID 

IC50 
PI3Kα 
(nM) 

IC50 
PI3Kβ 
(nM) 

IC50 
PI3Kδ 
(nM) 

IC50 
PI3Kγ 
(nM) 

1 IPI-549 

 

7JWZ 3,200 3,500 >8,400 16 

2 PIK-90 

 

2CHX 11 350 58 18 

3 AS-604850 
 

2A4Z 4,500 >20,000 >20,000 250 

4 Gedatolisib 
 

 

7JWE 0.4 - - 5.4 

5 Omipalisib  

 

3L08 0.0019 
(Ki) 0.13 (Ki) 0.024 

(Ki) 
0.06 
(Ki) 

6 NVS-PI3-4 

 

7JX0 1,800 250 750 90 

7 AZ2 

 

N.D. 3,981 31,622 200 0.3 
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Appendix C. Full statistics on all hydrogen deuterium exchange experiments according to the guidelines from 
the International Conference on HDX-MS (194) (refers to Figure 2.4) 
 

Data set – 
Figure 2.4 

Apo p110g 
 

+ IPI-549 + AZg1/AZ + AS-605240 

HDX reaction 
details 

%D2O=75.5% 
pH(read)=7.5 
Temp=18ºC 

%D2O=75.5% 
pH(read)=7.5 
Temp=18ºC 

%D2O=75.5% 
pH(read)=7.5 
Temp=18ºC 

%D2O=75.5% 
pH(read)=7.5 
Temp=18ºC 

HDX time 
course 
(seconds) 

3, 30, 300, 3000 3, 30, 300, 3000 3, 30, 300, 3000 3, 30, 300, 3000 

HDX controls N/A N/A N/A N/A 
Back-exchange Corrected based 

on %D2O 
Corrected based 
on %D2O 

Corrected based 
on %D2O 

Corrected based 
on %D2O 

Number of 
peptides 

180 180 180 180 

Sequence 
coverage 

88.6% 88.6% 88.6% 88.6% 

Average 
peptide 
/redundancy 

Length= 13.4 
Redundancy= 
2.2 

Length= 13.4 
Redundancy= 
2.2 

Length= 13.4 
Redundancy= 
2.2 

Length= 13.4 
Redundancy= 
2.2 

Replicates 3 3  3  3  
Repeatability Average 

StDev=0.9% 
Average 
StDev=0.9% 

Average 
StDev=0.9% 

Average 
StDev=0.9% 

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 

Data set – 
Figure 2.4 

+ Gedatolisib + Omipalisib + RD-HBC 520 + PIK-90 

HDX reaction 
details 

%D2O=75.5% 
pH(read)=7.5 
Temp=18ºC 

%D2O=75.5% 
pH(read)=7.5 
Temp=18ºC 

%D2O=75.5% 
pH(read)=7.5 
Temp=18ºC 

%D2O=75.5% 
pH(read)=7.5 
Temp=18ºC 

HDX time 
course 
(seconds) 

3, 30, 300, 3000 3, 30, 300, 3000 3, 30, 300, 3000 3, 30, 300, 3000 

HDX controls N/A N/A N/A N/A 
Back-exchange No correction No correction No correction No correction 
Number of 
peptides 

180 180 180 180 

Sequence 
coverage 

88.6% 88.6% 88.6% 88.6% 

Average 
peptide 
/redundancy 

Length= 13.4 
Redundancy= 
2.2 

Length= 13.4 
Redundancy= 
2.2 

Length= 13.4 
Redundancy= 
2.2 

Length= 13.4 
Redundancy= 
2.2 

Replicates 3  3  3  3  
Repeatability Average 

StDev=0.9% 
Average 
StDev=0.9% 

Average 
StDev=0.9% 

Average 
StDev=0.9% 

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 
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Appendix D. HDX-MS reveals that different classes of PI3K inhibitors lead to unique allosteric conformational 
changes. (A-F) Peptides showing significant deuterium exchange differences (>5 %, >0.4 kDa and p<0.01 in an 
unpaired two-tailed t-test) between wild-type and six different inhibitors are colored on a model of p110g (PDB: 
6AUD). Differences in exchange are mapped according to the legend. (G-H) The same HDX-MS differences in 
exchange mapped in panel A+D are shown on the crystal structure of p110g bound to IPI-549 (G) and Gedatolisib 
(H). Both IPI-549 and Gedatolisib inhibitors are shown as spheres. 
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Appendix E. X-ray data collection and refinement statistics 
 

