
 
 

Molecular Basis for p85 Dimerization and Allosteric Ligand Recognition 
 

 

 

Dissertation by 
 

Safia S. Aljedani 
 

 

 

In Partial Fulfillment of the Requirements  
For the Degree of Doctor of Philosophy  

 

 
 
 
 
 
 
 
 
 
 

  
 
 
 
 
 
 
 
 

King Abdullah University of Science and Technology 
Thuwal, Kingdom of Saudi Arabia 

 
 
 
 
 

December, 2018 
 

 
 
 



  

 

2 

EXAMINATION COMMITTEE  
 
 
 
The dissertation of Safia S. Aljedani is approved by the examination committee. 
 
 
 
 

Committee Chairperson: Prof. Dr. Stefan Arold 
Committee Members: Prof. Dr. Pau Bernado, Prof. Dr. Samir Hamdan, Prof. Dr. Salim Al 
Babili.  
 
 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
© December, 2018  
Safia S. Aljedani 

All Rights Reserved 



  

 

4 

ABSTRACT 

Safia S Aljedani 

The phosphatidylinositol-3-kinase α (PI3Kα) is a heterodimeric enzyme that is composed of a 

p85α regulatory subunit and a p110α catalytic subunit. PI3Kα plays a critical role in cell 

survival, growth and differentiation, and is the most frequently mutated pathway in human 

cancers. The PI3Kα pathway is also targeted by many viruses, such as the human 

immunodeficiency virus (HIV-1), the herpes simplex virus 1 (HSV-1) or the influenza A virus, 

to create favourable conditions for viral replication. The regulatory p85α stabilizes the catalytic 

p110α, but keeps it in an inhibited state. Various ligands can bind to p85α and allosterically 

activate p110α, but the mechanisms are still ill-defined. Intriguingly, p85α also binds to, and 

activates, the PTEN phosphatase, which is the antagonist of p110α. Previous studies indicated 

that only p85α monomers bind to the catalytic p110α subunit, whereas only p85α dimers bind 

to PTEN. These findings suggest that the balance of p85α monomers and dimers regulates the 

PI3Kα pathway, and that interrupting this equilibrium could lead to disease development. 

However, the molecular mechanism for p85α dimerization is controversial, and it is unknown 

why PTEN only binds to p85α dimers, whereas p110α only binds to p85α monomers. Here we 

set out to elucidate these questions, and to gain further understanding of how p85α ligands 

influence p85α dimerization and promote activation of p110α. We first established a 

comprehensive library of p85α fragments and protocols for their production and purification. 

By combining biophysical and structural methods such as small angle X-ray scattering, X-ray 

crystallography, nuclear magnetic resonance, microscale thermophoresis, and chemical cross-

linking, we investigated the contributions of all p85α domains to dimerization and ligand 

binding. Contrarily to the prevailing thought in the field, we find that p85α dimerization and 

ligand recognition involves multiple domains, including those that directly bind to and inhibit 

p110α. This finding allows us to suggest a molecular mechanism that links p85α dimerization 

and allosteric p110α activation through ligands.  
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Chapter 1.  

Introduction 

1.1 Overview of the phosphatidylinositol-3-kinase α (PI3Kα) 

1.1.1 The general cellular role of PI3Kα 

The family of lipid kinases phosphatidylinositol 3-kinases (PI3Kα), was first discovered during 

the 1980s (Fry 2001, Foster, Traer et al. 2003). Since then, studies have shown that PI3Kα is a 

major regulator of various cellular processes, such as cell proliferation, survival, translation, 

growth, apoptosis, and vacuolar trafficking. Additionally, it was found that PI3Kα was 

associated with numerous oncogene products (Fry 2001, Faes and Dormond 2015, Falasca, 

Hamilton et al. 2017). PI3Kα is a ubiquitous protein, active in all eukaryotic cell types (Fry 

1994, Katso 2001, Foster, Traer et al. 2003). Active PI3Kα phosphorylates at three position 

hydroxyl group of the inositol ring of phosphatidylinositol (PIPs). Thus, PI3Kα produces 

phosphatidylinositol 3,4,5- trisphosphate (PIP3) from phosphorylating phosphatidylinositol 4,5 

bisphosphate (PIP2), which serves as a second messenger recruiting the pleckstrin homology 

(PH) domain of Akt (B. Alberts 2008, Diehl and Schaal 2013, Maheshwari, Miller et al. 2017). 

This interaction disrupts an inhibitory interaction between the Akt kinase and PH domains thus 

leading to Akt activation. Active Akt plays numerous roles in the regulation of cellular 

processes like translation, cell growth and apoptosis (Werner 2010, Diehl and Schaal 2013). 

The PI3Kα signaling pathway is deregulated in many human maladies including allergies, 

inflammation, diabetes, obesity, autoimmunity, and cancer (Stein 2000, Chagpar, Links et al. 

2010).  

 

1.1.2 The composition and structure of PI3Kα 

The PI3Kα is a heterodimer consisting of two subunits: the regulatory subunit (p85α) and the 

catalytic subunit (p110α) (for simplicity, we hereafter refer to the PI3Kα form as PI3K, p85α 
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as p85, and p110α as p110)  (Miled 2007, Chen, Deng et al. 2014). There are multiple isoforms 

of phosphatidylinositol 3-kinases (PI3K) in mammalian cells. Based on their structure, 

activating signals and lipid substrate specificity, these PI3Ks are divided into three classes 

(class I, II and III). Among these different classes, class I PI3Ks have been the major focus of 

PI3Kα studies and have been studied extensively and are best understood (Fry 2001, Foster, 

Traer et al. 2003, Diehl and Schaal 2013, Marat and Haucke 2016). Class I PI3Kα are further 

subdivided into class IA and class IB. The structures of class IA PI3K enzymes consist of a 

regulatory subunit (p85) and a catalytic subunit (p110). The p110 generates 

phosphatidylinositol 3,4,5-triphoshate (PIP3), whereas p85 is responsible for the interaction of 

PI3K with the upstream effectors (Jiménez 2000 , Miller 2014, Faes and Dormond 2015, Marat 

and Haucke 2016). 

 

1.1.2.1 Regulatory subunit (p85) 

The p85 regulatory subunit contains a Src (Sarcoma) homology 3 (SH3) domain, two proline-

rich regions (PR1 and PR2) separated by a Rho-GAP/ BCR- homology (BH) domain, followed 

by two Src homology 2 (SH2) domains (nSH2, cSH2) flanking an inter SH2 (iSH2) domain 

(Figure 1A) (Li 2008, Cheung, Walkiewicz et al. 2015). Structures have been obtained for 

individual domains. However, up to date, there is no structure that defines how these domains 

are arranged in p85 (Figure 1.C) (Wu, Shekar et al. 2009). 

Src homology 3 (SH3) domain: 

N-terminus of p85 contains a Src homology 3 (SH3) domain at residues 1 to 85. SH3 domains 

are ubiquitous intracellular domains that bind to proline-rich regions (Mayer BJ 1988, Liang 

1996). The three-dimensional structure of the p85-SH3 domain has been determined by 

multidimensional NMR and by crystallography at 2.0 Å resolution (Koyama 1993, Liang 

1996). Akin to other SH3 domains, the p85-SH3 domain contains the canonical β-barrel fold 

formed by five antiparallel β strands and a 310 helix. However, the p85-SH3 domain is ~15 
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residues longer than canonical SH3 domains, which produce an additional α helices (residues 

34 to 41) and two 310 helices (residues G45 to K49 and P50 to G54) (Koyama 1993). These 

additional structural features are expected to result in altered binding specifics towards ligands. 

As other SH3 domains (see below), p85-SH3 binds to proline rich motifs. Such a motif is also 

present in p85 itself.  

Proline-rich regions (PR1 and PR2): 

p85 contains two proline-rich regions (PR1 and PR2). p85-PR1 is formed by residues 79-99, 

located just downstream of the p85-SH3 domain. p85-PR2 is located within residues 301 and 

321, and situated between the p85-BH and p85-nSH2 domains (Wymann 1998 , Cheung, 

Walkiewicz et al. 2015). Proline-rich regions (PRs) appear in a wide range of proteins in both 

prokaryotes and eukaryotes  (Williamson 1994). Different classes of proline-rich peptide have 

been identified: the class I ([R/K]XXPXXP), and class II (PXXPX[R/K]) are the most common 

SH3 binding motifs. However, diverse other motifs were identified, such as (PPXVXPY) 

(PXXDY), (PXXPR), and (RXXPXXXP). The p85-SH3 domain bind to class I 

([R/K]XXPXXP; P87KPRPPRPLPVAP99) (Ladbury and Arold 2011). 

BCR - homology (BH) domain:  

The breakpoint cluster region (BCR) controls processes such as proliferation, vesicular 

transport, and the regulation of the actin cytoskeleton. The structure of the p85-BH domain has 

been solved at 1996 at 2.0 Å. p85-BH domain structure contains of seven helices that are 

separated by loops of flexible length. The helices of residues (132-143), (178-192), (234-253) 

and (262-272), form two helical hairpins that pack against each other in a parallel way. This 

leads to the formation the central core of the p85-BH domain. Additionally, there is a 35 residue 

loop between the (132-143) and (178-192). In this loop, residues (158-165) form a helix. The 

p85-BH domain interacts with Rac1 and Cdc42Hs. This ability of the PI3K p85-BH domain to 

interact with both Rac1 and Cdc42Hs could be essential for translocating PI3K to membranes 

and stimulating its catalytic activity (Musacchio 1996 ). 
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Src homology 2 (SH2) domains (nSH2, cSH2): 

In p85, there are two Src homology 2 (SH2) domains. SH2 domains are ubiquitous protein 

domains which are known to bind to phosphorylated tyrosine motifs (Ladbury and Arold 2011). 

Indeed, the two Src (nSH2, cSH2) domains enable p85 to bind to specific phosphotyrosyl 

sequences found in many receptor tyrosine kinases and receptor substrates, such as the platelet-

derived growth factor receptor (PDGFR), epidermal growth factor receptor erbB3, cKit 

(CD117), colony-stimulating factor 1 (CSF-1) receptors (Musacchio 1996 , Jiménez 2000 , 

Mellor, Furber et al. 2012). The p85-SH2 domains recognize phosphotyrosines embedded in a 

(pY)XXM motif (Cuevas, Lu et al. 2001, Mellor, Furber et al. 2012). The two p85-SH2 

domains have highly homologous secondary and tertiary structures, which are composed of a 

central β-sheet amplified by a smaller sheet and flanked on the front and back by single α-

helices  (Nolte 1996, Ladbury and Arold 2011) 

Inter SH2 (iSH2):  

The inter Src homology iSH2 domain that lies between p85-nSH2 and p85-cSH2 is composed 

of a ~190- residue coiled-coil domain  (Nolte 1996, Fu, Aronoff-Spencer et al. 2004). The p85-

iSH2 domain mediates tight binding of p85 to the catalytic subunit p110 ABD (Chang, Aoki 

et al. 1997, Wymann 1998 , Miled 2007). The p85-iSH2 interacts with the catalytic p110 

subunit in two regions at residues (482-484) and (532-541) with p110, which leads to the 

activation of the PI3K pathway and also holds the PI3K heterodimer together (Fu, Aronoff-

Spencer et al. 2004).  

1.1.2.2 Catalytic subunit (p110)  

Briefly, there are three types of the p110 catalytic subunit: p110α, p110β, and p110δ. The 

p110α has five domains: the N-terminal adaptor-binding domain (ABD), the putative 

membrane-binding domain C2, and the Ras-binding domain. Also, it has a helical domain and 

a catalytic domain (Figure 1B) (Hale, Batty et al. 2008).  
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Figure 1. The composition and structure of PI3Kα (A). The p85 regulatory subunit is composed of the p85-SH3 
domain in the N-terminal, two proline-rich regions (p85-PR1 and p85-PR2) separated by the p85-BH domain, 
followed by two SH2 domains (p85-nSH2, p85-cSH2) flanking an inter SH2 (p85-iSH2) domain. (B). The p110 
catalytic subunit is composed of five domains: the N-terminal ABD, followed by the putative membrane-binding 
domain C2, the Ras binding domain, a helical domain and a catalytic domain. (C). The p85 regulatory subunit 
differs in its domain structure. Currently, there is no structure that defines how the different domains are arranged 
in p85. (Adapted from Bader et al, 2005, Liang et al, 1996, Musacchio et al, 1996, Huang et al, 2014 and Cheung 
et al, 2015).  

 

1.1.3 The functional relevance of p85:p110 interaction (activation pathway) 

The p85:p110 interaction is required for the stabilization and localization of PI3K activity. This 

interaction with p85 inhibits p110 catalytic activity and protects p110 against rapid degradation 

(Cheung, Walkiewicz et al. 2015). Structural studies on p85:p110 have provided a mechanism 

to explain the inhibition of p110. The p110 is anchored by the binding of the N-terminal 

adaptor-binding domain ABD to the far end of the rod-like p85-iSH2 domain. The p110 kinase 

and C2 domains cover the p85-iSH2 domain with the Ras-binding domain facing upward above 

the ABD. The helical region makes contact with the p85-nSH2 domain and the C-terminal 

kinases domain (Figure 2) (Jaiswal, Janakiraman et al. 2009, Wu, Shekar et al. 2009). 

A 

B 
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p85 also recruits the p85:p110 complex to the plasma membrane, where the lipid substrate 

PtdIns(4,5)P2 is located. Finally, p85 is the major point of interaction for activating ligands of 

PI3K. Ligand binding to p85 allosterically relieves its inhibition of p110 and hence allows p110 

to become active. This activation leads p110 generate PtdIns(3,4,5)P3 by phosphorylation of 

PtdIns(4,5)P2 on the P3 position. PtdIns(3,4,5)P3 serves as an important second messenger that 

regulates key cell processes, such as survival, growth, and proliferation (Jaiswal, Janakiraman 

et al. 2009, Cheung, Walkiewicz et al. 2015).  

The PI3K can be activated through a variety of signals. Most of these signals are perceived 

through the p85 subunit, and translated into allosteric activation (or rather de-inhibition) of the 

p110 subunit. However, some ligands can also activate PI3K by binding to the p110 subunit. 

Below we will review the most canonical activation mechanisms.  

1.1.3.1. Activation through phospho-tyrosine motifs in receptor tyrosine kinases: 

Most commonly, the PI3K is activated by binding to activated receptor tyrosine kinases 

(RTKs). In the canonical view, extracellular ligands (such as growth factors or other hormones) 

promote dimerization of multimerization of RTKs. This extracellular 

dimerization/multimerization of RTKs results in activation of intracellular kinase activity 

through a variety of mechanisms, including trans-autophosphorylation of kinase activation 

loops and allosteric kinase mechanisms  (Lemmon and Schlessinger 2010).  Intracellular kinase 

activation results also in autophosphorylation where new tyrosine phosphorylation sites are 

created on the RTK’s C-terminal tail regions. These phospho-tyrosine (pY) motifs in the tail 

regions constitute binding sites for the p85-SH2 domains (Lemmon and Schlessinger 2010). 

The major activation route of PI3Kα proceeds through these RTK pY motifs. In particular, it 

has been shown that the p85-nSH2 and p85-cSH2 domains bind to the phosphorylated tyrosines 

(pY)XXM motif in activated RTKs (Jaiswal, Janakiraman et al. 2009, Mellor, Furber et al. 

2012). The association of p85-SH2 domains with ligands outcompetes the inhibitory 
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association of these p85-SH2 domains with the p110 catalytic subunit, leading to de-inhibition 

(i.e. activation) of p110  (Huang, Mandelker et al. 2007) (Figure 2).  

Collectively, these mechanisms lead to recruitment and activation of the p110 catalytic subunit 

at RTKs and associated adaptor proteins, such as the insulin receptor (IR) and the IR substrates 

IRS-1 and IRS2 (Sanchez-Margalet 1995 ). These mechanisms allow spatial and temporal 

control of p110 activation. 

Figure 2. The structural basis for 
the inhibitory p85:p110 
interaction. The crystal structure 
of nSH2 (Blue) and iSH2 (Pink) 
binding to the ABD domain of 
p110α (gray) (pdb: 2RD0), 
where the kinase and C2 domains 
lay over the p85-iSH2 domain. 
The p85-nSH2 inhibit the p110 
by binding to the helical domain  
(Huang, Mandelker et al. 2007, 
Burke, Vadas et al. 2011).  

 

 

 

 

 

 

 

1.1.3.2. Activation through SH3 domains:  

Many proteins that are involved in the regulation of cellular pathways, subcellular localization, 

and cytoskeletal composition contain an SH3 domain. For example, SH3 domains are found in 

Src-family tyrosine kinases, PI3K, PLCy, RasGAP, and myosin (Renzoni, Pugh et al. 1996 , 

Kang, Freund et al. 2000 , Lowey, Saraswat et al. 2007, Camara-Artigas, Martin-Garcia et al. 

2009, Ladbury and Arold 2011, Kurochkina and Guha 2013). The SH3 domain forms a five 

stranded antiparallel β-sheet connected by three main loops (-RT, n-Src, and distal loops) and 

a short C-terminal 310 helix (Camara-Artigas, Martin-Garcia et al. 2009, Ladbury and Arold 
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2011). The binding site contains two hydrophobic pockets and a third pocket responsible for 

binding specificity formed by the SH3’s RT and n-Src loops (Ladbury and Arold 2011) (Figure 

3A). 