 PI3Kg  
IPI-549 
PDB:7JWZ 

PI3Kg  
Gedatolisib 
PDB:7JWE 

PI3Kg 
NVS-PI3-4 
PDB:7JX0 

Data collection    
Wavelength 0.97949 0.97949 0.97949 
Space group C121 C121 C121 
Cell dimensions    
    a, b, c (Å) 144.3, 67.9, 106.4 143.5, 67.6, 106.3  143.6 67.6 106.8 
a, b, g(°) 90, 94.5, 90 90, 95.4, 90 90, 95.4, 90 
Resolution (Å) 44.4-2.65 (2.74-

2.65)* 
40.72-2.55 (2.64-
2.55) 

40.93-3.15 (3.26-
3.15) 

Rmerge 0.125 (1.919) 0.061 (1.349) 0.119 (1.118) 
I / sI 7.1 (0.69) 11.91 (0.87) 7.92 (0.84) 
CC1/2 0.992 (0.407) 0.999 (0.385) 0.994 (0.425) 
Completeness (%) 98.9 (98.23) 99.41 (99.40) 98.08 (99.04) 
Redundancy 3.3 (3.4) 3.3 (3.4) 3.0 (3.0) 
    
Refinement    
Resolution (Å) 44.4-2.65 (2.74 - 2.65) 40.72-2.55(2.64-

2.55) 
40.93-3.15 (3.26- 
3.15) 

No. unique reflections 29,722 (2941) 33,183 (3303) 17,573 (1761) 
Rwork / Rfree 22.7/26.8 20.9/25.3 22.9/27.4 
No. atoms    
    Protein 6,752 6,612 6,506 
    Ligand/ion 40 45 28 
    Water 0 9 0 
B-factors    
    Protein 100.4 88.9 108.2 
    Ligand/ion 88.3 78.7 117.2 
    Water  65.5  
Ramachandran favored 94.47 95.21 96.51 
Ramachandran outliers 0.61 0.0 0.13 
Rotamer outliers 0.53 0.41 0.0 
R.m.s. deviations    
    Bond lengths (Å) 0.003 0.003 0.004 
    Bond angles (°) 0.53 0.59 0.56 

*Values in parentheses are for highest-resolution shell. 

Number of crystals used for each of the above structures=1 
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Chapter 3 

 
 

 
Appendix F. Table summarizing nanobody protein specificity determined by pulldown assays, ΔTm induced 
by nanobody binding as determined by DSF and peptides stabilized in HDX-MS. 
 

Nanobody Protein 
Specificity 

DSF stabilization 
(Δ Tm °C) 

Regions with significant protection in HDX 

NB1-PIK3R5 p101 0 176-193, 279-288, 605-623, 650-654 

NB2-PIK3R5 p101 1 165-193, 289-298, 304-317, 378-389, 537-546 

NB3-PIK3R5 p101 0 677-726, 816-830 

NB4-PIK3R6 p84 -0.5 650,655, 656-673 

NB5-PIK3CG p110g 0.5 125-157, 623-630 

NB6-PIK3CG p110g 3 196-221, 574-607, 611-630, 636-654, 849-861 

NB7-PIK3CG p110g 3.3 196-211, 578-607, 611-630, 643-657, 816-838, 
853-861, 1035-1050 

NB8-PIK3CG p110g 0.3 138-164, 316-339, 593-607, 611-622, 748-782 

NB9-PIK3CG p110g 0.3 557-578, 579-607, 611-635 

NB10-PIK3CG p110g 0.2 593-607, 611-630 

NB11-PIK3CG p110g 1.2 579-607, 611-630, 768-782, 849-861 

NB12-PIK3CG p110g 1.1 138-164, 593-607, 748-782 

NB13-PIK3CG p110g 0.6 138-164, 593-607, 748-782 

NB14-PIK3CG p110g 0.1 593-607, 623-630, 748-782 

NB15-PIK3CG p110g 0.4 623-630 

NB16-PIK3CG p110g 0 593-607, 623-630, 888-907, 1072-1084, 1088-
1092 

NB17-PIK3CG p110g 0.2 593-607, 816-838, 888-910, 1072-1084, 1088-
1092 

NB18-PIK3CG p110g 1.5 557-601, 954-975, 961-992, 1035-1050 

NB19-PIK3CG p110g 0.2 593-607, 623-630, 954-992, 1035-1050, 1072-
1084 
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Appendix G. Full statistics on hydrogen deuterium exchange experiments with nanobodies binding to the 
regulatory subunits according to the guidelines from the International Conference on HDX-MS (194) (refers 
to Figure 3.2) 
 

Data set Apo p110g-p101 NB1-PIK3R5 NB2-PIK3R5 NB3-PIK3R5 
HDX reaction 
details 

%D2O=81.7% 
pH(read)=7.5 
Temp=18ºC 

%D2O=81.7% 
pH(read)=7.5 
Temp=18ºC 

%D2O=81.7% 
pH(read)=7.5 
Temp=18ºC 

%D2O=81.7% 
pH(read)=7.5 
Temp=18ºC 

HDX time 
course 
(seconds) 

3 and 300s 3 and 300s 3 and 300s 3 and 300s 

HDX controls N/A N/A N/A N/A 
Back-exchange No correction No correction No correction No correction 
Number of 
peptides 

p110𝛾: 118 
p101: 105 

p110𝛾: 118 
p101: 105 

p110𝛾: 118 
p101: 105 

p110𝛾: 118 
p101: 105 

Sequence 
coverage 

p110𝛾: 79.3% 
p101: 71.2% 

p110𝛾: 79.3% 
p101: 71.2% 

p110𝛾: 79.3% 
p101: 71.2% 

p110𝛾: 79.3% 
p101: 71.2% 

Average 
peptide 
/redundancy 

p110𝛾: Length=12.7 
Redund.= 1.4 
p101:  
length=11.6 
Redund.=1.4 

p110𝛾: 
Length=12.7 
Redund.= 1.4 
p101: length=11.6 
Redund.=1.4 

p110𝛾: 
Length=12.7 
Redund.= 1.4 
p101: length=11.6 
Redund.=1.4 

p110𝛾: 
Length=12.7 
Redund.= 1.4 
p101: 
length=11.6 
Redund.=1.4 

Replicates 1 1 1 1 
Repeatability N/A N/A N/A N/A 
Significant 
differences in 
HDX 

>5% and >0.4 Da  >5% and >0.4 Da  >5% and >0.4 Da  >5% and >0.4 Da  

 
Data set Apo p110g-p84 NB4-PIK3R6 
HDX reaction 
details 

%D2O=86.8% 
pH(read)=7.5 
Temp=18ºC 

%D2O=86.8% 
pH(read)=7.5 
Temp=18ºC 

HDX time course 
(seconds) 

3 and 300s 3 and 300s 

HDX controls N/A N/A 
Back-exchange No correction No correction 
Number of 
peptides 

p110𝛾: 156 
p84: 154 

p110𝛾: 156 
p84: 154 

Sequence 
coverage 

p110𝛾: 86.0% 
p84: 90.5% 

p110𝛾: 86.0% 
p84: 90.5% 

Average peptide 
/redundancy 

p110𝛾: Length=13.0 
Redund.= 1.8 
P84:  
length=13.1 
Redund.=2.7 

p110𝛾: Length=13.0 
Redund.= 1.8 
P84:  
length=13.1 
Redund.=2.7 

Replicates 1 1 
Repeatability N/A N/A 
Significant 
differences in 
HDX 

>5% and >0.4 Da  >5% and >0.4 Da  
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Appendix H. Full statistics on hydrogen deuterium exchange experiments with a set of nanobodies binding to 
p110g according to the guidelines from the International Conference on HDX-MS (194) (refers to Figure 3.2) 
 

Data set Apo p110𝛾-p84 NB5-PIK3CG NB6-PIK3CG NB9-PIK3CG NB10-PIK3CG NB11-PIK3CG 
HDX reaction 
details 

%D2O=83.8% 
pH(read)=7.5 
Temp=18ºC 

%D2O=83.8% 
pH(read)=7.5 
Temp=18ºC 

%D2O=83.8% 
pH(read)=7.5 
Temp=18ºC 

%D2O=83.8% 
pH(read)=7.5 
Temp=18ºC 

%D2O=83.8% 
pH(read)=7.5 
Temp=18ºC 

%D2O=83.8% 
pH(read)=7.5 
Temp=18ºC 

HDX time 
course 
(seconds) 