SH3 domains recognize and bind to proline-rich sequences containing the motif PXXP, 

where X is any amino acid (Mayer BJ 1988, Kaneko and Li 2008 ). By binding to PXXP motifs 

of ligands or contained within the same protein chain as the SH3 domain, the SH3 domain can 

direct subcellular localization, recruit substrates, and achieve auto-inhibition. For example, in 

Src, the SH3 domain stabilizes the inactive kinase conformation by binding to the SH2-kinase 

linker region (Ogawa, Takayama et al. 2002, Kurochkina and Guha 2013). Likewise, in 

myosins the SH3 domain is localized in the tail region and regulates stability and motility. The 

interaction of the N-terminal proline-rich region with the SH3 during the ATPase cycle 

modulates Myosin II kinetics (Lowey, Saraswat et al. 2007, Kurochkina and Guha 2013). Thus, 

SH3 domains carry out many different roles in the regulation and targeting of the kinase activity 

(Manning, Whyte et al. 2002). 

 

Figure 3. (A) The structural of the human Fyn SH3 wild type (pdb:1g83). (B) The PR-1 of the p85α regulatory 
subunit is known motifs for the SH3 domain interaction, Moreover, the C-terminal domains nSH2 and cSH2 
interaction with the p110 catalytic subunit play an inhibition role.   
 

A 

B 
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SH3 domains of Src kinase family members such as Frk, Fyn, Yes, Fgr, Hck, and Lyn 

were reported to bind and activate PI3K (Prasad, Janssen et al. 1993 , Kapeller, Prasad et al. 

1994 , Pleiman and Hertz 1994 , Axelsson, Hellberg et al. 2000, Swan, Johnson et al. 2009). 

Moreover, the v-Src SH3 domain that associates with p85 leads to activation of the PI3K, and 

v-Src SH3 domain mutants affect the PI3K association and activation (Liu XI, Marengere LE 

et al. 1993 ). Furthermore, the Src SH3 domain leads the tumor necrosis factor-related 

apoptosis-inducing ligand (TRAIL) to induce activation of the PI3K-Akt signal pathway (Song, 

Kim et al. 2010). It has been reported that c-Cbl mediates the degradation of TRAIL; moreover, 

c-Cbl has a PI3K p85 binding site after phosphorylation at the 731 site. During TRAIL 

treatment Src directly phosphorylated p85, which reveal the interaction of Src with both c-Cbl 

and p85 (Song, Kim et al. 2010).  

The p85 contains a proline-rich motif type I with the sequence P87KPRPPRPLPVAP99 

that is located between the p85-SH3 domain and p85-BH domain. p85-PR1 has indeed been 

shown to bind to the Fyn SH3 domain (Renzoni, Pugh et al. 1996, Kang, Freund et al. 2000 , 

Cheung, Walkiewicz et al. 2015). The structure of p85-PR1 bound to Fyn SH3 was determined 

by Renzoi et al (Renzoni, Pugh et al. 1996 ). However, it is unclear how this binding event on 

the N-terminal region of p85 can activate the p110 catalytic subunit of the PI3K, given that it 

is the C-terminal p85-nSH2.iSH2.cSH2 fragment that binds to p110 (Renzoni, Pugh et al. 1996 

, Mellor, Furber et al. 2012) (Figure 3B). 

1.1.3.3. Activation of PI3K through other mechanisms:  

In addition to RTK phospho-tyrosine motifs and SH3 domains, the activation of PI3K can 

occur through multiple upstream pathways by receptors-coupled tyrosine kinase activities, 

small Ras GTPases, and heterotrimeric G proteins. Thus, it has been shown that PI3K can be 

activated by association with the activated Ras GTPase at the plasma membrane through the 

direct interaction between Ras-GTP and p110 (Mellor, Furber et al. 2012, Boucher, 

Kleinridders et al. 2014). Above we have mentioned that RTKs, following extracellular ligand 
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engagement, can recruit p85 through doubly phosphorylated tyrosines. Same or similar 

phosphotyrosine motifs can also recruit GRB2 through its SH2 domain, which binds and 

activates SOS that activities RAS.  

RAS can also interact directly with the PI3K, without involving any other proteins. This 

interaction occurs between RAS and the p110 catalytic subunit, and increases its catalytic 

activity (Castellano and Downward 2011). In mice, mutations in the PI3CA gene encoding the 

p110 subunit block the interaction between p110 and RAS. Moreover, those mice are highly 

resistant to endogenous RAS oncogene-induced tumorigenesis (Gupta, Ramjaun et al. 2007).  

In addition, certain viruses can activate the PI3K pathway by interaction with p85. It 

has been reported that the NS-1 protein of the human influenza virus binds to the iSH2 domain 

and SH3 domain of the p85 and activates PI3K (Shin, Li et al. 2007, Shin, Liu et al. 2007, Hale, 

Batty et al. 2008). The enveloped vaccinia virus (VACV) infection causes a clustering of lipid 

rafts at the host plasma membrane. This clustering promotes co-localization of VACV and raft-

associated integrin β, which consequently activates the PI3K signaling pathway (Izmailyan, 

Hsao et al. 2012). LY294002 a pharmaceutical inhibitor of the PI3K is abrogated Akt 

phosphorylation, which suggesting the requirement for PI3K in VACV (Soares, Leite et al. 

2009). The hepatitis C virus (HCV) NS5A protein interaction with the p85 SH3 domain is 

mediated by novel non-proline rich region motif located in the center of NS5A. This interaction 

leads to the association of NS5A with the native p85:p110 complex, which, in turn, leads to 

stimulation of the lipid kinase activity of PI3K (Street, Macdonald et al. 2004, Liu, Tian et al. 

2012). Additionally, some bacteria were reported to activate the PI3K as well. Salmonella 

enterica (a facultative intercellular pathogen) use type III secretion system (T3SS) to deliver 

the bacterial effector protein SopB into the host cells, leading to activation of PI3K (Pinaud, 

Sansonetti et al. 2018). Also, it has been reported that the Shigella flexneri IpgD protein leads 

to activation of PI3K. While the mechanisms by which the SopB/ IpgD protein activates the 
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PI3K are still unclear, studies showed that using the PI3K inhibitor LY294002 leads to inhibit 

the SopB/IpgD dependent Akt phosphorylation, which supports a role for PI3K (Kang, Freund 

et al. 2000 ). 

1.1.4 The functional significance of p85:PTEN interaction (inhibition pathway) 

While the interaction between the p85 regulatory subunit and the p110 catalytic subunit leads 

to a ligand-dependent activation of the catalytic activity, and hence to the production of PIP3 

and the subsequent activation of the PI3K pathway, the phosphatase PTEN antagonizes PI3K 

activity by dephosphorylating PIP3 to PIP2. The cellular level of PIP3 is tightly regulated by 

the opposing activity of PTEN. Thus, PTEN downregulates PI3K signaling. PTEN is a tumor 

suppressor protein that acts to decrease PI3K signaling by switching off proliferative signals 

and inhibiting apoptosis signals (Liu, Cheng et al. 2009, Rabinovsky, Pochanard et al. 2009, 

Georgescu 2010, Cheung, Walkiewicz et al. 2015). It binds directly to the regulatory subunit 

p85, which enhances PTEN lipid phosphatase activity and protects it against degradation, 

which leads to the interesting conclusion that p85 promotes both, the activation and inhibition 

of the PI3K pathway (Rabinovsky, Pochanard et al. 2009, Chagpar, Links et al. 2010). The 

crystal structure of PTEN (residues 7-353) was solved in 1999. The PTEN structure consists 

of an N-terminal lipid phosphatase domain, and a C-terminal lipid-binding C2 domain (Song, 

Salmena et al. 2012).   

In a collaborative effort, Prof. Gordon Mills from the MD Anderson Cancer Center 

(MDACC, Houston, USA) and Prof. Stefan Arold combined biochemistry, cell biology, 

biophysics and 3D modeling to study the regulation of the PI3K pathway through a p85 

monomer-homodimer equilibrium. This study confirmed that only p85 dimers bind to PTEN. 

Mutations on the p85-SH3, p85-BH and p85-PR1 region that disrupted p85 dimerization also 

disrupted PTEN binding. However, some mutations on one side of the p85-BH domain 

disrupted PTEN binding without affecting p85 dimerization, outlining the PTEN binding site 
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on this domain (Figure 4A) (Cheung, Walkiewicz et al. 2015). An integration of all results 

obtained allowed proposing a model for p85 dimerization, where weak BH:BH domain 

associations are reinforced by interactions in trans between p85-SH3 domains and the p85-

PR1 region of the other chains. The interaction between dimeric p85 and PTEN protects PTEN 

against premature proteolytic cleavage, increases the membrane anchoring of PTEN, and 

enhances the PTEN catalytic activity. Combined, these results provide the mechanism for how 

dimeric p85 downregulates the PI3K pathway by promoting PIP2 dephosphorylation by PTEN. 

Conversely, it was observed that only monomeric p85 binds to p110, forming an interaction 

which protects p110 from proteolytic cleavage and allows ligand-dependent activation of p110.  

Importantly, p85 does not bind to PTEN and p110 at the same time (Figure 4B) 

(Cheung, Walkiewicz et al. 2015).  This exclusivity remained enigmatic, because the binding 

site of p110 on p85 (the p85-iSH2 domain, with some contributions of the p85-nSH2 and 

possibly p85-cSH2 domain) has not shown to be involved in PTEN binding and p85 

dimerization (through p85-Sh3, p85-BH and p85-PR1) (Chagpar, Links et al. 2010, Cheung, 

Walkiewicz et al. 2015). The study provides a model of the structure and the assembly of the 

p85 homodimer, suggesting that the p85-SH3: p85-PR1 interaction (in trans) and the p85-BH: 

p85-BH interaction combine to form a stable platform for p85 dimerization and PTEN binding 

(Figure 4C-D) (Cheung, Walkiewicz et al. 2015).  

Interestingly, a subsequent study published by the Jonathan Backer group (2015) 

suggested that p85 dimerization is more complex and may also involve the C-terminal nSH2-

iSH2-cSH2 domains. However, their results suggested a highly indiscriminate and flexible 

binding involving a certain ‘stickiness’ of all p85 domains. Hence this group could not obtain 

a clear structural and mechanistic picture of p85 dimerization. It is worthy of note that Backer 

and colleagues used the all-Cys-to-Ser mutant of p85. We have obtained this mutant from them, 

and found it to be highly unstable, and prone to aggregation, as compared to wild-type p85. 
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Thus, at least in part, some of their results might be false positives due to destabilizing the 

replacement of some hydrophobic cysteines by polar serine’s (Figure 5. A-B) (LoPiccolo, Kim 

et al. 2015). Nonetheless, given the functional importance of p85 dimerization, their findings 

motivated us to perform an in-depth study of p85 dimerization to resolve the mechanism for 

exclusive binding of PTEN and p110.   

 

Figure 4. Model for p85 dimerization (A). Immunoprecipitation (IP) and Western blotting (WB), have shown 
that mutations on SH3, BH and PRR1 disrupted the p85α dimerization and disrupted PTEN binding. However, 
some mutations on one side of the BH domain disrupted PTEN binding without affecting p85 dimerization, 
outlining the PTEN binding site on this domain. (B). The lysates of KLE cell, fractionated using a gel filtration 
column, showed that p85 does not bind to PTEN and p110 at the same time. (C). Theoretical molecular model of 
the p85 SH3:PR1 interaction in trans. (D). Model of dimeric p85-SH3-PR1-BH, based on a crystal structure where 
SH3 binds to PR1 and BH binds BH 

 

 

 

 

Figure 5. Model of p85 full-length dimer binding to PTEN, (A). The p85-SH3 (gray), p85-PR1 (light-orange) 
and p85-BH (green) contribute to the p85 dimerization and to PTEN binding. (B). The model proposed by the 
Jonathan Backer group suggests that C-terminus plays a role in p85 dimerization.

A 

B 

C 

D 
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1.2 PI3K signaling pathway in disease 

1.2.1 Role in cancer 

The PI3K pathway plays a central role in tumor development due to its role as activator of 

cell’s survival and proliferation. In fact, the PI3K signaling pathway is the most commonly 

mutated signaling pathway in human cancer (Song, Salmena et al. 2012, Fruman, Chiu et al. 

2017). Genomic cancer research has revealed that many components of the PI3K pathway are 

frequently mutated or altered in common human cancers. PIK3CA, the coding gene for p110, 

is frequently mutated in most common human tumors, such as colon, rectal, breast, ovary, liver, 

and brain tumors (Yuan and Cantley 2008, Cheung, Hennessy et al. 2011, Song, Salmena et al. 

2012, Fruman, Chiu et al. 2017). Moreover, PI3KR, the gene coding for p85, is also one of the 

most frequently mutated genes across cancers (Cheung, Hennessy et al. 2011, Cheung, 

Walkiewicz et al. 2015). Historically, the PI3K pathway was first linked to tumorigenesis based 

on the study of Vogt et al. on the avian sarcoma virus 16, which had been isolated from a 

spontaneous chicken tumor. The avian sarcoma virus 16 genome encodes an oncogene, which 

is derived from a cellular PI3K gene (Chang, Aoki et al. 1997, Cheung, Walkiewicz et al. 

2015). Indeed, many cancer cells appear to include mutations in the PI3KR gene that allow 

cells to proliferate uncontrollably and prevent the p85 from inhibiting p110. Likewise, it was 

mentioned early the p85 interaction with PTEN, would inhibit the PI3K pathway. Mutations in 

the PTEN gene stop the protein from working and cause significant damage (Cheung, 

Hennessy et al. 2011).  

 

1.2.2 The HIV-1 Nef protein is hijacking the PI3K 

Viruses are obligatory intracellular parasites, which depend completely on the host cell to 

replicate due to their lack of genes encoding the proteins essential for translation, energy, 

metabolism, or membrane biosynthesis (Diehl and Schaal 2013). This limitation forces viruses 

to use control over the cellular process to ensure their successful reproduction. Because of its 
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central role in survival, division, and transformation, the PI3K pathway is the target of several 

viruses, such as the human immunodeficiency virus (HIV-1), the herpes simplex virus 1 (HSV-

1), or the influenza A (Chagpar, Links et al. 2010). Several studies report that HIV-1 viruses 

target the PI3K (Linnemann, Zheng et al. 2002, Wolf, Giese et al. 2008). The negative factor 

(Nef), a small accessory protein required for enhancing viral infectivity and AIDS onset in 

infected persons, is associated with PI3K. The negative factor (Nef) is an upstream activator 

of the PAK kinase that stimulates Akt-independent Bad phosphorylation, which leads to induce 

anti-apoptotic signals (Wolf, Witte et al. 2001 , Wolf, Giese et al. 2008, Mbita, Hull et al. 

2014). The associated of PI3K-PAK complex with Nef, phosphorylates the pro-apoptotic Bad 

protein, which plays a role in cell apoptosis (Wolf, Witte et al. 2001 ). This interaction blocks 

apoptosis and hence allows viral replication in the host (Wolf, Witte et al. 2001 ). The direct 

association between the Nef protein from the HIV-1 and PI3K depends on the C-terminal 

region Nef and the C-terminal of p85 (Linnemann, Zheng et al. 2002). However, the molecular 

details of this interaction, and the mechanism by which the association with Nef activates PI3K 

remain unknown. 

Nef is a small 200-215 amino acid protein (27-35 kDa), which can associate with the 

membrane through an N-terminal myristoylation (Figure 6) (Franken, Arold et al. 1997, 

Grzesiek, Bax et al. 1997, Arold and Baur 2001). Nef is an essential protein for viral replication, 

high virus load, and the progression to AIDS. Nef mediates these functions by the alteration of 

signaling and trafficking pathways (Breuer, Holger et al. 2006). Seminal studies such as Kestler 

et al. (1991) and Hanna et al. (1998) on animal models suggested that Nef acts as a positive 

factor, and hence, the original name of “negative factor” is a misnomer. Kestler et al. (1991) 

reported that the SIV+ rhesus monkeys do not develop an immune deficiency when infected 

with a Nef-deleted viral strain, whereas Hanna and colleagues showed that mice engineered to 

express HIV/SIV Nef alone develop an immune deficiency-like syndrome and die eventually 

(Kestier, Ringler et al. 1991, Hanna, Kay et al. 1998 , Morgan 2011). Additionally, patients 
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infected with HIV strains with a non-functional Nef gene did not progress to AIDS within a 

12-25 year periods (Morgan 2011). In infected cells, Nef proteins localize primarily at the 

plasma membrane and preferentially associate with the cytoskeleton. Myristoylation helps Nef 

anchor to the plasma membrane (Hayashi, Matsubara et al. 2002). Nef plays three functions at 

the molecular level in cells. First, Nef interacts with tyrosine and serine/ threonine kinases and 

modifies cellular signaling pathways to alter the activation state of cells. Second, Nef 

downregulates cell surface receptors, such as CD4 and MHC class I. Third, Nef increases the 

infectivity of newly assembled HIV virions (Arhel and Kirchhoff 2009, Morgan 2011). 

 

 
Figure 6. Model of full-length Nef 
anchored to the cellular membrane. 
The Nef model was proposed based 
on NMR data that showed the flexible 
N-terminal arm, the C-terminal 
disordered loop, and the folded core 
domain. Adapted from (Baur & 
Arold, 2001).    
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1.3 The objective of research: 
 
Through the collaboration with Prof. Mills’ group (MD Anderson Cancer Center, Houston, TX) 

and Prof. Arold’s group, it has been shown that the equilibrium of p85 monomers and dimers 

regulates the PI3K pathway, suggesting that interrupting this equilibrium could lead to disease 

development. Furthermore, studies suggested that the p85 monomers and dimers have opposing 

effects on PI3K signaling as only the p85 dimers bind to the PTEN phosphatase, whereas p85 

monomers bind to the catalytic p110 subunit. However, the mechanism for dimerization is 

controversial, and it is unknown why PTEN or p110 binds only to dimers or monomers. 