3 and 300s 3 and 300s 3 and 300s 3 and 300s 3 and 300s 3 and 300s 

HDX controls N/A N/A N/A N/A N/A N/A 
Back-exchange No correction No correction No correction No correction No correction No correction 
Number of 
peptides 

p110𝛾: 174 
p84: 121 

p110𝛾: 174 
p84: 121 

p110𝛾: 174 
p84: 121 

p110𝛾: 174 
p84: 121 

p110𝛾: 174 
p84: 121 

p110𝛾: 174 
p84: 121 

Sequence 
coverage 

p110𝛾: 87.9% 
p84: 86.6% 

p110𝛾: 87.9% 
p84: 86.6% 

p110𝛾: 87.9% 
p84: 86.6% 

p110𝛾: 87.9% 
p84: 86.6% 

p110𝛾: 87.9% 
p84: 86.6% 

p110𝛾: 87.9% 
p84: 86.6% 

Average peptide 
/redundancy 

p110𝛾: 
Length=13.2 
Redund.= 2.1 
p84: 
Length=12.9 
Redund.= 2.1 
 

p110𝛾: 
Length=13.2 
Redund.= 2.1 
p84: 
Length=12.9 
Redund.= 2.1 
 

p110𝛾: 
Length=13.2 
Redund.= 2.1 
p84: 
Length=12.9 
Redund.= 2.1 
 

p110𝛾: 
Length=13.2 
Redund.= 2.1 
p84: 
Length=12.9 
Redund.= 2.1 
 

p110𝛾: 
Length=13.2 
Redund.= 2.1 
p84: 
Length=12.9 
Redund.= 2.1 
 

p110𝛾: 
Length=13.2 
Redund.= 2.1 
p84: 
Length=12.9 
Redund.= 2.1 
 

Replicates 1 1 1 1 1 1 
Repeatability N/A N/A N/A N/A N/A N/A 
Significant 
differences in 
HDX 

>5% and >0.4 
Da  

>5% and >0.4 
Da  

>5% and >0.4 
Da  

>5% and >0.4 
Da  

>5% and >0.4 
Da  

>5% and >0.4 
Da  

Data set NB12-PIK3CG NB13-PIK3CG NB14-PIK3CG NB15-PIK3CG NB16-PIK3CG NB19-PIK3CG 
HDX reaction 
details 

%D2O=83.8% 
pH(read)=7.5 
Temp=18ºC 

%D2O=83.8% 
pH(read)=7.5 
Temp=18ºC 

%D2O=83.8% 
pH(read)=7.5 
Temp=18ºC 

%D2O=83.8% 
pH(read)=7.5 
Temp=18ºC 

%D2O=83.8% 
pH(read)=7.5 
Temp=18ºC 

%D2O=83.8% 
pH(read)=7.5 
Temp=18ºC 

HDX time 
course 
(seconds) 

3 and 300s 3 and 300s 3 and 300s 3 and 300s 3 and 300s 3 and 300s 

HDX controls N/A N/A N/A N/A N/A N/A 
Back-exchange No correction No correction No correction No correction No correction No correction 
Number of 
peptides 

p110𝛾: 174 
p84: 121 

p110𝛾: 174 
p84: 121 

p110𝛾: 174 
p84: 121 

p110𝛾: 174 
p84: 121 

p110𝛾: 174 
p84: 121 

p110𝛾: 174 
p84: 121 

Sequence 
coverage 

p110𝛾: 87.9% 
p84: 86.6% 

p110𝛾: 87.9% 
p84: 86.6% 

p110𝛾: 87.9% 
p84: 86.6% 

p110𝛾: 87.9% 
p84: 86.6% 

p110𝛾: 87.9% 
p84: 86.6% 

p110𝛾: 87.9% 
p84: 86.6% 

Average peptide 
/redundancy 

p110𝛾: 
Length=13.2 
Redund.= 2.1 
p84: 
Length=12.9 
Redund.= 2.1 
 

p110𝛾: 
Length=13.2 
Redund.= 2.1 
p84: 
Length=12.9 
Redund.= 2.1 
 

p110𝛾: 
Length=13.2 
Redund.= 2.1 
p84: 
Length=12.9 
Redund.= 2.1 
 

p110𝛾: 
Length=13.2 
Redund.= 2.1 
p84: 
Length=12.9 
Redund.= 2.1 
 

p110𝛾: 
Length=13.2 
Redund.= 2.1 
p84: 
Length=12.9 
Redund.= 2.1 
 

p110𝛾: 
Length=13.2 
Redund.= 2.1 
p84: 
Length=12.9 
Redund.= 2.1 
 

Replicates 1 1 1 1 1 1 
Repeatability N/A N/A N/A N/A N/A N/A 
Significant 
differences in 
HDX 

>5% and >0.4 
Da  

>5% and >0.4 
Da  

>5% and >0.4 
Da  

>5% and >0.4 
Da  

>5% and >0.4 
Da  

>5% and >0.4 
Da  
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Appendix I. Full statistics on hydrogen deuterium exchange experiments with a set of nanobodies binding to 
p110g according to the guidelines from the International Conference on HDX-MS (194) (refers to Figure 3.2) 
 