Consequently, the first Objective of this study was to investigate and determine the 

molecular mechanism that underlies p85 dimerization. Our rationale was that a detailed 

understanding of the domain contributions to multimerization would allow to understand the 

monomer-dimer switch between activating (p110) or inhibiting (PTEN) functions of p85. To 

assess the individual contributions of the p85 domains to multimerization we (1) cloned a library 

of p85 expression constructs and established purification protocols for each construct. Based on 

these recombinant proteins, we (2) assessed the contribution of dimerization of these fragments 

using complementary biophysical, biochemical, and 3D structural approaches. Finally, we 

extended the study to include the effect of buffer conditions and ligands on p85 multimerization. 

Herein, in particular, we aimed at characterize the interaction between the HIV-1 Nef protein and 

p85, which appears to be important for HIV replication, but is particularly poorly understood.  

A related second Objective was to use the library of recombinant protein constructs to 

understand how p85 selects specific SH3-domain ligands, and to investigate how the SH3:p85 

interaction can allosterically lead to activation of the p85:p110 heterodimer. Investigations for this 

part were also carried out as a pluridisciplinary biophysical and biochemical approach. 
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Given that both dimerization of p85 and allosteric ligand-promoted activation of p110 are 

mechanistically supported by the multidomain framework that p85 provides, we reasoned that 

experimental investigations into both objectives would synergize to elucidate the apparently 

complex structure-function relationship of intra- and intermolecular interactions of p85. 
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Chapter 2.  
 
Mechanistic insights into the dimerization control of the PI3K pathway 
 
2.1 Investigating the mechanism of p85 dimerization 

To reveal the molecular mechanism leading the monomer-dimer switch between the activating 

(p110) or inhibiting (PTEN) function of p85, we wish to first systematically assess the 

contributions of the p85 domains to multimerization. For this, we first needed to clone a library of 

p85α expression constructs, and establish purification protocols for each construct. We then aimed 

to test the dimerization of these fragments using complementary biophysical and 3D structural 

approaches. Finally, we wish to assess how relevant protein ligands affect the p85 dimerization. 

In combination, these results should provide mechanistic insights into the ligand-modulated 

dimerization-control of the PI3K pathway.  

2.1.1 Establishing the library of p85 constructs: cloning, expression and purification 

As we mentioned earlier, the p85 is composed of five domains, the SH3 domain, two proline-rich 

regions (PRs), the BH domain, two SH2 domains (nSH2, cSH2) and the inter SH2 domain. 

According to our previous studies, stable p85 dimerization depends on SH3: PR1 interaction and 

BH:BH interactions (Cheung, Walkiewicz et al. 2015). However, Backer and colleagues suggested 

that other domains also contribute to p85 dimerization (LoPiccolo, Kim et al. 2015). Therefore, 

our first objective of the study was to investigate and determine the molecular mechanism of p85 

dimerization. To understand this mechanism, we designed multiple p85 fragments to be able to 

comprehensively assess the function of each domain in the process of dimerization. Moreover, we 

are also interested in studying the effects of cellular ligands on p85 dimerization. Below, we will 

give an overview of the different p85 fragments cloned/obtained.  
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Table 1: Source of the different p85 constructs used in this study. p85-ΔSH3(81-724) was obtained from Prof. J. Ladbury, 
but was initially constructed in Prof. M. Waterfield’s group. The p85 full-length with SUMO tag, p85-nSH2.iSH2321-

610, and p85-nSH2.iSH2cSH2321-724 constructs were made during the “Protein Expression, Purification and 
Characterization Course” (PEPC9), with the help of Dr. Louise Bird from the Oxford protein production facility UK 
(OPPF-UK). The colors refer to: successfully cloned, expressed and purified (green); successfully cloned and 
produced, but unsuccessful purification (orange); clone obtained, but production failed (magenta), clone obtained, but 
need to optimize the expression protocols (blue). 

Name  Vector  Tag Source 
p85 full length (2-721) pOPIN: S3C family SUMO tag PEPC9 Course, Germany  

p85 full length (1-724) pGEX-6p-1 GST tag Arold Lab (Dr. Walkiewicz)  

p85ΔSH3 (81-724) pGEX GST tag John Ladbury - Prof. Mike Waterfield  

p85ΔSH3 (81-724) pGEX-6p-1 GST tag Arold Lab (Aljedani)  

p85-SH3.BH.nSH2.iSH2 pGEX-6p-1 GST tag Arold Lab (Aljedani)  

p85-SH3.BH.nSH2 pGEX-6p-1 GST tag Arold Lab (Aljedani)  

p85-SH3.BH (1-301) pGEX-6p-1 GST tag Arold Lab (Dr. Walkiewicz)  

p85-SH3.BH (1-333) pGEX-6p-1 GST tag Arold Lab (Dr. Walkiewicz)  

p85-SH3.BH.nSH2 pGEX-6p-1 His-tag Arold Lab (Dr. Muhammad)  

p85-BH.nSH2.iSH2.cSH2 pGEX-6p-1 GST tag Arold Lab (Aljedani)  

p85-BH.nSH2.iSH2 pGEX-6p-1 GST tag Arold Lab (Aljedani)  

p85-BH.nSH2 pGEX-6p-1 GST tag Arold Lab (Aljedani)  

p85-BH.nSH2 pGEX-6p-1 His-tag Arold Lab (Dr. Muhammad)  

p85-nSH2.iSH2.cSH2 (321-721) pOPIN: F family N-His tag PEPC9 Course, Germany  

p85-nSH2.iSH2.cSH2 (322-724) pGEX-6P-1 GST tag Arold Lab (Dr. Hameed and Aljedani)  

p85-nSH2.iSH2 (322-610) pOPIN: F family N-His tag PEPC9 Course, Germany  

p85-nSH2.iSH2 (322-600) pGEX-6P-1 GST tag Arold Lab (Dr. Hameed and Aljedani)  

p85-iSH2.cSH2 pGEX-6P-1 GST tag Arold Lab (Aljedani)  

p85-nSH2 pGEX-6P-1 GST tag Arold Lab (Aljedani)  

p85-iSH2 pGEX-6P-1 GST tag Arold Lab (Aljedani)  

p85-cSH2 pGEX-6P-1 GST tag Arold Lab (Aljedani)  

p85-iSH2 pET-28b His tag Arold Lab (Dr. Walkiewicz and Aljedani)  

 

We have managed to clone, express, and purify all constructs highlighted in the schedule, 

except p85-iSH2 (Bos Taurus). We have managed to clone p85-iSH2 (Bos Taurus) and confirmed 

the sequence by (Sanger Sequencing Service, KAUST); however, we could not express the protein 

in different cell lines such as Escherichia coli Bl21 (DE3) and Rosetta origami (DE3) (Schauder, 

Ma et al. 2010). 
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Furthermore, all the different constructs of PEPC9 Course p85 (highlighted in orange) were 

successfully cloned, expressed, and purified. Proteins were first purified by an immobilized nickel 

affinity column using standard procedures. To increase purity and filter out protein aggregates, we 

used a Superdex 75 16/600 (GE Healthcare) size-exclusion chromatography. However, those 

constructs from PEPC9 have shown degradation and gave low proteins yields. For these reasons, 

we have re-designed and re-cloned those constructs with an N-terminal GST tag into a pGEX-6p-

1 vector, to enhance protein stability and quantity (Esposito and Chatterjee 2006, Costa, Almeida 

et al. 2014). Likewise, the constructs of p85-Sn.BH.nSH2 and p85-BH.nSH2 by Dr. Muhammad 

were successfully cloned, expressed, and purified with His-tag. Proteins were first purified by an 

immobilized nickel affinity column using standard procedures, follow by Superdex 200 16/600 

(GE Healthcare) size-exclusion chromatography. 

All our constructs with GST-tag as p85-ΔSH3, p85-SH3.BH.nSH2.iSH2, p85-

SH3.BH.nSH2, p85-BH.nSH2.iSH2, BH.nSH2, p85-nSH2.iSH2.cSH2, p85-nSH2.iSH2, and p85-

iSH2.cSH2 (Miller 2014), were purified by the following three purification steps: Our first 

purification step was a GST-tag affinity chromatography; the second purification step was using 

cationic/ionic exchange chromatography based on the isoelectric point (PI) of proteins; the last 

purification step was using a Superdex 200 16/600 (GE Healthcare) size-exclusion 

chromatography. Fractions containing pure proteins were pooled and concentrated. Pure protein 

was kept in 50 mM Tris (pH 8.0), 150 mM NaCl, 2mM EDTA, and 2 mM DTT buffer. The purity 

and correct sequence of all of our proteins was assessed by SDS-PAGE and Mass Spectrometry 

(Sivashanmugam, Murray et al. 2009) (Figure 7 & 8).   
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Figure 7. SDS-PAGE gel of different purified p85 
fragments that contain the SH3 domain. MW, 
standard molecular mass markers (size is given in 
kDa); lane-1 p85-full length (84 kDa), lane-2 p85-
SH3.BH.nSH2.iSH2 (70 kDa), lane-3 p85-
SH3.BH.nSH2 (48 kDa), lane-4 p85-SH3.BH (33 
kDa), lane-5 p85- SH3.BH (33 kDa) 
(Sivashanmugam, Murray et al. 2009). 
 
 

 
 

 

 

 

 

 

 

 

 

 

Figure 8. SDS-PAGE of different purified p85 fragments lacking the SH3 domain. A. MW, standard molecular mass 
markers (size is given in kDa); p85-ΔSH3 (74 kDa) lane-1, p85-BH.nSH2.iSH2.cSH2 (71 kDa) lane-2. B. MW, 
standard molecular mass markers; p85-ΔSH3 (74 kDa) lane-1, p85-BH.nSH2.iSH2 (57 kDa) lane-3, p85-BH.nSH2 
(36 kDa) lane-4, p85-nSH2.iSH2.cSH2 (48 kDa) lane-5, p85-nSH2.iSH2 (34 kDa) lane-6, p85-iSH2.cSH2 (35 kDa) 
lane-7  (Sivashanmugam, Murray et al. 2009). 

 

All the purified proteins of p85α full-length and other fragments, such as p85 FL, p85-

ΔSH3, p85-SH3.BH.nSH2.iSH2, p85-SH3.BH.nSH2, p85-BH.nSH2.iSH2, p85-BH.nSH2, p85-

nSH2.iSH2.cSH2, and p85-nSH2.iSH2, and p85-iSH2.cSH2 showed a band with the expected 

molecular weight in SDS-PAGE, and displayed less than 5% contamination. We have obtained a 

protein yield of concentration in range of 0.4 - 8 mg/ml for each protein per liter of bacterial 

A B 
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culture. All the purified proteins were highly soluble and could be concentrated without apparent 

precipitation up to a range of 3.3 - 20 mg/ml. The amount of protein obtained for different p85 

fragments is summarized in the following table: 

Table 2: Summary of proteins obtained per liter of E. coli culture. We have obtained a concentration range of 1- 8 
mg/ml for all p85 fragments pure proteins. However, we have obtained a protein concentration of ~0.5 mg/ml for p85 
full-length and p85-Δ SH3.  

Protein Name MW/ SDS-PAGE Yield per 1 Liter 

p85 full length  84  0.41 mg 

p85-Δ SH3 74 0.5 mg 

p85-SH3.BH.nSH2.iSH2 70 1.2 mg 

p85-SH3.BH.nSH2 48 2.13 mg 

p85-BH.nSH2.iSH2.cSH2 71 1.3 mg 

p85-BH.nSH2.iSH2 57 1.55 mg 

p85-BH.nSH2 36 8 mg 

p85-nSH2.iSH2.cSH2 48 1 mg 

p85-nSH2.iSH2 34 0.92 mg 

p85-iSH2.cSH2 35 1.5 mg 

 

Additionally, we have designed different fragments of p85 into a pJEx411c vector with an 

8-His-tag. These constructs are destined to be used for surface plasmon resonance (Biacore) and 

His-tag labelling (MST). Those constructs are codon-optimized and we ordered from the TWIST 

company. We will optimize the expression protocols of these new protein constructs in the future. 

In conclusion we have cloned a comprehensive library of p85 fragments, and have established 

protocols that allow us to produce large amounts of highly pure and soluble recombinant proteins. 
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2.1.2  Structural analysis 

Multidomain proteins such as p85 play important roles in cellular signaling. Through a fine-tuned 

interplay between different types of self-association and ligand interactions, they are capable of 

hiding or revealing different functional motifs. Understanding the structural states associated with 

free and ligand-bound multi-domain proteins is therefore a powerful means to understand their 

versatile stimuli-dependent functions. However, because of these features, multidomain proteins, 

including p85 are often too flexible to crystallize, too large for NMR and too small (and flexible) 

for electron microscopy. We therefore use an integrative structural ‘hybrid’ approach, where we 

combine data from different sources to infer structural (and hence functional) states.  

 

2.1.2.1. Small angle X-ray scattering (SAXS) 

Within our integrative approach, small angle X-ray scattering (SAXS) has become a very powerful 

method. Through its capacity to produce structural data on flexible proteins in solution, under a 

wide range of buffer conditions, it allows us to provide a ‘structural platform’. Based on this 

platform, models can be tested, hypotheses can be derived based on including or excluding 

possible models, and various data types can be integrated in form of distance constraints. This 

methodology uses a setup similar to protein crystallography, in that it uses intense X-rays to 

irradiate a protein sample (Svergun 2003 ). However, the sample consists of protein in solution; 

this solution can be injected directly in the X-ray beam, or passaged through a size exclusion 

column via HPLC (SEC-SAXS) (Kikhney and Svergun 2015, Hutin, Brennich et al. 2016, 

Brennich, Round et al. 2017). SEC-SAXS allows for the elimination of aggregates from the 

sample, however will dilute the sample ~5 times, and has the tendency of dissociating protein 

complexes (or multimers) that are bound with a dissociation constant (Kd) of less than 0.2 µM 
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(Brennich, Round et al. 2017). Direct injections can be achieved at higher concentrations and will 

preserve weak complexes but might be affected by aggregations.  

The way in which the solute proteins scatter the X-rays is recorded using a detector and is 

averaged to yield the scattered intensity versus a resolution plot. Typically, the intensity is plotted 

as log I, and the resolution is given as q = 4 π sinθ/λ nm-1 and 2 θ is the scattering angle (Fink 

1989). Resolutions are 0.01 Å-1 < q < 0.5 Å-1 in SAXS, hence SAXS only produces information 

up to about 10-15 Å. To obtain the scattering contribution from protein only, the buffer solution 

(without protein) is also exposed to X-rays, recorded, and then subtracted from the protein solution 

(Fink 1989, Svergun 2001 , Kikhney and Svergun 2015).  

Although this scattering data contains the averaged contribution of all randomly oriented 

particles in the X-ray beam, a wealth of information can be obtained directly from this I(q) plot, in 

a model-free manner. The radius of gyration of the particle (Rg) can be derived from the Guinier 

approximation, whereas the maximum particle diameter (Dmax) and interatomic distances can be 

derived from the distance distribution P(r) (Bada, Walther et al. 2000, Kikhney and Svergun 2015). 

The Porod analysis allows to estimate the volume or molecular mass of the particle. The Kratky 

plot provides insights into the ratio of structured versus unstructured (flexible) parts of the protein. 

Additionally, the scattering data can be used to derive an ab initio 3D bead model of the solute 

particle. The volume of the ab initio bead model provides another way for estimating the volume 

of the solute particle (Guttman, Weinkam et al. 2013). While this volume estimation still works 

for flexible particles, the produced 3D models are unsuitable to represent a protein with large 

flexibility. The range of flexibility can be estimated using procedures that select minimal ensemble 

models from a pool of 3D structures (Taube, Pienkowska et al. 2014). SAXS is also a very 

powerful method to establish which of several potentially possible 3D models are present in the 
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solution. For this, the scattering pattern of the models can be calculated, and compared with the 

experimentally recorded pattern (Grishaev 2012).  

To gain insights into the dimeric states of our p85α fragments in solution, we have 

combined the above-mentioned SAXS methods to derive volume, MW and size of the solute 

particles and combined them with the calculated values for monomers or dimers. We have used 

different constructs of p85α as shown in (Figure 9). Each of the fragments was measured at 3 

different concentrations (typically dilution series, with concentrations ranging from 0.9 to 9.8 

mg/ml) through direct injections into the SAXS beam. When possible and required, fragments 

were additionally injected by HPLC (SEC-SAXS) (Currie, Cameron et al. 2013). 

All of our SAXS measurements were carried out at the SWING beamline at SOLEIL, a 

synchrotron facility in France. All our data was inspected visually and analyzed by using programs 

from the ATSAS suite (including PRIMUS, DAMMIN, DAMMIF, and EOM) and Scatter (Kratky 

plot, Volume of correlation, and MW) (Svergun 1999 , Franke and Svergun 2009, Rambo and 

Tainer 2011, Grishaev 2012, Hura, Budworth et al. 2013, Franke, Petoukhov et al. 2017).  
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Figure 9. Schematic 
diagram of the constructs 
used for SAXS data 
collection. We have 
collected SAXS data for 
multiple p85 fragments to 
characterize the 
oligomerization property 
of various fragments of 
p85 and to assess their 
function. The p85-
SH3.BH.nSH2(his-tag), p85-
BH.nSH2(his-tag), p85-
SH3.BH(1-333) and p85-
SH3.BH(1-301) were 
cloned, expressed, and 
sent by Dr. Walkiewicz 
and Dr. Muhammad. 
 
 
 
 
 
 
 
 
 
 
 
 

The first analysis step was to ensure that there was no evidence of radiation damage and 

aggregation.  