Data set Apo p110𝛾-p84 NB7-PIK3CG NB8-PIK3CG NB17-PIK3CG NB18-PIK3CG 
HDX reaction 
details 

%D2O=84.5% 
pH(read)=7.5 
Temp=18ºC 

%D2O=84.5% 
pH(read)=7.5 
Temp=18ºC 

%D2O=84.5% 
pH(read)=7.5 
Temp=18ºC 

%D2O=84.5% 
pH(read)=7.5 
Temp=18ºC 

%D2O=84.5% 
pH(read)=7.5 
Temp=18ºC 

HDX time 
course 
(seconds) 

3 and 300s 3 and 300s 3 and 300s 3 and 300s 3 and 300s 

HDX controls N/A N/A N/A N/A N/A 
Back-exchange No correction No correction No correction No correction No correction 
Number of 
peptides 

p110𝛾: 151 
p84: 123 

p110𝛾: 151 
p84: 123 

p110𝛾: 151 
p84: 123 

p110𝛾: 151 
p84: 123 

p110𝛾: 151 
p84: 123 

Sequence 
coverage 

p110𝛾: 84.6% 
p84: 88.2% 

p110𝛾: 84.6% 
p84: 88.2% 

p110𝛾: 84.6% 
p84: 88.2% 

p110𝛾: 84.6% 
p84: 88.2% 

p110𝛾: 84.6% 
p84: 88.2% 

Average 
peptide 
/redundancy 

p110𝛾: 
Length=13.4 
Redund.= 1.8 
p84: 
Length=13.7 
Redund.= 2.2 

p110𝛾: 
Length=13.4 
Redund.= 1.8 
p84: 
Length=13.7 
Redund.= 2.2 

p110𝛾: 
Length=13.4 
Redund.= 1.8 
p84: 
Length=13.7 
Redund.= 2.2 

p110𝛾: 
Length=13.4 
Redund.= 1.8 
p84: 
Length=13.7 
Redund.= 2.2 

p110𝛾: 
Length=13.4 
Redund.= 1.8 
p84: 
Length=13.7 
Redund.= 2.2 

Replicates 1 1 1 1 1 
Repeatability N/A N/A N/A N/A N/A 
Significant 
differences in 
HDX 

>5% and >0.4 Da  >5% and >0.4 
Da  

>5% and >0.4 
Da  

>5% and >0.4 
Da  

>5% and >0.4 
Da  
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Appendix J. HDX-MS differences in p110γ on nanobody binding. (A) HDX-MS differences in p110g-p84 with 
the addition of NB6-PIK3CG mapped on a model of p110g. The number of deuteron difference for all peptides 
analyzed over the entire deuterium exchange time course is shown for p110g. In panels A-H, peptides showing 
significant difference in deuterium exchange (>5%,>0.4 kDa) between conditions with and without nanobody are 
colored on the cartoon model. (B) HDX-MS differences in p110g-p84 with the addition of NB8-PIK3CG mapped on 
a model of p110g. The number of deuteron difference for all peptides analyzed over the entire deuterium exchange 
time course is shown for p110g. (C) HDX-MS differences in p110g-p84 with the addition of NB9-PIK3CG mapped 
on a model of p110g. The number of deuteron difference for all peptides analyzed over the entire deuterium 
exchange time course is shown for p110g. (D) HDX-MS differences in p110g-p84 with the addition of NB10-
PIK3CG mapped on a model of p110g. The number of deuteron difference for all peptides analyzed over the entire 
deuterium exchange time course is shown for p110g. (E) HDX-MS differences in p110g-p84 with the addition of 
NB11-PIK3CG mapped on a model of p110g. The number of deuteron difference for all peptides analyzed over the 
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entire deuterium exchange time course is shown for p110g. (F) HDX-MS differences in p110g-p84 with the addition 
of NB12-PIK3CG mapped on a model of p110g. The number of deuteron difference for all peptides analyzed over 
the entire deuterium exchange time course is shown for p110g. (G) HDX-MS differences in p110g-p84 with the 
addition of NB13-PIK3CG mapped on a model of p110g. The number of deuteron difference for all peptides 
analyzed over the entire deuterium exchange time course is shown for p110g. (H) HDX-MS differences in p110g-
p84 with the addition of NB14-PIK3CG mapped on a model of p110g. The number of deuteron difference for all 
peptides analyzed over the entire deuterium exchange time course is shown for p110g.  
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Appendix K. HDX-MS differences in p110γ, p101 and p84 on nanobody binding (A) HDX-MS differences in 
p110g-p84 with the addition of NB15-PIK3CG mapped on a model of p110g. The number of deuteron difference for 
all peptides analyzed over the entire deuterium exchange time course is shown for p110g. For panels A-E, peptides 
showing significant difference in deuterium exchange (>5%,>0.4 kDa) between conditions with and without 
nanobody are colored on the cartoon model. (B) HDX-MS differences in p110g-p84 with the addition of NB16-
PIK3CG mapped on a model of p110g. The number of deuteron difference for all peptides analyzed over the entire 
deuterium exchange time course is shown for p110g. (C) HDX-MS differences in p110g-p84 with the addition of 
NB17-PIK3CG mapped on a model of p110g. The number of deuteron difference for all peptides analyzed over the 
entire deuterium exchange time course is shown for p110g. (D) HDX-MS differences in p110g-p84 with the addition 
of NB18-PIK3CG mapped on a model of p110g. The number of deuteron difference for all peptides analyzed over 
the entire deuterium exchange time course is shown for p110g. (E) HDX-MS differences in p110g-p84 with the 
addition of NB19-PIK3CG mapped on a model of p110g. The number of deuteron difference for all peptides 
analyzed over the entire deuterium exchange time course is shown for p110g. (F) The number of deuteron difference 
between conditions with and without nanobody for all peptides analyzed over the entire deuterium exchange time 
course is shown for p101 (NB2-PIK3R5 and NB3-PIK3R5) and p84 (NB4-PIK3R6).  
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Chapter 4 
 

Appendix L. Cryo-EM data collection, refinement and validation statistics 
 

 p110g-p101-NB1-
PIK3R5  
EMD- 23808 
PDB:7MEZ 

p110g-p101 
 
EMD- 23812 
 

Data collection and processing   
Magnification 75,000 75,000 
Voltage (kV) 300 300 
Electron exposure (e/ Å2) 36 50 
Defocus range (µM) 1.0-2.4 0.8-2.0 
Pixel size (Å) 1.079 1.059 
Symmetry imposed 
 

C1 C1 

Initial particle images (no.) 952,702 1,285,510 
Final particle images (no.) 320,179 196,390 
Map resolution (Å) 2.89 3.36 
    FSC threshold 0.143 0.143 
Map resolution range (Å) 2.34-8 2.5-8 
   
Refinement   
Initial model used (PDB) 1E8Y  
Model Resolution (Å) 3.1  
     FSC threshold 0.5  
Map sharpening B factor Sharpened locally  
Model composition   
    Non-hydrogen atoms 12,369  
    Protein residues 1,536  
    Ligands 0  
B-factors   
    Protein 67.6  
Validation   
    Mol probability score 1.70  
    Clashscore 8.87  
    Poor rotamers (%) 0.0  
Ramachandran   
    Favored 96.56  
    Allowed 3.24  
    Outliers 0.20  
R.m.s. deviations   
    Bond lengths (Å) 0.003  
    Bond angles (°) 0.563  
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Appendix M. Structural analysis of the p110g-p101 model. (A) Electron density in select regions covering all five 
domains of p110g. (B) Electron density in select regions of the PBD and GBD of p101. (C) Novel structural features 
in the p110 subunit (in red) that were previously absent in the structure of p110g (aas 144-1102). 
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Appendix N. p101 (PIK3R5) protein: Structure, structural conservation with DGKs, evolutionary conservation 
of p101, and comparison with p84 (PIK3R6) (A) Domain map and model of p101 coloured from N- to C-terminus 
in the rainbow spectrum from blue through red.(B) Representation of different regions of the model in panel A showing 
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various protein folds in the PBD and GBD domains of p101.(C) Zoom in on the GBD, showing residues identified as 
important in Gbg activation of p110g-p101 as sticks/spheres. (D) Structural comparison of the a/b barrel and b-
sandwich in p101 compared to the corresponding regions in diacylglycerol kinase, sphingosine kinase 1, and the 
Salmonella phosphatidylglycerol kinase YegS. (E) Alignment (generated with ESPript 3.0) showing evolutionary 
conservation of residues in porcine p101 with p101 sequences from human, mouse, Xenopus and zebrafish and p84 
sequence from human. The secondary structure elements of porcine p101 are shown above the alignment. 
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Appendix O. Interface details for p110g with p101 and ABD. (A) Cartoon representation of the p110g-p101 
complex, with p101 colored as in Figure 1, and p110g colored according to the attached schematic, with p101 
interacting regions (RBD-C2 linker, C2, and the C2-helical linker) indicated. Important features are shown in a cartoon 
schematic. Interacting regions are indicated in the boxes, and are labeled i-iv. (B) Residues that mediate the interaction 
between p110g and p101. Residues that have more than 20 Å of buried surface area are labelled and shown in a stick 
representation. (C) The structure of p110g-p101 complex, with p110g shown as cartoon, and p101 as a transparent 
surface. The different domains are colored as indicated according to the cartoon schematic. (D) Residues that mediate 
the interaction between the p110g ABD and the rest of p110g. Residues that have more than 20 Å of buried surface 
area are labelled and shown in a stick representation. (E) The ABD of p110g coordinates the RBD-C2 linker of p110g 
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to interact with p101. The RBD-C2 linker, ABD, and the region of p101 that binds the RBD-C2 linker are shown in a 
cartoon representation. The electron density of the RBD-C2 linker and region of p101 that binds the RBD-C2 linker 
are visible (both views), with the ABD interface with the RBD-C2 linker (top view) and the N-terminus of the C2-
helical linker domain (bottom view) are shown. 
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Appendix P. Full statistics on all HDX experiments in Chapter 4 according to IC HDX-MS guidelines (194) 
 