The data analysis was performed in several steps using the program packages ATSAS and 

Scatter (Grishaev 2012, Petoukhov, Franke et al. 2012). First, the SAXS data are analyzed for 

radiation damage and aggregations; both these effects are visible as an upward bent in the low-

resolution zone of the Guinier plot. Mild aggregation can be mitigated by eliminating the lowest 

resolution data from the analysis. However, strong aggregation will preclude use of these data, 

since its influence will compromise the data up to intermediate resolutions. Additional artefacts 

may stem from subtracting a non-matching buffer from the data, which may again compromise 

the Guinier region (resulting in an aggregation-like upward bend or downward bends). Second, the 
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high-resolution region of the curves is inspected, and zones where the intensities are dominated by 

noise are eliminated. Currently there are no stringent criteria for deciding where to cut the high-

resolution parts. However, unlike X-ray crystallography, the high-resolution region (beyond 0.3 

Å-1) in SAXS contributes very little information, and the analysis is therefore not significantly 

affected by different cut-offs (Grant, Luft et al. 2015). Multiple curves (concentration series, direct 

vs HPLC injections) are then superimposed to evaluate the consistency of the data, and to reveal 

concentration-dependent changes (aggregation or multimerization) (Kikhney and Svergun 2015). 

If needed, mild artefacts of buffer mismatch (resulting, for example, from insufficient sample cell 

cleaning between buffer and sample, or from a missing ligand contribution) can be resolved. These 

mismatches manifest themselves in a constant off-set of the SAXS scattering pattern, and can be 

removed by adjusting all curves to the curve with the best buffer subtraction. Typically the best 

curve is the one obtained by SEC-SAXS, because the buffer is directly taken from the dead volume 

of the SEC.  

In the following, we provide examples of SAXS data obtained. Throughout, the figures 

show the SAXS scattering curves offset one from the other for better visibility. HPLC indicates 

that the sample has been injected by SEC-SAXS, through a HPLC. For HPLC, the initial sample 

concentration that is loaded onto the column is shown, which becomes diluted ~5 times during the 

size-exclusion ste before reaching the X-ray beam. 

Analysis of p85 full-length in three different buffer: (1) Sodium phosphate buffer, (2) tris 

buffer with 150 mM NaCl, (3) tris buffer with 200 mM NaCl, showed that data are useable to 

~0.55 Å-1, prior to becoming too noisy. The protein showed only residual aggregation; this issue 

was solved by the deletion of the first 5 - 10 data points in range 5- 10 (Figure 10 A-D) (Grishaev 

2012).  
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Figure 10. SAXS curves for the proteins p85 full-length in 3 different buffers. (A). Solution scattering results for the 
HPLC of p85 full-length in different buffer: protein concentrations (5.8 mg/ml, 6.4 mg/ml and 9.8 mg/ml). (B). The 
p85 full-length solution scattering results for different protein concentrations (1.25 mg/ml, 2.5 mg/ml, 3.9 mg/ml and 
7.8 mg/ml) of p85 full-length in 50 mM Tirs (pH 8), 150 mM NaCl, 2 mM EDTA, 2 mM DTT. (C). Solution scattering 
results for different protein concentrations (1.25 mg/ml, 2.5 mg/ml, 3.9 mg/ml and 7.8 mg/ml) of p85 full-length in 
20 mM Tirs (pH 8), 200 mM NaCl, 2 mM EDTA, 5 mM DTT. (D). Solution scattering of p85 full-length in 20 mM 
Sodium Phosphate, 150 mM NaCl, 2 mM EDTA, 2 mM DTT results for different protein concentrations (1.25 mg/ml, 
2.5 mg/ml, 3.9 mg/ml and 7.8 mg/ml)  
 

The data of p85-SH3.BH.nSH2.iSH2 were collected in our standard buffer, 20 mM HEPES 

(pH 8), 150 mM NaCl, 3 mM DTT. Results showed only residual aggregation (Figure 11). 

 

A C 

D B 
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Figure 11. Solution scattering of 
p85-SH3.BH.nSH2.iSH2 results 
in four different concentrations 
(1.23 mg/ml, 2.45 mg/ml, 4.9 
mg/ml, and HPLC 9.8 mg/ml).   
 
 

 

 

 

 

 

For p85-SH3.BH.nSH2, two different data sets were obtained, based on data prepared 

within this thesis, and one in parallel by Dr. Muhammed from the Arold group (Figure 12 A-B). 

 

 

Figure 12. Solution scattering of p85-SH3.BH.nSH2 results in two different buffers. (A). Solution scattering results 
for four different concentrations (1.9 mg/ml, 3.9 mg/ml, 7.8 mg/ml, and HPLC 16 mg/ml) in 20 mM Tris (pH 8), 200 
mM NaCl, 5 mM DTT, 2 mM EDTA.  (B). Solution scattering results for four different concentrations (2 mg/ml, 4 
mg/ml, 8 mg/ml, and HPLC 9.8 mg/ml) of p85-SH3.BH.nSH2 sent by Dr. Muhammad.   
 

We also have prepared and measured two constructs containing only the SH3 and BH 

domains of p85. In one construct, p85-SH3.BH(1-301), the protein stops right after the BH domain. 

In a second construct, p85-SH3.BH(1-333), the PR2 region after the BH domain was included (Figure 

A B 
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13. A). Both samples behaved very differently, showing only mild signs of aggregation (Figure 13 

B). 

 

 

Figure 13. SAXS curves for the proteins p85-SH3.BH(1-301) and p85-SH3.BH(1-333). (A). Solution scattering results for 
4 different concentrations (5 mg/ml, 2.5 mg/ml, and 1.25 mg/ml) of p85-SH3.BH(1-301). (B). Solution scattering results 
for 4 different concentrations (1.25 mg/ml, 2.5 mg/ml, 5 mg/ml, and HPLC) of p85-SH3.BH(1-333).  
 

Among the samples tested, the p85-ΔSH3 protein sample (consisting of all the p85 

fragments except for the SH3 region-but including the PR1 region), was key to several experiments 

(as explained below). We have measured this construct under different conditions, which will be 

detailed later in this manuscript. Here we show only the curves obtained in our standard 150 mM 

NaCl Tris buffer (Figure 14).  

 

Figure 14. SAXS curves for the 
proteins p85DSH3. Solution 
scattering results for 4 different 
concentrations (1.25 mg/ml, 2.5 
mg/ml, 5 mg/ml, and HPLC 8 mg/ml) 
of p85-DSH3.  
 
 
 
 
 
 
 

6.3 mg/ml

1.25 mg/ml

2.5 mg/ml

5 mg/ml

p85-SH3.BH (1-301)

5 mg/ml

2.5 mg/ml

1.25 mg/ml

6.3 mg/ml

p85-SH3.BH (1-333)
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We also prepared the p85-∆SH3 construct without the PR1 region, named p85-

BH.nSH2.iSH2.cSH2. This protein we designed only for testing the influence of salt (Figure 15).  

 

 

 

The p85-BH.nSH2.iSH2 data showed serious aggregation at higher concentration, but low-

concentration samples were ok (Figure 16). 

Figure 15. SAXS curves for the proteins p85-
BH.nSH2.iSH2.cSH2 in different salt 
concentration (A). Solution scattering results for 
2 different concentrations (1.85 mg/ml, 3.7 
mg/ml) in 300 mM NaCl. (B). Solution 
scattering results for 2 different concentrations 
(1.85 mg/ml, 3.1 mg/ml) in 200 mM NaCl. (C). 
Solution scattering results for 2 different 
concentrations (1.85 mg/ml, 3.7 mg/ml) in 100 
mM NaCl. 
 
 
 
 

A B 

C 
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Figure 16. Solution scattering results for 
four different concentrations (1 mg/ml, 2.5 
mg/ml, 7.8 mg/ml, and HPLC 15 mg/ml) of 
p85-BH.nSH2.iSH2. 
 
 
 
 
 
 
 
 

The p85-BH.nSH2 was a second protein that had been prepared in parallel by us within this thesis, 

and by Dr. Muhammad. This construct shows very high solubility with only little aggregation 

(Figure 17 A-B). 

 

 
Figure 17. (A). Solution scattering results for four different concentrations (5 mg/ml, 10 mg/ml, 20 mg/ml, and HPLC 
22.8 mg/ml) of p85-BH.nSH2 (his-tag) (B). Solution scattering results for four different concentrations (2 mg/ml, 4 
mg/ml, 8 mg/ml, and 16 mg/ml) of p85-BH.nSH2.  
 

The p85-nSH2.iSH2.cSH2 and p85-nSH2.iSH2 constructs gave a very different signal 

compared to p85-BH.nSH2, showing the influence of the long rod-like iSH2 domain (Figure 

18.A). Our p85-nSH2.iSH2(322-600), we have shown that data are useable to ~0.50 Å-1 (Figure 18B).  
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Figure 18. SAXS results for the proteins p85-nSH2.iSH2.cSH2 and p85-nSH2.iSH2 results for four different 
concentrations. (B). Solution scattering results for three different concentrations (1.8 mg/ml, 0.9 mg/ml, and 2.8 
mg/ml) of p85α-nSH2.iSH2.  
 

Finally, the p85-iSH2.cSH2 (Figure 19) gives a very similar SAXS pattern as compared to 

p85-nSH2.iSH2.cSH2 and p85-nSH2.iSH2, suggesting similar overall structural characteristics.  

 

Figure 19. SAXS results for the proteins 
p85-nSH2.iSH2 results for four different 
concentrations (1.6 mg/ml, 2.3 mg/ml,  
2.6 mg/ml and 8.6 mg/ml)  
 

 

 

 

 

 

Following this first inspection of the scattering curves, the Guinier analysis was used to 

obtain the radius of gyration (Rg). The Guinier analysis was carried out using the program primus 

(ATSAS suite) (Petoukhov, Franke et al. 2012). This type of analysis is based on approximating 

the scattering pattern at very low angles as a simple exponential, and hence is only valid (for 

spherical particles) in the region empirically defined by q*Rg < 1.3.  Here, we started the analysis 
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by studying the Rg for the constructs containing the SH3 domain, followed by the analysis of 

constructs that do not contain the SH3 domain (Figure 20-21).  

Table 3: Summary of Guinier plot analyses of all p85 fragments that contain the SH3 domain. Where needed for 
disambiguation, the text in parenthesis provides additional information, such as the buffer used, the domain 
boundaries, purification tags, or the use of SEC-SAXS). *: prepared by Dr. Muhammad. **: prepare by Dr. 
Walkiewicz. Buffers used are SP: 20 mM Sodium phosphate pH 8, 150 mM NaCl, 2 mM EDTA, 5 mM DTT; Tris-
200mM NaCl: 20 mM Tris pH 8, 200 mM NaCl, 2 mM EDTA, 5 mM DTT; HEPES: 20 mM HEPES pH 8, 150 mM 
NaCl, 3 mM DTT); all other buffers are: 20 mM Tris pH 8, 150 mM NaCl, 2 mM EDTA, 5 mM DTT.  

Name Conc. Rg q Limits Fidelity 

p85-FL (Tris-200mM NaCl) 1.25 mg/ml 70.19  +/-1.14 0.56   1.23 0.90 
p85-FL (Tris-200mM NaCl) 2.5 mg/ml 71.77  +/-0.88 0.61   1.26 0.92 
p85-FL (Tris-200mM NaCl) 3.9 mg/ml 78.85  +/-4.50 0.67   1.07 0.86 
p85-FL (Tris-200mM NaCl) 7.8 mg/ml 84.28  +/-2.27 0.62  1.19 0.93 
p85-FL (SP) 1.25 mg/ml 71.73  +/-1.96 0.57  1.10 0.91 
p85-FL (SP) 2.5 mg/ml 73.38  +/-1.55 0.58  1.25 0.94 
p85-FL (SP) 3.7 mg/ml 77.80  +/-2.10 0.57   1.24 0.94 
p85-FL (SP) 7.8 mg/ml 87.98  +/-3.54 0.60  1.10 0.94 
p85-FL (Tris-150mM NaCl) 1.25 mg/ml 77.83  +/-1.28 0.62  1.19 0.92 
p85-FL (Tris-150mM NaCl) 2.5 mg/ml 78.07  +/-2.67 0.62  1.20 0.92 
p85-FL (Tris-150mM NaCl) 3.9 mg/ml 83.59  +/-3.30 0.62  1.18 0.93 
p85-FL (Tris-150mM NaCl) 7.8 mg/ml 89.09  +/-2.52 0.61  1.21 0.95 
p85-FL (SEC; HEPES) 9.8 mg/ml 63.40 +/-2.84 0.72   1.30 0.81 
p85-SH3.BH.nSH2.iSH2 1.23 mg/ml 81.47 +/-6.88 0.79    1.30 0.85 
p85-SH3.BH.nSH2.iSH2 2.45 mg/ml 69.91  +/-2.40 0.72    1.15 0.85 
p85-SH3.BH.nSH2.iSH2 4.9 mg/ml 75.30  +/-3.07 0.77    1.11 0.81 
p85-SH3.BH.nSH2.iSH2 (SEC) 9.8 mg/ml 66.54  +/-2.99 0.45    1.29 0.92 
p85-SH3.BH.nSH2 (His-tag; SEC) * 2 mg/ml 51.08  +/-130 0.58    1.19 0.91 
p85-SH3.BH.nSH2 (His-tag; SEC) * 4 mg/ml 53.23  +/-0.68 0.76    1.24 0.84 
p85-SH3.BH.nSH2 (His-tag; SEC) * 8 mg/ml 56.71  +/-1.22 0.71    1.19 0.85 
p85-SH3.BH.nSH2 (His-tag; SEC) 8 mg/ml 52.03    +/-0.61 0.50     1.09 0.92 
p85-SH3.BH.nSH2 1.9 mg/ml 52.14    +/-0.46 0.45     1.27 0.89 
p85-SH3.BH.nSH2 3.9 mg/ml 55.65    +/-0.51 0.73     1.27 0.96 
p85-SH3.BH.nSH2 7.8 mg/ml 58.54    +/-1.14 0.42      1.10 0.96 
p85-SH3.BH.nSH2 (SEC) 16 mg/ml 54.84  +/-3.20 0.67     1.28 0.82 
p85-SH3.BH(1-333) ** 1.25 mg/ml 45.05  +/-0.68 0.67    1.28 0.88 
p85-SH3.BH(1-333) ** 2.5 mg/ml 47.17  +/-1.02 0.62    1.10 0.87 
p85-SH3.BH(1-333) ** 5 mg/ml 45.51  +/-0.38 0. 59    1.16 0.89 
p85-SH3.BH(1-333) (SEC)  6.3 mg/ml 45.76  +/-0.33 0.44     1.27 0.96 
p85-SH3.BH(1-301) ** 1.25 mg/ml 45.38  +/-0.26 0.54    1.26 0.93 
p85-SH3.BH(1-301) ** 2.5 mg/ml 46.26  +/-1.37 0.76    1.13 0.79 
p85-SH3.BH(1-301) ** 5 mg/ml 47.21  +/-0.35 0. 54    1.02 0.89 
p85-SH3.BH(1-301) (SEC) 6.3 mg/ml 46.98  +/-4.18 0.51     1.23 0.93 
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Figure 20. The Guinier plots of different SH3 domain–containing fragments of p85. (A-D). The resolution limits of 
the Guinier plots where initially identified using the automated procedures implemented in PRIUMS, and then 
manually controlled. The Rg values, resolution limits and fidelity score of these fragments are shown in Table 3 above.   
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Figure 21. The Guinier plots of different SH3 domain–containing fragments of p85. (A-D). The resolution limits of 
the Guinier plots where initially identified using the automated procedures implemented in PRIUMS, and then 
manually controlled. The Rg values, resolution limits and fidelity score of these fragments are shown in Table 3 above.   
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Table 4: Summary of Guinier plot analyses of all p85 fragments that do not contain the SH3 domain. Where needed 
for disambiguation, the text in parenthesis provides additional information, such as the buffer used, the domain 
boundaries, purification tags, or the use of SEC-SAXS). *: prepared by Dr. Muhammad. Buffers used are 20 mM 
HEPES pH 7.5, 100 mM NaCl, 0.5 mM EDTA, 0.5 mM TCEP, 5% Glycerol; #: 20 mM HEPES pH 8, 150 mM NaCl, 
3 mM DTT; all other buffers are: 20 mM Tris pH 8, 200 mM NaCl, 2 mM EDTA, 5 mM DTT.  
 