Data set Apo p110g p110g/p101 p110g/p84 Apo p110g/p101 p110g/p101 + 
nanobody 

HDX reaction 
details 

%D2O=91.7% 
pH(read)=7.5 
Temp=18ºC 

%D2O=91.7% 
pH(read)=7.5 
Temp=18ºC 

%D2O=91.7% 
pH(read)=7.5 
Temp=18ºC 

%D2O=86.8% 
pH(read)=7.5 
Temp=18ºC 

%D2O=86.8% 
pH(read)=7.5 
Temp=18ºC 

HDX time 
course 
(seconds) 

3, 30, 300, 3000 3, 30, 300, 3000 3, 30, 300, 3000 3, 300 3, 300 

HDX controls N/A N/A N/A N/A N/A 
Back-exchange Corrected based 

on %D2O 
Corrected based 
on %D2O 

Corrected based on 
%D2O 

Corrected based on 
%D2O 

Corrected based on 
%D2O 

Number of 
peptides 

165 165 165 p110𝛾: 181 
p101: 130 

p110𝛾: 181 
p101: 130 

Sequence 
coverage 

93.4% 93.4% 93.4% p110𝛾: 89.6% 
p101: 80.6% 

p110𝛾: 89.6% 
p101: 80.6% 

Average 
peptide 
/redundancy 

Length=12.9 
Redundancy= 1.9 

Length= 14.4 
Redundancy= 1.9 

Length= 14.4 
Redundancy= 1.9 
 

p110𝛾: Length= 
14.2 
Redundancy= 2.3 
p101: Length= 
13.9 
Redundancy= 2.1 

p110𝛾: Length= 
14.2 
Redundancy= 2.3 
p101: Length= 
13.9 
Redundancy= 2.1 

Replicates 3  3  3 (2 300s, 2 3000s) 3  3  
Repeatability Average 

StDev=0.6% 
Average 
StDev=0.6% 

Average 
StDev=0.6% 

Average StDev 
p110𝛾=0.5% 
p101=0.7% 

Average StDev 
p110𝛾=0.7% 
p101=0.8% 

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 

      
Data set Apo p110g p110g ABD 

deletion 
Apo p110g/p101 p110g/p101 

R472C 
p110g/p101 
E347K 

HDX reaction 
details 

%D2O=92.0% 
pH(read)=7.5 
Temp=18ºC 

%D2O=92.0% 
pH(read)=7.5 
Temp=18ºC 

%D2O=90.5% 
pH(read)=7.5 
Temp=18ºC 

%D2O=90.5% 
pH(read)=7.5 
Temp=18ºC 

%D2O=90.5% 
pH(read)=7.5 
Temp=18ºC 

HDX time 
course 
(seconds) 