Name Conc. Rg q Limits Fidelity 

p85-DSH3 # 1.25 mg/ml 47.56  +/-1.16 0.68    1.30 0.87 
p85-DSH3 # 2.5 mg/ml 49.14  +/-0.10 0.33     1.28 0.99 
p85-DSH3 # 5 mg/ml 51.13  +/-0.55 0. 49    1.10 0.93 
p85-DSH3 (SEC) # 15 mg/ml 48.48  +/-6.06 0.50     1.24 0.94 
p85-BH.nSH2.iSH2.cSH2 (100 mM NaCl) 1.85 mg/ml 46.07  +/-0.46 0.49     1.28 0.89 
p85-BH.nSH2.iSH2.cSH2 (100 mM NaCl) 3.7 mg/ml 49.46  +/-0.87 0.60     1.23 0.88 
p85-BH.nSH2.iSH2.cSH2 (200 mM NaCl) 1.55 mg/ml 48.04  +/-2.82 0.51    1.29 0.90 
p85-BH.nSH2.iSH2.cSH2 (200 mM NaCl) 3.1 mg/ml 51.03  +/-0.61 0.36     1.03 0.96 
p85-BH.nSH2.iSH2.cSH2 (300 mM NaCl) 1.85 mg/ml 47.30  +/-0.28 0.36    1.29 0.95 
p85-BH.nSH2.iSH2.cSH2 (300 mM NaCl) 3.7 mg/ml 48.11  +/-0.12 0.32    1.29 0.97 
p85-BH.nSH2.iSH2 1 mg/ml 42.65  +/-0.35 0.53     1.29 0.91 
p85-BH.nSH2.iSH2 2.5 mg/ml 45.96  +/-0.58 0.63     1.12 0.86 
p85-BH.nSH2.iSH2 7.8 mg/ml 52.60  +/-3.73 0.69     1.05 0.81 
p85-BH.nSH2.iSH2 (SEC) 15 mg/ml 46.30  +/-0.39 0.42     1.16 0.94 
p85-BH.nSH2 (His-tag) * 5 mg/ml 33.49   +/-0.70 0.61        0.99 0.82 
p85-BH.nSH2 (His-tag) * 10 mg/ml 35.71   +/-0.56 0.65        1.04 0.82 
p85-BH.nSH2 (His-tag) * 20 mg/ml 37.06   +/-1.29 0.72        1.07 0.79 
p85-BH.nSH2 (His-tag; SEC) 22.8 mg/ml 23.98  +/-0.12 0.28        1.07 0.98 
p85-BH.nSH2  2 mg/ml 31.65  +/-0.18 0.27     1.30 0.95 
p85-BH.nSH2  4 mg/ml  32.41   +/-0.47 0.25      1.07 0.98 
p85-BH.nSH2  8 mg/ml  32.81    +/-0.85 0.50        0.98 0.88 
p85-BH.nSH2 (SEC)  16 mg/ml 33.20    +/-0.42 0.22       0.91 0.99 
p85-nSH2.iSH2 0.9 mg/ml 36.85 +/-2.27 0.52      1.26 0.89 
p85-nSH2.iSH2 1.8 mg/ml 36.61 +/-7.59 0.81      1.27 0.8  
p85-nSH2.iSH2 1.2 mg/ml 38.21  +/-0.94 0.37      1.22 0.94 
p85-nSH2.iSH2 2.4 mg.ml 39.23   +/-0.96 0.38       1.22 0.94 
p85-nSH2.iSH2 4.8 mg/ml 37.93   +/-0.27 0.68      1.29 0.86 
p85-nSH2.iSH2 (SEC) 2.8 mg/ml 37.18 +/-4.13 0.72      1.21 0.81 
p85-nSH2.iSH2.cSH2 1.5 mg/ml 38.72    +/-0.40 0.55      1.25 0.91 
p85-nSH2.iSH2.cSH2 3 mg/ml 41.02    +/-0.37 0.51      1.26 0.93 
p85-nSH2.iSH2.cSH2 6 mg/ml 43.76    +/-0.20 0.35       1.24 0.98 
p85-nSH2.iSH2.cSH2 (SEC) 6.6 mg/ml 40.02  +/-0.69 0.48      1.25 0.74 
p85-iSH2.cSH2 1.6 mg/ml 41.83 +/-9.64 0.87      1.21 0.75 
p85-iSH2.cSH2 2.3 mg/ml 41.029 +/-8.69 0.90      1.21 0.75 
p85-iSH2.cSH2 2.6 mg/ml 43.76  +/-2.19 0.87    1.13 0.78 
p85-iSH2.cSH2 (SEC) 8.6 mg/ml 43.73  +/-2.19 0.78     1.13 0.78 
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Figure 22. The Guinier plots of different fragments of p85α without SH3 domain (A-D). The resolution limits of the 
Guinier plots where initially identified using the automated procedures implemented in PRIUMS, and then manually 
controlled. The Rg values, resolution limits and fidelity score of these fragments are shown in Table 4 above.   
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Figure 23. The Guinier plots of different fragments of p85α without SH3 domain (A-C). The resolution limits of the 
Guinier plots where initially identified using the automated procedures implemented in PRIUMS, and then manually 
controlled. The Rg values, resolution limits and fidelity score of these fragments are shown in Table 4 above.   

Following the data treatment and inspection, as outlined above, we next used these data to 

investigate the dimeric state of the particles, by means of analyzing their molecular weight, volume 

and dimensions. The molecular weights of all our samples were estimated in different ways, such 

as Porod volumes, volumes of ab initio bead models (produced by DAMMIN/DAMMIF), and 

were calculated in PRIMUS. Inspection of the various ways of evaluating the multimeric status 

led us to conclude that the most consistent dimerization evaluation criterion (within construct 

concentration series) is to calculate the ratio between the molecular weight calculated by the Mw 

estimate from DAMMIN (averaged over 12 independent runs), and the Mw calculated from the 

protein sequence (Figure 24). 
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Table 5: Summary of the molecular weight, Dmax and Rg of all our samples of the different fragments of p85. MW 
and protein volume were estimated in two different ways, namely Porod volumes, and the volume obtained by ab 
initio reconstruction using DAMMIN. These data were calculated in PRIMUS MW. The molecular mass was 
calculated from the sequence by using the ExPaSy-ProtParam website (http://web.expasy.org/protparam/)(Gasteiger 
E. 2005). The calculated molecular volume was established from the sequence by multiplying the number of amino 
acid by 151.  *: Given is the ratio between the Mw calculated from Dammin and the theoretical Mw calculated from 
the sequence. Where needed for disambiguation, the text in parenthesis provides additional information, such as the 
buffer used, the domain boundaries, purification tags, or the use of SEC-SAXS). Buffers used are mention above. 

Protein name 

 

        

Conc. 

mg/ml 

 

 

Rg(Å) 
Dmax 

(Å) 

Molecular 

Volume 

(103Å3) 

calculated 

from 

Sequence 

Molecular 

Volume (103Å3) 

Experimental 

from Porod 

Molecular 

Volume (103Å3) 

Experimental 

from Dammin 

Molecular Mass 

(kDa) 

Calculated from 

sequence 

Molecular Mass 

(kDa) 

Experimental, 

from Dammin 

 

Molecular 

Mass ratio 

exp/calc * 

 

 

p85-FL 2.50 75.02 287.40 109.62 195.00 427.00 84.38 213.00 2.5 
p85-FL (SEC) 7.8 68.70 299.31 109.62 119.00 388.00 84.38 194.00 2.3 
p85-FL (SEC; HEPES) 9.8 63.40 270 109.62 310.00 254.00 84.38 127.00 1.5 
p85-FL (Tris 200 mM NaCl) 7.8 84.28 377.0 109.62 635.00 414.00 84.38 207.00 2.4 
p85-FL (Tris 200 mM NaCl) 3.9 78.85 352.0 109.62 449.00 343.00 84.38 171.00 2.0 
p85-FL (Tris 200 mM NaCl) 2.5 71.77 313.0 109.62 413.00 321.00 84.38 161.00 1.9 
p85-FL (Tris 200 mM NaCl) 1.25 70.19 228.0 109.62 328.00 273.00 84.38 137.00 1.6 
p85-FL (SP) 7.8 87.98 394 109.62 638.00 344.00 84.38 172.00 2 
p85-FL (SP) 3.7 77.80 327 109.62 489.00 352.00 84.38 176.00 2.1 
p85-FL (SP) 2.5 73.38 270 109.62 398.00 293.00 84.38 146.00 1.7 
p85-FL (SP) 1.25 71.73 240 109.62 322.00 276.00 84.38 138.00 1.6 
p85-FL (Tris 150 mM NaCl) 7.8 89.09 370 109.62 735.00 370.00 84.38 185.00 2.2 
p85-FL (Tris 150 mM NaCl) 3.9 83.59 342 109.62 607.00 409.00 84.38 205.00 2.4 
p85-FL (Tris 150 mM NaCl) 2.5 78.07 348.29 109.62 504.00 322.00 84.38 161.00 1.9 
p85-FL (Tris 150 mM NaCl) 1.25 77.83 280 109.62 451.00 283.00 84.38 141.00 1.7 
p85-SH3.BH.nSH.iSH2 1.23 81.47 394.55 91.80 578.00 255.00 70.16 126.83 1.8 
p85-SH3.BH.nSH.iSH2 2.45 69.91 289.71 91.80 297.00 287.00 70.16 143.50 2.0 
p85-SH3.BH.nSH.iSH2 4.9 75.3 306.36 91.80 380.00 301.00 70.16 153.00 2.2 
p85-SH3.BH.nSH.iSH2 
(SEC) 9.8 70.53 263.27 91.80 324.00 306.00 70.16 153.83 2.2 

p85-SH3.BH.nSH2 (His-tag) 2 51.08 195 66.28 125.00 169 49.74 84.60 1.7 
p85-SH3.BH.nSH2 (His-tag) 4 53.23 212 66.28 158.00 206 49.74 103.00 2.1 
p85-SH3.BH.nSH2 (His-tag) 8 56.71 228 66.28 180.00 217 49.74 108.00 2.2 
p85-SH3.BH.nSH2 (His-tag; 
SEC) 8 52.03 219 66.28 133.00 173 49.74 86.4 1.7 

p85-SH3.BH.nSH2 1.9 52.14 227.00 66.44 124.00 157.00 49.57 78.4 1.6 
p85-SH3.BH.nSH2 3.9 55.65 237.33 66.44 144.00 184.00 49.57 92.00 1.9 
p85-SH3.BH.nSH2 7.8 58.54 257.84 66.44 162.00 189.00 49.57 94.4 1.9 
p85-SH3.BH.nSH2 (SEC) 16 54.84 250.61 66.44 160.00 98.3.0 49.57 49.10 1 
p85-SH3.BH (1-333) 1.25 45.51 177.03 50.28 88.90 132.00 34.04 66.00 1.9 
p85-SH3.BH (1-333) 2.5 47.89 180.00 50.28 93.40 148.00 34.04 73.80 2.2 
p85-SH3.BH (1-333) 5 47.45 162.78 50.28 91.70 150.00 34.04 75.00 2.2 
p85-SH3.BH (1-333; SEC) 6.3 45.76 183.41 50.28 93.00 140.00 34.04 70.00 2.1 
p85-SH3.BH (1-301) 1.25 45.22 170.15 45.45 91.00 149.00 33.82 74.33 2.2 
p85-SH3.BH (1-301) 2.5 46.26 180.78 45.45 94.10 154.00 33.82 76.66 2.3 
p85-SH3.BH (1-301) 5 47.21 172.00 45.45 94.40 148.00 33.82 73.80 2.2 
p85-SH3.BH (1-301; SEC) 6.3  46.98   194.00 45.45 96.50 145.00 33.82 72.50 2.2 
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Figure 24. SAXS suggests all the p85 SH3-domain containing fragments are stable dimers. Data from Table 5 are 
plotted with the Y-axis showing the ratio between the Mw calculated from DAMMIN and the theoretical Mw 
calculated from the sequence (taken from last column of Table 5). 

 

As a next round of experiments, we analyzed the SAXS data from constructs that lack the 

SH3 domain. Given the presumed role of the SH3 domain for promoting p85 dimerization in 

trans, fragments that lack this domain are expected to be monomers (Figure 25). 
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Table 6: Summary of the molecular weight, Dmax and Rg of all our samples of the different fragments of p85. MW 
and protein volume were estimated in two different ways, namely Porod volumes, and the volume obtained by ab 
initio reconstruction using DAMMIN. These data were calculated in PRIMUS MW. The molecular mass was 
calculated from the sequence by using the ExPaSy-ProtParam website (http://web.expasy.org/protparam/) (Gasteiger 
E. 2005). The calculated molecular volume was established from the sequence by multiplying the number of amino 
acid by 151.  *: Given is the ratio between the Mw calculated from Dammin and the theoretical Mw calculated from 
the sequence. Where needed for disambiguation, the text in parenthesis provides additional information, such as the 
buffer used, the domain boundaries, purification tags, or the use of SEC-SAXS). Buffers used are above. 

Protein name 

 

        

Conc. 

mg/ml 

 

 

Rg(Å) Dmax (Å) 

Molecular 

Volume (Å3) 

calculated from 

Sequence 

Molecular Volume 

(Å3) 

Experimental 

from Porod 

Molecular 

Volume (Å3) 

Experimental 

from Dammin 

Molecular Mass 

(kDa) 

Calculated from 

sequence 

Molecular Mass 

(kDa) 

Experimental, 

from 

Dammin/primus 

Molecular 

Mass ratio 

exp/calc * 

 

p85-∆SH3 1.25 47.56 195.6 97.09 123.00 94.40 74.31 91.00 1.22 
p85-∆SH3 2.5 49.14 216.88 97.09 131.00 193.00 74.31 97.50 1.31 
p85-∆SH3 5 51.11 256.94 97.09 144.00 203.00 74.31 100.66 1.35 
p85-∆SH3 (SEC) 15 51.03 237.73 97.09 150.00 189.00 74.31 94.50 1.27 
p85-BH.nSH2.iSH2.cSH2 
(100 mM NaCl) 3.7 49.46 236 94.07 137.00 168.00 72.27 83.9/94.22 1.2 

p85-BH.nSH2.iSH2.cSH2 
(100 mM NaCl) 1.85 46.07 175 94.07 117.00 146.00 72.27 73.2/78.5 1.0 

p85-BH.nSH2.iSH2.cSH2 
(200 mM NaCl) 3.1 51.03 224 94.07 136.00 174.00 72.27 87.20/80.75 1.2 

p85-BH.nSH2.iSH2.cSH2 
(200 mM NaCl) 1.55 48.04 230 94.07 127.00 163.00 72.27 81.4/78.5 1.13 

p85-BH.nSH2.iSH2.cSH2 
(300 mM NaCl) 3.7 48.11 211.00 94.07 119.00 155.00 72.27 77.6/74 1.1 

p85-BH.nSH2.iSH2.cSH2 
(300 mM NaCl) 1.85 47.30 211.00 94.07 115.00 154.00 72.27 77.1/72 1 

p85-BH.nSH2.iSH2 1 42.65 177.25 75.19 80.90 119.00 57.99 59.33 1.02 
p85-BH.nSH2.iSH2 2.5 45.96 218.55 75.19 93.80 148.00 57.99 74.00 1.27 
p85-BH.nSH2.iSH2 7.8 52.6 258.18 75.19 121.00 173.00 57.99 86.50 1.49 
p85-BH.nSH2.iSH2 
(SEC) 15 46.3 207.53 75.19 75.10 143.00 57.99 71.50 1.23 

p85-BH.nSH2 (His-tag) 5 33.49 155 49.67 56.3 86.8 37.50 43.4 1.15 
p85-BH.nSH2 (His-tag) 10 35.71 160.00 49.67 58.4 91.5 37.50 45.8 1.22 
p85-BH.nSH2 (His-tag) 20 37.06 237.00 49.67 60.10 92.6 37.50 46.3 1.23 
p85-BH.nSH2 (SEC) 22.8 23.98 150 49.67 57.8 81.7 37.50 40.8 1.08 
p85-BH.nSH2 2 31.65 117.16 49.83 50.9 77.6 37.33 38.8 1.03 
p85-BH.nSH2 4 32.41 144.00 49.83 51.1 74.4 37.33 37.2 0.99 
p85-BH.nSH2 8 32.81 146.22 49.83 51.2 76.5 37.33 38.3 1 
p85-BH.nSH2 16 33.20 170.00 49.83 50.2 75.6 37.33 37.8 1 
p85-nSH2.iSH2.cSH2 1.5 38.72 188.39 61.60 67.20 103.00 48.12 51.66 1.07 
p85-nSH2.iSH2.cSH2 3 41.02 165.54 61.60 72.00 105.00 48.12 49.51 1.02 
p85-nSH2.iSH2.cSH2 6 43.76 190.75 61.60 83.30 107.00 48.12 54.33 1.12 
p85-nSH2.iSH2.cSH2 
(SEC) 6.6 40.96 154.39 61.60 61.70 128.00 48.12 64.00 1.35 

p85-nSH2.iSH2 0.9 36.85 173.23 42.88 43.40 65.10 34.00 32.36 0.95 
p85-nSH2.iSH2 1.8 39.94 173.23 42.88 46.90 70.80 34.00 35.26 1.03 
p85-nSH2.iSH2 1.2 38.72 155.03 42.88 49.6 69.7 34.00 34.9 1.0 
p85-nSH2.iSH2 2.4 41.02 206.77 42.88 150.0 80.00 34.00 40.0 1.17 
p85-nSH2.iSH2 4.8 43.76 145.01 42.88 55.8 82.90 34.00 41.5 1.2 
p85-nSH2.iSH2 (SEC) 2.8 37.18 162 42.88 49.10 72.20 34.00 36.01 1.05 
p85-iSH2.cSH2 1.6 41.83 178 45.14 56.80 80.50 35.52 35.35 1.0 
p85-iSH2.cSH2 2.3 41.03 150 45.14 56.00 81.4 35.52 36.12 1.0 
p85-iSH2.cSH2 2.6 43.76 190 45.14 72.3 93.1 35.52 43.77 1.2 
p85-iSH2.cSH2 (SEC) 8.6 43.73 165 45.14 59.2 88.00 35.52 38.5 1.1 
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Figure 25. Overview of the dimerization state of p85 constructs, as apparent from SAXS data. Selected SH3-
containing constructs from Figure 24 are plotted in comparison to p85 constructs lacking the SH3 domain. The Y-axis 
shows the ratio between the Mw calculated from DAMMIN and the theoretical Mw calculated from the sequence 
(taken from last column of Table 6). 

Our SAXS analysis allowed a first comprehensive assessment of the dimerization status of 

p85 fragments in solution. Several conclusions can be drawn from these data. First, SAXS 

confirms that p85 full-length is predominantly dimeric under the conditions measured. This 

observation is in agreement with earlier observations using gel-filtration analysis (Harpur 1999), 

and our previously published analysis of this construct using MST and AUC (Cheung, Walkiewicz 

et al. 2015). Moreover, constructs which contain the p85-SH3 domain are also dimeric and are 

consistent with our model that the SH3 domain is promoting dimerization by interacting in trans 

with the p85-PRR1 motif AUC (Cheung, Walkiewicz et al. 2015). The observations that fragments 

containing only the p85-nSH2, p85-iSH2 and p85-cSH2 domains (p85-nSH2.iSH2 and p85-

nSH2.iSH2.cSH2) appear mostly as monomers is also consistent with our previous model, and the 
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‘canonical’ view that these fragments do not contribute to dimerization but only to binding, 

stabilization and ligand-dependent inhibition of the p110 catalytic subunit (Yu 1998, Harpur 

1999). The observation that neither p85-nSH2.iSH2 nor p85-nSH2.iSH2.cSH2 form homologous 

interactions contradicts the work by Backer and colleagues, mentioned above, and is probably due 

to the fact that we use the more stable wild-type protein rather than their all-cysteine mutant 

(LoPiccolo, Kim et al. 2015).  

Interestingly, the two fragments lacking the p85-SH3 domain (p85-DSH3 and p85-

BH.nSH2.iSH2) also appear to show significant dimerization, albeit less strongly than SH3-

containing fragments. This dimerization appears to be in a concentration-dependent equilibrium, 

with higher-concentrated samples having a higher content of dimers, and the SEC-SAXS samples 

having lower dimer content. This result was surprising because in absence of the p85-SH3 domain, 

the BH:BH interactions alone were reported to be too weak to promote significant self-association 

(Cheung et al. S. Arold unpublished results, (Harpur 1999)). 

 

Investigating protein flexibility using the Kratky plot: 

We have observed that certain p85 fragments are monomers, and others strong or weaker dimers. 

To assess if these multimeric states are associated with the large-scale protein unfolding or with 

gross changes in overall protein flexibility, we calculated the Kratky plot for all fragments. The 

Kratky plot is another model-free plot, established directly from the SAXS scattering curve, 

whereby q2I(q) is plotted as a function of q (q is the resolution, and I(q) the scattered intensity of 

the scattered data at resolution q). As shown below, folded, unfolded or (flexibly linked) multi-

domain proteins produce a distinct Kratky plot (Figure 26) (Rambo and Tainer 2011). 
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Figure 26. Examples of Kratky 
plots, where the shape of the 
curve depends on the molecular 
shape and degree of flexibility 
(www-ssrl.slac.stanford.edu).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Kratky plots of our constructs are shown below (Figure 27-28). For all constructs, the plot 

shape indicated a typical multi-domain protein with some flexibility, probably in the linker 

region(s). The overall similarity of these plots suggested that dimerization is not associated with 

substantial gain or loss of flexibility or protein structuring. This result invalidates the hypothesis 

that dimeric full-length p85α is an entirely compact and stable assembly of all domains. The Kratky 

plots are more compatible with a dynamic and flexible association between domains and linkers, 

where the sum of these multiple interaction promotes dimerization, without leading to a completely 

rigid compact domain assembly. Generally, the SH3-domain containing fragments appear to have 

a slightly higher compactness/rigidity than those lacking the SH3 domain, as judged by the 

difference in the height (Y-axis value) for the peak (at ~q=0.1Å-1) and the one for the onset of the 

tail region (at ~q=0.25Å-1). 
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Figure 27. (A-E). The Kratky plot of 
different dimeric p85 fragments. 
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Figure 28. The Kratky plot of dimeric p85 full-length and BH.nSH2 fragments.  
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Figure 29. (A-C). The Kratky plot of different monomeric p85 fragments, suggests a slightly increased flexibility of 
these domains.  
 
 

Providing additional evidence by ensemble-optimization methods: 

Ensemble optimization methods (EOMs) are appropriate for investigating the structural features 

of fully or partially flexible proteins. These methods operate in two steps. In a first step, a “pool” 

of stereochemically plausible models is generated. For these models, the known structural domains 

are used as rigid bodies, whereas the linker regions are treated as flexible. By varying the linker 

conformations (within the limits permitted by protein stereochemistry), a pool of up to 10,000 

proteins is generated. In a second step, algorithms are used to select the minimal combination of 

protein structures from the pool that allows for the reproducing of the experimental scattering 

pattern. The selected proteins can then be analyzed to investigate if linker movements are restricted 
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or unrestricted, and if, in a multiprotein construct, certain domains are associated with each other 

(Bernadó, Mylonas et al. 2007, Tria, Mertens et al. 2015).  

We have employed this method to independently assess the oligomeric state and investigate 

the flexibility of individual domains of our p85 constructs. First, we used EOM to investigate the 

structure(s) of the p85-nSH2.iSH2, p85-nSH2.iSH2.cSH2 and p85-iSH2.cSH2 constructs that 

appeared monomeric in our model-free SAXS analysis. For this, we used the available high-

resolution structures of the nSH2, iSH2 and cSH2 domains (PDB accession codes 4oVU, 2V1Y, 

and 2Y3A) (Miled 2007, Zhang, Vadas et al. 2011, Miller 2014). Flexible N and C termini of PDB 

models were cut, and, where needed, missing side chain added by SwissModel (Arnold, Bordoli 

et al. 2006, Guex, Peitsch et al. 2009, Kiefer, Arnold et al. 2009, Biasini, Bienert et al. 2014). The 

EOM method (from the ATSAS suite), produced models for all three constructs (Figure 30-32) 

that were consistent with a high flexibility of the linker regions, and were void of stable interactions 

between the domains. The good fit of the (monomeric) ensemble PDB files to the experimental 

scattering pattern further corroborated that these constructs are monomers and not dimers.  

   

Figure 30. (A). Fit of model ensembles of p85-nSH2.iSH2 to SAXS data (Chi2= 1.37) (B). Representative model of 
the p85-nSH2.iSH2 structure based on SAXS; iSH2 domain: pink; nSH2: blue. Flexibility in the nSH2 domain of 
p85-nSH2.iSH2 (blue). 

A 
B 
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Figure 31. (A) Fit of model ensembles of p85-nSH2.iSH2.cSH2 to SAXS data (Chi2 = 2.230). (B). Representative 
model of the p85-nSH2.iSH2.cSH2 structure based on SAXS. The colour code is: iSH2 (pink), nSH2 (blue) and cSH2 
(yellow)p85-nSH2.iSH2.cSH2 shows flexibility in both nSH2 and cSH2; nSH2 and cSH2 domains of individual 
models are coloured in blue, light green, red, blue and purple (The PyMOL Molecular Graphics System).   
 
 
 

 
Figure 32. (A) Fit of model ensembles of p85-iSH2.cSH2 to SAXS data (Chi2= 1.49). (B). Representative model of 
the p85-iSH2.cSH2 structure based on SAXS analysis. 
 

EOM would also allow to investigate dimeric proteins. However, given that we do not 

know the way in which the dimers are formed (i.e. which domains bind to which others in what 

way), we cannot use this method for the dimeric proteins at the moment (Bernadó, Mylonas et al. 

2007). Only once we have established a good-confidence model for domain-domain association 

A B 
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can we apply EOM to dimeric constructs. The constructs showing a mix of monomers and dimers 

provide even more parameters to fit, and, for these multidomain constructs, might result in 

overfitting of the 1-dimensional experimental SAXS information.  

Although the Kratky plot suggests a significant amount of flexibility, we have nonetheless 

used SASX to produce ab initio bead models of both p85-SH3.BH domain constructs (1-301 and 

1-333). This ab initio procedure is only appropriate for producing one single 3D particle, and is 

not adapted to structural investigations of multidomain constructs with a high degree of flexibility. 

Therefore, the results have to be interpreted in light of these severe limitations. We consistently 

observed a shape that has the volume of the dimer (as expected). However, rather than obtaining 

a compact bead model, as expected for a simultaneous dual interaction of the BH domains and the 

SH3:PRR1 fragments (Cheung, Walkiewicz et al. 2015), we observe a shape better compatible 

with a constellation where only one of the two domains (SH3 or BH) interact, and the other is 

protruding in the solvent. The size and shape of the bead model is best compatible with the 

SH3:PRR1 interaction in trans, and the BH domains being held apart. We note that this is also in 

line with the observations of Prof. Backer’s group on the all-cysteine p85-SH3-BH construct 

(Figure 33) (LoPiccolo, Kim et al. 2015). The absence of p85-BH:BH domain interactions in the 

SAXS data of the p85-p85-SH3-BH construct would need to be reconsolidated with other findings 

that p85-BH domain mutations can critically weaken dimerization, and that p85-DSH3 constructs 

also dimerize.  
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Figure 33. Comparison of expected and SAXS-derived conformations for p85-SH3.BH. (A) model proposed based 
on biochemical analysis of full-length protein mutants produced in mammalian cells (Cheung, Walkiewicz et al. 2015). 
(B) Ab initio model of p85-SH3.BH (1-301) obtained by DAMMIN (beige spheres). The p85-SH3 (brown) and BH 
(green) domains have been positioned by hand for illustrative purposes.  
  
 

We also applied ab initio DAMMIN/DAMMIF reconstructions to other dimeric fragments. 

Although the obtained structures were consistently showing rod-like domains, the individual bead 

models for repeat runs differed significantly, and precluded, at the moment, solid conclusions to 

be drawn. 

 

2.1.2.2. 3D structural biology: X-ray crystallography and other methods 

Our experiments draw an emerging picture where several p85 domains can interact with each other 

to form dimers. If these interacting domains form a ‘compact’ structure, at least under certain 

conditions, then it might be able to obtain crystals suitable for a high-resolution X-ray 

crystallographic structural analysis. However, these dimers likely also retain a considerable degree 

of flexibility, which might hamper or preclude crystallogenesis.  
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Previously, Dr. Walkiewicz from the Arold group had indeed obtained crystals of two p85α 

SH3-BH domain constructs, one from including the PR2 region (p85 1-333) and one excluding 

this (presumably flexible) region (p85 1-301). Both crystals grew in similar space groups, and 

produced diffraction patterns to a maximum resolution of 3.5 Å (unpublished). The analysis of 

these crystals appears affected by a particular form of twinning, and is still ongoing. However, all 

these crystals showed clearly that the BH domains formed symmetric dimers in the crystal lattice. 

These dimers were exactly the same as observed previously by Prof. Andrea Mussacchio for the 

isolated BH domain (Musacchio 1996 ), and hence included the methionine residues (M169) of 

which their mutation to alanine severely weakened full-length p85 mutation. The SH3 domain was 

not clearly visible in the electron density maps. However residual density indicated that the SH3 

domains were loosely associated with the GTPase binding region of the BH domain. In this 

position, given the SH3-BH linker length, it is highly unlikely that one SH3 domain is binding to 

the PR1 region of the other chain in trans. Hence, in these crystals, we would have the dimer 

formed uniquely through the BH domain, without the SH3 domain. Intriguingly, this crystal from 

is at odds with our in vitro SAXS analysis of the same construct, and Backer’s results, which rather 

support that only the SH3:PRR1 interaction occurs in this construct. To resolve this conflict, we 

wished to obtain high-resolution crystal structures of larger fragments. 

We have used the sitting drop method to test crystal formation of various purified p85 

constructs. These constructs were full-length p85, p85-ΔSH3, p85-SH3.BH.nSH2.iSH2, p85-

BH.nSH2.iSH2, p85-nSH2.iSH2.cSH2, and p85-nSH2.iSH2. We have used different 

concentrations for each construct in a range of 3 mg/ml up to 25 mg/ml. To set up these crystals 

trials, we used different commercial crystal screen kits, such as Hampton crystal screen HR2-110, 

Hampton crystal screen HR2-112, PEG ION, Wiz classic 1-2, HR102, Salt Rx1-2, and Natrix HT. 
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We found several conditions that showed micro-crystals that grew over a period of time 

ranging from 1 week to 3 months. Crystals of full length p85 were obtained in different conditions, 

such as 1.6 M Sodium Citrate tribasic dihydrate pH 6.5, and the condition of 0.2 M Magnesium 

acetate tetrahydrate, 0.1M Sodium cacodylate trihydrate pH 6.5 and 20% w/v Polyethylene glycol 

8000. However, all those crystals were very small with an irregular shape. We attempted to 

improve crystallization using a protocol that includes a 1/100 amount of certain proteases (trypsin, 

chymotrypsin) to improve the crystal size and quality. These trials are still ongoing, have however 

not yielded improved crystals. Where possible, we mounted the crystals into cryo-loops (with help 

of Dr. Umar S. Hameed from our group) and tested themfor diffraction using synchrotron radiation 

with microfocus beams (SOLEIL, France, beamlines Proxima I and IIA). However, to date no 

diffraction could be observed. Further crystallization trials are in progress.  

 
 

Figure 34. (A). Crystals of 
p85-SH3.BH(1-301) grown in 
2M Lithium Sulfate, and 0.1 
M HEPES pH 7.0. (B). The 
p85-SH3.BH crystals diffract 
to  a maximum resolution of 
3Å. 
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Table 7: Summary of different p85 crystal conditions.  

Protein name Conc. Crystals  Condition 

p85 full length  5.7 mg/ml Microcrystals 0.2 M Magnesium acetate 

tetrahydrate, 0.1M Sodium 

cacodylate trihydrate pH 6.5 and 20% 

w/v Polyethylene glycol 8000 

p85 full length  5.7 mg/ml irregular shape 1.6 M Sodium Citrate tribasic 

dihydrate pH 6.5 

p85-SH3.BH.nSH2.iSH2 11.6 mg/ml Microcrystals 50 mM Tris pH 8.0, 50 mM MgCl, 
25mM  

 
As a possible alternative for X-ray crystallographic analysis, we have explored the use of 

electron microscopy (EM). With the help of the Dr. Qureshi (Arold group), we have obtained first 

negative-stain images of full-length and ΔSH3 p85 constructs. Single particles were identified in 

raw images (Figure 35A-B), however, the sample showed heterogeneity – as expected for a flexible 

elongated protein with multiple conformations. Hence, class-averages showed diffused/wage 

structures rather than defined ones (Figure 35C), implying the images taken under these conditions 

were not yet suitable for any 3D reconstruction. We concluded that this challenging sample 

requires major optimization to stabilize a given conformation amongst many in the ensemble for 

3D analysis using EM. Such stabilization could be obtained with a ligand that reduces the domain 

mobility. 
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Figure 35. Preliminary results of Cryo-EM experiment. (A). Negative stain for EM; p85 full-length with 
GST(purple) and p85-ΔSH3 with GST (light green). These data were collected with the help of KAUST imaging 
core lab. The p85-SH3.BH.nSH2.iSH2 (blue) and p85-ΔSH3 (dark green) were collected with the help of Dr. 
Priyanka Abeyrathne, from Grigorieff lab. (B). Two representative images of negative stain raw data showing p85 
full-length particles in green boxes (box size 550 Å). (C) Left:  2D class-averages generated in relion from about 
2300 particles. Right: 2D projections simulated from SAXS models of full-length p85. 
 

2.1.3. Biophysical and biochemical analysis 

Our structural analysis has provided insights about the multimerisation state of p85 fragments. 

Most, if not all, fragments appear to maintain some flexibility among domains, and do not form a 

single rigid body. The degree of flexibility might however vary among constructs. As expected, 
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and in agreement with previous studies, the SH3 domain–containing fragments showed 

dimerization. We further observed that the C-terminal fragments did not dimerize, in agreement 

with some (Harpur et al 1999) but not all publications (Erami, Khalil et al. 2017). The most 

surprising result was that some fragments that lack the SH3 domain but contain the BH domain 

still showed significant tendency to dimerize. Since the BH domain alone did not dimerise, these 

data were suggesting that p85 dimerization was more complex than previously thought, involving 

multiple domains. We therefore employed several biophysical methods to further investigate the 

self-association of p85. 

2.1.3.1. Sedimentation equilibrium analysis of p85-ΔSH3 at 5 °C 

The most critical finding of the SAXS data was that p85 fragments without the SH3 domain still 

dimerize. Since this finding was central to our study, we used analytical ultracentrifugation (AUC) 

as an orthogonal method for investigating self-association of p85-ΔSH3. For these experiments, 

we prepared the protein samples. The purified protein was submitted to Dr. Besong David Tabot 

Morou, our collaborator from Prof. Osman Bakr’s group at KAUST, who carried out the AUC 

experiment and analysis for our protein. The sediment velocity analysis showed the dimerization 

of p85-ΔSH3 under a physiological ionic strength of 150 mM NaCl. The results shown in (Figure 

36) present p85-ΔSH3 at 0.3 mg/ml at a series of rotor speeds from 14000 to 22000 rpm carried 

out with identical buffers of 20 mM Sodium phosphate, pH 8.0, 2 mM EDTA, 5 mM DTT, and 

150 mM NaCl. Three different loading concentrations (0.3, 0.8 and 1.5 mg/ml) were allowed to 

reach equilibrium at four rotor speeds, thus giving a combination of twelve data sets for analysis. 

To analyze the sedimentation equilibrium data for each concentration at all rotor speeds, we used 

Sedfit-MStar. At sedimentation equilibrium, the molecular weight of the p85-ΔSH3 is expected to 

be higher than the monomer since there is a dynamic interaction between monomers and oligomers 

(Schuck 1998 , Schuck, Gillis et al. 2014). 
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Figure 36. (A). Sedimentation equilibrium analysis of a 0.3 mg/ml p85-ΔSH3 construct at 5oC and at 14000 (black 
squares), 18000 (red circles), 20000 (green triangles) and 22000 rpm (blue triangles). (B). The results are analyzed 
globally along with data from other concentrations (0.8 & 1.5 mg/ml) using the monomer-dimer model in Sedphat 
using mass conservation constraints. Best fits are shown as a line through the experimental points and the combined 
residuals are shown in the bottom panel.  
 