3, 30, 300, 3000 3, 30, 300, 3000 0.3, 3, 30, 300, 
3000 

0.3, 3, 30, 300, 
3000 

0.3, 3, 30, 300, 
3000 

HDX controls N/A N/A N/A N/A N/A 
Back-exchange Corrected based 

on %D2O 
Corrected based 
on %D2O 

Corrected based on 
%D2O 

Corrected based on 
%D2O 

Corrected based on 
%D2O 

Number of 
peptides 

150 150 p110𝛾: 194 
p101: 122 

p110𝛾: 194 
p101: 122 

p110𝛾: 194 
p101: 122 

Sequence 
coverage 

91.0% 91.0% p110𝛾: 92.1% 
p101: 87.5% 

p110𝛾: 92.1% 
p101: 87.5% 

p110𝛾: 92.1% 
p101: 87.5% 

Average 
peptide 
/redundancy 

Length= 14.4 
Redundancy= 2.0 

Length= 14.4 
Redundancy= 2.0 

p110𝛾: Length= 
14.3 
Redundancy= 2.5 
p101: Length= 
14.0 
Redundancy= 1.9 

p110𝛾: Length= 
14.3 
Redundancy= 2.5 
p101: Length= 
14.0 
Redundancy= 1.9 

p110𝛾: Length= 
14.3 
Redundancy= 2.5 
p101: Length= 
14.0 
Redundancy= 1.9 

Replicates 3  3  3  3  3  
Repeatability Average 

StDev=0.4% 
Average 
StDev=0.4% 

Average StDev 
p110𝛾=0.6% 
p101=0.9% 

Average StDev 
p110𝛾=0.6% 
p101=0.8% 

Average StDev 
p110𝛾=0.6% 
p101=0.9% 

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 

>4% and >0.4 Da 
and unpaired t-test 
≤0.01 

>4% and >0.4 Da 
and unpaired t-test 
≤0.01 

>4% and >0.4 Da 
and unpaired t-test 
≤0.01 
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Appendix Q. Key structural differences between p110γ and Class IA p110s. (A) Structural model of p110g ABD 
with secondary structure elements. (B) Structural model of p110a ABD with secondary structure elements. (C) 
Contacts made by p110g ABD (orange) with the rest of p110γ (grey surface). (D) Contacts made by p110a ABD 
(orange) with the rest of p110a (grey surface) and the p85a iSH2 domain (purple surface). (E) Alignment showing 
evolutionary conservation of residues in the ABD of human p110g with corresponding p110g sequences from pig, 
mouse, Xenopus and zebrafish and corresponding class IA p110 sequences from human. The secondary structure 
elements of human p110g are shown above the alignment. (F) Alignment showing evolutionary conservation of 
residues in the RBD-C2 of human p110g with corresponding p110g sequences from pig, mouse, Xenopus and zebrafish 
and corresponding class IA p110 sequences from human. The secondary structure elements of human p110g are shown 
above the alignment. (G) Alignment showing evolutionary conservation of residues in the C2-helical linker of human 
p110g with corresponding p110γ sequences from pig, mouse, Xenopus and zebrafish and corresponding class IA p110 
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sequences from human. The secondary structure elements of human p110g are shown above the alignment. All 
alignments generated using ESPript 3.0. 
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Appendix R. HDX-MS differences of p110g oncogenic mutants and p110g binding to lipids, Gbg, and nanobody 
(A) HDX-MS differences in p110g-p101 between wild-type p110g-p101 and E347K. For panels A-D+F, peptides 
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showing significant deuterium exchange differences (>5%,>0.4 kDa and p<0.01 in an unpaired two-tailed t-test) 
between conditions are colored on a cartoon model of p110g-p101. A cartoon schematic is shown indicating the two 
conditions compared using HDX-MS. The number of deuteron difference for E357K for all peptides analyzed over 
the entire deuterium exchange time course is shown for p110g and p101. For all #D graphs, every point represents the 
central residue of an individual peptide, with error shown as standard deviation (n = 3). (B) HDX-MS differences in 
p110g-p101 between wild-type p110g-p101 and R472C mapped on a model of p110g-p101. The number of deuteron 
difference for R472C for all peptides over the full time course of exchange is shown for p110g and p101. (C) HDX-
MS differences in p110g-p101 upon binding to membrane mapped on a model of p110g-p101. The number of deuteron 
difference for all peptides analyzed over the full time course of exchange is shown for p110g and p101. (D) HDX-MS 
differences in p110g-p101 upon binding to Gbg  mapped on a model of p110γ-p101. The number of deuteron 
difference for all peptides analyzed over the full time course of exchange is shown for p110g and p101. (E) Selected 
p101 peptides that showed decreases and increases in exchange between p110g-p101 alone, p110g-p101 with 
membrane, and p110g-p101 with membrane and Gbg. The individual data points are shown on the graph (n=2). (F) 
HDX-MS differences in p110g-p101 bound to NB1-PIK3R5 mapped on a model of p110γ-p101. The number of 
deuteron difference for all peptides analyzed over the entire deuterium exchange time course is shown for p110g and 
p101. A single p101 peptide showing H/D exchange data is shown. The individual data points are shown on the graph 
(n=3). 
 
 

 

 

 

 
 
 

 