All the data from each rotor speed was baseline corrected and processed in Sedfit-MStar 

before being imported into Sedphat. Fitting the data to a single species model (i.e. monomer) 

resulted in a poor quality fit, corresponding to a square root of the variance (rmsd) of 0.052 with 

overall absorbance units χ2 of 3.38. However, simultaneous analysis (global fitting) of all 5 data 

sets using a monomer-dimer model resulted in a good fit with local rmsds ranging from 0.011 – 

0.036 absorbance units and an overall χ2 of 1.96. This model resolved a free energy of dimerization 

equal to -7.8 (±0.7) kcal/mol, corresponding to a dimerization constant, Kd, of 0.81 (±0.30) µM or 

an association constant, Ka = (1.23 ±0.09) M at 5 °C. These results are consistent with the 

sedimentation velocity results, which show a concentration-dependence of the sedimentation 

coefficient of p85-ΔSH3. AUC therefore confirmed the capacity of p85 to dimerize even in 
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absence of the SH3 domain. The Kd values obtained are within the range of the p85 full-length 

and SH3-BH constructs.  

 

2.1.3.2. Microscale thermophoresis (MST) 

Next, we wanted to corroborate and extend our findings using MST. MST measures the way in 

which a protein moves within a heat gradient. The reaction to a heat gradient is dependent on the 

hydration shell of a protein and can, therefore, change by events that alter the hydration shell, for 

example ligand binding or self-association. This measure is based on detecting a fluorescently 

labelled protein in presence of increasing amounts of (unlabeled) ligands. In our case, we label a 

p85α fragment of choice, and then add unlabeled p85 fragments (these can be either the same as 

the labelled one, or different). By monitoring the amount of labelled protein present in the heat 

gradient, MST allows us to detect the strength of the association between the labelled and 

unlabeled proteins (Jerabek-Willemsen, Wienken et al. 2011, Seidel, Dijkman et al. 2013). 

Our observation that p85 without the SH3 domain may still dimerize, although the BH 

domain alone does not form stable dimers, suggests that additional domains C-terminal to the BH 

domain contribute to stabilizing p85 dimers. We have next used MST to investigate the p85 

fragments, p85-ΔSH3and p85-BH.nSH2.iSH2. We also included the fragment p85-

SH3.BH.nSH2.iSH2 to investigate the contribution of the SH3 versus cSH2 domain.  

In our first set of experiments, we examined the homodimerization of NT-647-labeled p85-

ΔSH3(81-724), p85-SH3.BH.nSH2.iSH2(1-600), and p85-BH.nSH2.iSH2(111-600). We kept the 

concentration of the labeled protein at 50 nM, which is at least ten-fold below the dimerization Kd, 

while the concentration of the unlabeled protein was varied. We determined the dissociation 

constant (Kd) of the dimerization of the different fragments as follows: p85-ΔSH3(81-724) Kd =  1.6  

±0.13 μM, p85-SH3.BH.nSH2.iSH2(1-600) Kd  =   3.2 ±0.16 μM, and p85- BH.nSH2.iSH2(111-600) 
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Kd =   8.7 ±0.56 μM  (Figure 37). Thus, MST corroborated that the deletion of the SH3 domain 

does not abolish dimerization. Moreover, MST suggested that the presence of the cSH2 domain 

aided p85α dimerization. This result was surprising because the p85-nSH2.iSH2.cSH2 fragment 

was clearly monomeric in SAXS. The way in which the cSH2 domain could contribute to 

multimerization would hence only be either via in trans interactions with other domains of p85, or 

by stabilizing in cis a particular dimerization-promoting conformation of p85 domains involved in 

dimerization. 

 

 
Figure 37. MST binding studies showed that p85 homodimerization does not need the SH3 domain to dimerize. (A). 
The p85α-ΔSH3 showed a Kd of 1.6 μM; buffer used 20 mM Tris pH 7.5, 150 mM NaCl, 5 mM DTT, 10 mM MgCl 
(B). For the p85α-SH3.BH.nSH2.iSH2, the dimerization affinity was  3.2 μM. (C). The p85α-BH.nSH2.iSH2 showed 
a Kd of  8.7 μM.  

 

To investigate the contribution of the C-terminal to p85 homodimerization, we performed 

a second type of experiment where we investigated the dimerization of p85 by mixing labelled 

p85-ΔSH3, p85-SH3.BH.nSH2.iSH2, or p85-BH.nSH2.iSH2, with unlabeled proteins. Unlabeled 

constructs were p85-nSH2.iSH2, or a p85- nSH2.iSH2.cSH2. In our first experiment, we mixed 

p85- nSH2.iSH2.cSH2 with a labelled *p85-ΔSH3, * p85-SH3.BH.nSH2.iSH2, and *p85-

BH.nSH2.iSH2  (labelled protein is indicated by an asterisks). We have kept the concentration of 
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the labeled protein at 50 nM while the concentration of the unlabeled proteins varied. The 

dimerization Kds were established as follows:  *p85-ΔSH3:nSH2.iSH2.cSH2, Kd =  1.5 ±0.12 

μM; *p85-SH3.iSH2:nSH2.iSH2.cSH2, Kd  =  3.4 ±0.14 μM, and * p85-BH.iSH2: 

nSH2.iSH2.cSH2 Kd =   7.3 ±0.31 μM (Figure 38). These experiments strongly suggested that the 

p85-nSH2.iSH2.cSH2 fragment associated with other p85α regions in trans. 

Figure 38. MST curve showed the interaction between three p85 labeled fragments (indicated as ‘*’ thereafter) to 
unlabelled p85-nSH2.iSH2.cSH2. (A). The interaction between the *p85-∆SH3 and nSH2.iSH2.cSH2 showed a Kd 
of 1.5 μM. (B). The interaction with the *p85-SH3.BH.nSH2.iSH2 showed an interaction Kd of 3.4 μM, which is 
more weak compared to *p85-∆SH3 binding. (C). The interaction between the *p85 -BH.nSH2.iSH2 showed a weak 
interaction affinity of 7.3 μM. These results confirm the role the p85 C-terminal plays in dimerization.   

In our second experiment, we mixed p85-nSH2.iSH2 with a *p85-ΔSH3 (81-724), *p85-

SH3.BH.nSH2.iSH2, and *p85-BH.nSH2.iSH2. Following the same method, we determined the 

Kd of the dimerization of the mixed p85-nSH2.iSH2 with a *p85-ΔSH3 as Kd =  9.8 ±0.84 μM, 

*p85-SH3.BH.nSH2.iSH2: p85-nSH2.iSH2 Kd =  20.2 ±0.88 μM, and *p85-BH.nSH2.iSH2: p85-

nSH2.iSH2  Kd =   21.10 ±0.78 μM  (Figure 39). These results suggested that even the niSH2 

domain is capable of associating with other p85 domains. However, the loss of the cSH2 domains 

appears to result in a significant drop in affinity.  
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Figure 39. MST curve showed the interaction between the three p85 labeled fragments to p85-nSH2.iSH2. (A). The 
interaction between the *p85-∆SH3 to p85-nSH2.iSH2 showed a Kd of 9.8 μM. (B). The interaction between the 
*p85-SH3.BH.nSH2.iSH2 showed an interaction affinity of 20.2 μM, which is more weak compared to *p85-∆SH3 
binding. (C). The interaction between the *p85-BH.nSH2.iSH2 showed a weak interaction affinity of 21.1 μM. 

Below, we summarized the Kds of the different p85 fragments: 

Table 8: Summary of the Kd values established by MST for different p85α fragments. 
Labeled protein Unlabeled protein Kd (µM) 
p85 -∆SH3 p85 -∆SH3 1.6 ± 0.13  
p85 -SH3.BH.nSH2.iSH2 p85α-SH3.BH.nSH2.iSH2 3.2 ±0.16  
p85 -BH.nSH2.iSH2 p85 -BH.nSH2.iSH2 8.7 ±0.56  
p85 -∆SH3 p85-nSH2.iSH2.cSH2 1.5 ±0.12  
p85-SH3.BH.nSH2.iSH2 p85-nSH2.iSH2.cSH2 3.4 ±0.14  
p85-BH.nSH2.iSH2 p85-nSH2.iSH2.cSH2 7.3 ±0.31  
p85-∆SH3 p85-nSH2.iSH2 9.8 ±0.84 
p85-SH3.BH.nSH2.iSH2 p85-nSH2.iSH2 20.2 ±0.88  
p85- BH.nSH2.iSH2 p85-nSH2.iSH2 21.1 ±0.78  
 

In conclusion, our biophysical analysis using AUC and MST confirmed that p85 constructs 

lacking the SH3 domain still have a significant self-association. Our MST experiment also 

suggested that the C-terminal regions to the BH domain, namely the nSH2, iSH2 and cSH2 

domains, also contribute to self-association. However, our MST data was not sufficient to provide 

a rationale for their contribution, i.e. to reveal with which other domain they might associate to 

stabilize the dimers. 
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2.1.3.3. Chemical cross-linking and mass spectrometry 

To obtain a map of the possible interactions between p85 domains, we used chemical cross-linking 

combined with mass spectrometry analysis (XL-MS), which allows to identify interacting regions 

between proteins and/or between protein domains. This expertise is now available in KAUST, 

provided by Dr. Barrios-LLerena from the Bioscience Core Lab. We prepared p85α full-length 

along with different p85α fragments as protein samples, and submitted these to Dr. Barrios-Llerena 

who is carrying out the experimental part. XL-MS analysis for such complex systems is highly 

challenging, and is currently underway. Given the complexity of the system, we have also involved 

Dr. Jan Kosinski (EMBL, Hamburg, Germany) who is an expert in combining XL-MS with 

structural data. A very preliminary summary of the results to date is given below (Pettersen, 

Goddard et al. 2004, Combe, Fischer et al. 2015, Kosinski, von Appen et al. 2015) (Figure 40). 

 Although XL-MS is prone to ‘noise’ in the signal, our analysis appears to show strong 

evidence for inter-domain connections of various p85 constructs. In particular, there is strong 

evidence of contacts between the N-terminal domains (SH3 and BH) and the C-terminal region, in 

particular the C-terminal region of iSH2 and the N-terminal part of cSH2. These results corroborate 

our MST and SAXS data suggesting N/C interactions. Currently we work on incorporating these 

data into a hybrid structural approach, based on using these XL-MS data as constraints for SAXS 

data, to construct a domain-resolution model of dimeric and monomeric p85 constructs (Pettersen, 

Goddard et al. 2004, Combe, Fischer et al. 2015, Kosinski, von Appen et al. 2015).  
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Figure 40. XL-MS data. Top left: Schematic overview of the constructs tested. In the other panels, cross-linked 
residues are indicated by connecting arches. The protein sequence, colour-coded to match the schematic overview, is 
shown. 
 

2.1.4 Summary and discussion 

Collectively, our results indicate that p85 dimerization involves more than the SH3, PR1 and BH 

regions. In particular, we have revealed that also the C-terminal p85-nSH2.iSH2.cSH2 region 

contributes to dimerization, probably through binding in trans to other p85 regions. Intriguingly, 

we have also found conditions under which either the SH3:PR1 (SAXS) or the BH:BH interaction 

(X-ray crystallography) prevails. This mutual exclusion in the truncated constructs is unexpected. 

Currently we are working towards combining atomic models, SAXS data and Xl-MS to obtain a 

domain-resolution model for dimeric p85. As of now, however, our results highlight the highly 

modular and flexible nature of self-assembly. As a direct implication of the synergetic behavior of 

the p85 self-assembly process, we hypothesize that this process is the key to environment-

dependent modulation of p85 dimer stability, with the possibility of either promoting PI3K 
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pathway activation or inhibition in an environment-dependent manner. In the following section, 

we report first data collected on the capacity of the environment to influence p85 dimerization. 

 

2.2 Investigating environment-dependent effects on p85 dimerization 
 

Previously, we have shown that the balance between p85 monomers and dimers provides a 

critical trigger between activation and inhibition of the PI3K pathway (Cheung, Walkiewicz et 

al. 2015). Therefore, the monomer-dimer equilibrium of p85 appears to be a likely target of 

endogenous or exogenous ligands and other environmental cues (such as pH, oxidation or ions) 

to affect PI3K-controlled cellular mechanisms.  

2.2.1 Buffer conditions 

When comparing our newly recorded SAXS patterns of p85-ΔSH3 with those obtained previously 

by Dr. Lugari from Prof. Arold’s group, we noticed significant changes in the shape of the SAXS 

pattern, in the region between 0.1 – 0.29 Å-1. To test if this difference stemmed from the different 

beamlines used, or from the different buffer conditions, we prepared SAXS samples of p85 full-

length and p85-ΔSH3 under the conditions used (20 mM Tris pH 8.0, 200 mM NaCl, 5 mM DTT, 

2 mM EDTA; referred to as the ‘Lugari’ buffer), with the conditions used by us in our AUC 

experiments (20 mM sodium phosphate buffer pH 8.0, 150 mM NaCl, 5 mM DTT, 2 mM EDTA; 

referred to as sodium-phosphate ‘SP’ buffer) and in our MST experiments (20 mM Tris pH 7.5, 

150 mM NaCl, 5 mM DTT, 10 mM MgCl; referred to as the ‘Tris’ buffer) (Figure 41).  
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Table 9: Summary of the molecular weight, Dmax and Rg. MW and protein volume were estimated in different 
way.The molecular mass was calculated from the sequence by using the ExPaSy-ProtParam website 
(http://web.expasy.org/protparam/) (Gasteiger E. 2005). The calculated molecular volume was established from the 
sequence by multiplying the number of amino acid by 151.  *: Given is the ratio between the Mw calculated from 
Dammin and the theoretical Mw calculated from the sequence. The text in parenthesis provides additional information, 
such as the buffer used, or the use of SEC-SAXS). Buffers used are SP: 20 mM Sodium phosphate pH 8, 150 mM 
NaCl, 2 mM EDTA, 5 mM DTT; Tris-200mM NaCl: 20 mM Tris pH 8, 200 mM NaCl, 2 mM EDTA, 5 mM DTT; 
HEPES: 20 mM HEPES pH 8, 150 mM NaCl, 3 mM DTT); all other buffers are: 20 mM Tris pH 8, 150 mM NaCl, 2 
mM EDTA, 5 mM DTT. 

Protein name 

 

        

Conc. 

mg/ml 

 

 

Rg(Å) Dmax (Å) 

Molecular 

Volume (Å3) 

calculated from 

Sequence 

Molecular 

Volume (Å3) 

Experimental 

from Dammin 

Molecular Mass 

(kDa) 

Calculated from 

sequence 

Molecular Mass 

(kDa) 

Experimental, 

from Dammin 

Molecular 

Mass ratio 

exp/calc * 

 

p85-FL 2.50 75.02 287.40 109.62 427.00 84.38 213.00 2.56 
p85-FL (SEC) 7.8 68.70 299.31 109.62 388.00 84.38 194.00 2.31 
p85-FL (SEC; HEPES) 9.8 63.40 270 109.62 254.00 84.38 127.00 1.5 
p85-FL (Tris 200 mM NaCl) 7.8 84.28 377.0 109.62 414.00 84.38 207.00 2.4 
p85-FL (Tris 200 mM NaCl) 3.9 78.85 352.0 109.62 343.00 84.38 171.00 2.0 
p85-FL (Tris 200 mM NaCl) 2.5 71.77 313.0 109.62 321.00 84.38 161.00 1.9 
p85-FL (Tris 200 mM NaCl) 1.25 70.19 228.0 109.62 273.00 84.38 137.00 1.6 
p85-FL (SP) 7.8 87.98 394 109.62 344.00 84.38 172.00 2 
p85-FL (SP) 3.7 77.80 327 109.62 352.00 84.38 176.00 2.1 
p85-FL (SP) 2.5 73.38 270 109.62 293.00 84.38 146.00 1.7 
p85-FL (SP) 1.25 71.73 240 109.62 276.00 84.38 138.00 1.6 
p85-FL (Tris 150 mM NaCl) 7.8 89.09 370 109.62 370.00 84.38 185.00 2.2 
p85-FL (Tris 150 mM NaCl) 3.9 83.59 342 109.62 409.00 84.38 205.00 2.4 
p85-FL (Tris 150 mM NaCl) 2.5 78.07 348.29 109.62 322.00 84.38 161.00 1.9 
p85-FL (Tris 150 mM NaCl) 1.25 77.83 280 109.62 283.00 84.38 141.00 1.7 
P85-∆SH3 (Tris-200mM NaCl)  2.5 62.65 226 97.09 288.00 74.31 144.00 1.9 
p85-∆SH3 (SP) 2.5 51.70 181 97.09 160 74.31 79.8 1.07 
p85-∆SH3 (Tris-150mM NaCl) 2.5 52.56 196 97.09 189 74.31 94.7 1.27 
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Figure 41. Solution scattering curves for (A) p85-ΔSH3 and (B) p85 full-length in three different buffer conditions 
(Tris 200 mM NaCl buffer (‘Lugari’), sodium-phosphate (SP), and 150 mM Tris buffer (‘Tris’). In (A), ‘Lugari 
control’ corresponds to the data collected previously by Lugari. (C) plot of the data in (Table 9). 
 

Superimposition of the curves showed that p85-ΔSH3 scattering pattern in the Lugari 

buffer was indeed the same as recorded previously by Dr. Lugari. The p85-ΔSH3 scattering 

patterns recorded in the phosphate and MST buffers were both the same, within measurement 

error, but distinct from the Lugari (Tris 200 mM NaCl) buffer sample. Comparing the buffer 

compositions and pH, it seems unlikely that the change was brought about by pH (7.5 vs 8.0) or 

the nature of the buffer (phosphate vs Tris) or the presence of the divalent ion magnesium. The 

most likely trigger was the NaCl concentration (200 mM in the Tris 200 mM NaCl buffer vs 150 

mM in the other buffers). Given that the ‘Tris 200 mM NaCl buffer sample displayed a higher Rg, 

it is possible that the 50 mM increase in NaCl promotes self-association for p85-ΔSH3 (Figure 

42). Interestingly, we did not find significant differences in the scattering pattern of p85 full-length 
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under the three different buffer conditions. Thus, the effect of NaCl is only acting on p85 

dimerization that excludes the SH3:PR1 interactions (Figure 41). This effect might therefore play 

a role under cellular situations where the SH3:PRR1 interaction is disrupted by ligand SH3 

domains that target the p85 PR1 region (such as Src, Fyn and Lyn; see also Chapter 2.3.).  

We next used MST to independently assess the influence of different buffer conditions on 

the dimerization of p85-∆SH3. Using the 200 mM NaCl Tris buffer (‘Lugari buffer’), we 

determined the Kd of p85-∆SH3 to be 3.6 µM (Figure 42). Using the SP buffer, we observed a 

significantly decreased dimerization strength, in agreement with our SAXS data (Kd = 8.2 µM). 

We also used this method to determine if freeze-thawing of p85-∆SH3 influences its capacity to 

dimerize. In the Lugari buffer conditions, a short freeze-thaw cycle did not seem to significantly 

alter the self-association (Figure 42). However, in the SP buffer, already the short freezing cycle 

has significantly altered the MST signal. While we do not observe a dramatically altered kd, we 

observe a significant increase in noise, suggesting the increased presence of aggregates. This 

finding was important, because most SAXS samples are being shipped frozen to the synchrotron. 

 

 

 

 

 

 

 

 

 
Figure 42. MST analysis of p85-∆SH3 in ‘Lugari’ and ‘SP’ buffer. The ‘frozen’ sample consists of the same protein-
filled capillaries used for the ‘non frozen’ data, which have been stored at -80˚C for 2h and then thawed. Data were 
produced with help from A. Aldehaiman (Arold group). 
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2.2.2. Cellular ligands 

2.2.2.1. Interactions with ligand peptides 

Activation of the PI3K pathway is known to proceed through several types of ligands. In particular, 

the doubly tyrosine-phosphorylated regions of several trans-membrane receptors have been shown 

to lead to activation of PI3K. The proposed mechanism was that these tandem-pY motifs bind to 

the nSH2 and cSH2 domains, thus disrupting inhibitory interactions that the p85 SH2 domains 

impose on bound p110α. Given our observation of the contribution of the SH2 domains to 

dimerization, our data now provides the possibility for additional effects of these tandem-pY 

peptides through pushing the monomer-dimer equilibrium towards the monomeric, p110-binding 

conformation, away from the dimeric PTEN binding form.  

To test the effect of tandem-pY peptides, we have collected SAXS and AUC data under 

different buffer conditions and assessed the effect of the presence of the PR1 motif peptide (as a 

ligand for the SH3 domain) and of singly or doubly phosphorylated ligand peptide for the p85 

nSH2 and cSH2 domains. Data analysis is preliminary, but whereas AUC does not show a marked 

difference between samples with and without pY peptide, SAXS appears to indicate that 

dimerization of full-length p85 is significantly broken up by pY or PR1 peptides. When both 

peptides were combined then we also observed a significant decrease in p85 dimerization. These 

data are still preliminary and analysis of additional data on other constructs is currently ongoing 

(Figure 43 A-B).  
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A 

B 

Figure 43. Investigating the effect of pY and PR1 peptides on 
dimerization of p85 full-length. (A) AUC data, shown as plot 
of plot of the sedimentation coefficient (left) and histogram 
(right). (B) SAXS data, where the Rg was plotted, as indicated 
from the Table 10 below. (C) MST data of the effect of 
different pY with Delta SH3.  
 

C 
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Table 10. The effect of pY and PR1 peptides on dimerization of p85 full-length. SP: 20 mM Sodium phosphate pH 8, 
150 mM NaCl, 2 mM EDTA, 5 mM DTT; Tris 150 mM NaCl: 20 mM Tris pH 8, 150 mM NaCl, 2 mM EDTA, 5 mM 
DTT. Tris 200 mM NaCl: 20 mM Tris pH 8, 200 mM NaCl, 2 mM EDTA, 5 mM DTT. 

Name Conc. (mg.ml) Rg 

p85-FL (Tris 150 mM NaCl) 1.25 77.83  +/-1.28 
p85-FL (Tris 150 mM NaCl) 2.5 78.07  +/-2.67 
p85-FL +  pY peptide (Tris 150 mM NaCl) 1.25 70.41  +/-1.35 
p85-FL +  pY peptide (Tris 150 mM NaCl) 2.5 77.95  +/-2.46 
p85-FL (SP) 1.25 71.73  +/-1.96 
p85-FL (SP) 2.5 73.38  +/-1.55 
p85-FL+ PR-1 peptide (SP) 1.25 67.47  +/-1.36 
p85-FL + PR-1 peptide (SP) 2.5 72.32  +/-1.39 
p85-FL (Tris 200 mM NaCl) 1.25 70.19  +/-1.14 
p85-FL (Tris 200 mM NaCl) 2.5 71.77  +/-0.88 
p85-FL +  PR1 peptide (Tris 200 mM NaCl) 1.25 60.63 +/-0.65 
p85-FL +  PR1 peptide (Tris 200 mM NaCl) 2.5 67.60 +/-2.01 
p85-FL (Tris 200 mM NaCl) 1.25 70.19  +/-1.14 
p85-FL+ PR1 + pY peptide (Tris 200 mM NaCl)  1.25 65.09  +/-1.65 

 

In alignment with our SAXS and AUC analysis, our MST results support the role of the nSH2, 

iSH2, cSH2 domains in the dimerization. Indeed, our preliminary results showed that peptides that 

selectively bind to the C-terminal SH2 domains decreased the affinity of self-association of p85. 

The most straightforward way to explain this observation is that the peptides compete with SH2 

binding surfaces that would otherwise be implicated in associations that stabilise the p85 

dimerization.  Hence, these results support the role of the nSH2- cSH2 domains in the dimerization 

of p85 (Figure 43 C).  

2.2.2.2. Interaction with the HIV-1 Nef 

The p85 pathway is targeted by several pathogens to modulate the PI3Kα pathway in their favor. 

The HIV-1 Nef protein appears to target a region in the C-terminal of p85 (Linnemann, Zheng et 

al. 2002). This interaction activates the PI3K pathway; however, the mechanism by which Nef 

selectively binds to p85α and up-regulates the PI3K activity, the 3D structure, and the cellular role 

of this interaction is currently unknown. Given the possible contribution of the nSH2.iSH2.cSH2 

fragment to p85 dimerization, we have explored the possibility that Nef also affects the self-

association of p85. Therefore, we used molecular biology and biophysical methods to understand 
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the molecular mechanism and the outcome of the interaction between the p85α: Nef protein and 

the effect of this interaction on p85 dimerization. 

Biophysical and biochemical analysis: 

The direct association of the SF2 isolate of Nef with p85 was only reported in two manuscripts, a 

relatively long time ago. As a first step, we needed to confirm this association and, if possible, 

clarify its details. This analysis is still very preliminary, as reported below. 

We successfully managed to express and purify different constructs of Nef, such as Nef SF2, and 

the Bru-Lai Nef core domain (residues 57-203) . which were a kind gift from Professor Dr. Mark 

Harris and Dr. Adrien Lugari. First, we studied the interaction between Nef core and p85α full 

length, and p85ΔSH3. Using the MST binding experiments, we determined the Kd between Nef 

core and p85ΔSH3 to be approximately 36.1 ±1.7 μM (Figure 44). While this affinity is very low, 

it might become significant if both, Nef and p85 are localized at the membrane. Indeed, Nef is 

produced in high quantities early in viral infection, and can locate to the membrane using an N-

terminal myristoyl group. Therefore, we aim to further characterize the interaction binding 

between HIV-1 Nef protein and p85α by using MST, and ITC (Figure 45).  

 
Figure 44. The MST curve showed the interaction between the three p85 labeled fragments with the HIV-1 Nef core. 
(A). The interaction between *p85-delta SH3 to nef core showed a Kd of 36 μM. (B). The interaction between Nef 
core and *p85-SH3.BH.nSH2.iSH2 showed a Kd of 42 μM. (C). *p85-BH.nSH2.iSH2:Nef core showed interaction 
affinity of 24 μM. 
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Table 11: Summary of the different labelled p85α fragments interaction Kd values to Nef core. 
Labelled protein Unlabelled protein Kd 

p85-ΔSH3 The HIV-1 Nef core 36.1 ±1.7 μM 

p85-SH3.BH.nSH2.iSH2 The HIV-1 Nef core 42.2 ±2.5 μM 

p85-BH.nSH2.iSH2 The HIV-1 Nef core 24.8 ±1.3 μM 

 
 
 

Figure 45. ITC binding study between the HIV-1 Nef core in (cell) and 
the p85-nSH2.iSH2 (syringe) were performed at 15ºC. The results 
showed a Kd of 5 µM, where N=0.9 ±0.04, ΔS=17.6 cal/mol/deg, ΔH=-
1862 ±113.1 kcal/mole.  

 

 

 

 

 

Structural analysis: 

In terms of structural biology, we aimed to perform X-ray crystallography analysis of the 3D 

structure of the HIV-1 Nef protein and the p85 (minimal fragment) complex. The crystals were 

only obtained after 9 months to 18 months. Those crystals were sent to Synchrotron SOLEIL 

beamline PROXIMA, but the crystals did not diffract (Figure 46).  The following Table shows a 

summary of the crystallization conditions, with crystal morphologies shown below: 

 

 

 



  

 

87 

Table 12: Summary of crystallization conditions for different p85 fragments in complex with either Nef core or Nef 
SF2. 

Protein Name Conc. Crystals  Condition 

Nef core: p85-
nSH2.iSH2 

15 mg/ml   Bipyramidal crystals  0.2 M Ammonium acetate, 0.1 M 
HEPES pH 7.5, 25% w/v 
Polyethylene glycol 3,350 

Nef core: p85-
nSH2.iSH2 

15 mg/ml Bipyramidal crystals 0.1 M Sodium citrate tribasic 
dihydrate pH 5.0 

Nef SF2: p85-
nSH2.iSH2 

16 mg/ml Bipyramidal crystals 0.2 M Sodium chloride, 0.1 M 
BIS-TRIS pH 5.5, 25% w/v 
Polyethylene glycol 3,350 

Nef core: p85-
nSH2.iSH2 

15 mg/ml Bipyramidal crystals 20% w/v Jeffamine® M-600® pH 
7.0 

Nef core: p85--
nSH2.iSH2 

15 mg/ml Bipyramidal crystals 20% w/v Polyethylene glycol 
3000  

Nef SF2: p85-
nSH2.iSH2 

16 mg/ml Bipyramidal crystals 20% w/v Polyethylene glycol 
3000  

Nef core: p85-
nSH2.iSH2.cSH2 

6 mg/ml Raggedy shape 
crystals 

0.2 M Sodium phosphate dibasic 
dihydrate pH 9.1, 20% w/v 
Polyethylene glycol 3,350 

 

 

Figure 46. Crystal of the HIV-1 Nef core in complex with p85-nSH2.iSH2 in different conditions as shown in Table 
9. (A). Crystal grown after 6-9 months at 0.2 M ammonium acetate, 0.1 M HEPES pH 7.5 and 25% w/v polyethylene 
glycol 3,350. (B). Crystal grown after 14 months at 0.1 M sodium citrate tribasic dihydrate pH 5.0. (C) Nef core: p85-
nSH2.iSH2 crystal grown after 12- 14 months at 20% v/v polyethylene glycol 300.  

A B C 
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We next used XL-MS to investigate the possible interaction regions between Nef and p85. 

For this we used the two different Nef variants, SF2 Nef and the core domain of Bru/LAI Nef. 

These preliminary results confirm that Nef interacts exclusively with the iSH2 domain, and show 

that the interaction is between central and C-terminal parts of Nef and the central regin of the iSH2 

domain (Pettersen, Goddard et al. 2004, Combe, Fischer et al. 2015, Kosinski, von Appen et al. 

2015) (Figure 47).  

 

Figure 47. XL-MS data. left: In the other panels, cross-linked residues are indicated by connecting arches between 
p85: Nef SF2. right: In the other panels, cross-linked residues are indicated by connecting arches between p85: Nef 
core. 
 
 
2.2.3 Summary and discussion 

Our preliminary experiments have indicated that buffer and ligands might have an influence on 

p85 dimerization. While full-length p85 is robust to buffer conditions, p85-∆SH3 is susceptible to 

relatively mild changes in salt concentration and possibly other factors. Interestingly, and in 

agreement with our previous Chapter 2.1., the presence of ligands for the C-terminal domain 

appear capable of decreasing the dimerization of full-length p85. Our data also confirm, for the 

first time using recombinant proteins, a direct interaction between Nef and p85. Moreover, we 

have obtained cross-links between Nef and the iSH2 domain, revealing contact points between 
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these molecules. Future studies require repeating MST p85 dimerization experiments with and 

without (unlabeled) ligands, such as PR1, pY and Nef to assess the effect of these ligands on self-

association. 

2.3 Investigating the mechanism of SH3 binding to p85  
 
 
As described in the Introduction, p85 stabilizes p110 against degradation, but keeps it in a 

catalytically inactive form (Yu 1998, Backer 2010, Seidel, Dijkman et al. 2013) p110 binds to the 

p85-iSH2 domain, and, in absence of activating ligands, supplementary interactions with the p85-

SH2 domains inhibit the catalytic activity of p110 (Yu 1998, Mandelker, G. et al. 2009, Hale, 

Kerry et al. 2010, Zhang, Vadas et al. 2011). From this structural model, it is understood how p85-

SH2 domain ligands (containing a phospho-tyrosine motif) can activate p110 by disrupting the 

inhibitory p85-SH2:p110 interactions. However this model cannot explain how p110 is activated 

by ligands for p85 domains that are not directly involved in the p110 association. The most striking 

of these ligands are Src SH3 domains, that have been shown capable of activating p110 by binding 

to the proline-rich region (PR-1) of p85, situated more than 230 residues away from the inhibitory 

p85-SH2 domains.  

In the previous Chapters 2.1 and 2.2, we have shown that dimerization of p85 is particularly 

dependent on the intramolecular interaction, in trans, of the p85 SH3 domain with the PR1 region. 

Given that the SH3 domains of p85 activating ligands bind to PR1 (see Introduction), 

destabilization of p85 dimers might contribute to allowing an association and interaction with 

p110. Nonetheless, it is unlikely that a simple destabilization of p85 dimers explains allosteric 

activation of p110 (through alleviation of the p85-caused inhibition of p110). In the case of 

phospho-tyrosine (pY) SH2-domain ligands, their capacity of activation results from the overlap, 

and hence incompatibility, of pTyr binding and of the auto-inhibitory interactions of the p85-SH2 
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domains with the catalytic p110. Hence, pY ligands binding to p85-nSH2 and p85-cSH2 can 

disrupt inhibitory interactions between these domains and p110. However, this mechanism does 

not seem to be translatable directly into a mechanism for activation by SH3 domain, because the 

p85-PR1 region targeted by these SH3 domains has not been shown to be needed for p110 

inhibition. Hence, the mechanism for SH3-mediated activation of PI3K remains unexplained. 

Another, unexplained aspect of PI3K activation by SH3 domains is linked to their generally 

low ligand specificity. As we have highlighted in the Introduction, the heterodimeric 

phosphoinositide-3 kinase (PI3K) is a central regulator of cell metabolism and survival. 

Deregulation of PI3K has been associated with major human diseases, especially cancer. Hence, 

activation of PI3K needs to be highly regulated, and activating ligands need to be highly specific. 

In the case of SH3-mediated PI3K activation, this does not appear to be the case: SH3 domains 

from several Src family protein tyrosine kinases (Lyn, Lck, Fyn, Fgr, Hck) were reported to bind 

and/or activate PI3K by binding to PR1, situated between the p85α SH3 domain and the BH 

domain (Prasad, Janssen et al. 1993 , Kapeller, Prasad et al. 1994 , Pleiman 1994 , Renzoni, Pugh 

et al. 1996 , Axelsson, Hellberg et al. 2000) (Figure 48 A-B).  

 

Figure 48. Schematic 
representation of proteins and 
constructs used. (A) p85. Known 
binding regions for SH3 and p110 
are shown. (B) Nef. Canonical 
‘linear’ and supplementary 
‘tertiary’ interactions with SH3 
domains are indicated 

 

In addition, the SH3 

domains of Grb2 and Abl 

were shown to bind to p85 

(Kapeller, Prasad et al. 1994 , 
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Wang, A. et al. 1995, Radhakrishnan, Maile et al. 2008). p85-PR1 contains indeed overlapping 

proline-rich consensus motifs for all these SH3 domains. An NMR structure of the interaction 

between PR1 and the Fyn SH3 domain has been determined (Renzoni, Pugh et al. 1996 ), showing 

a very canonical interaction between the SH3 domain and the PR1 proline-rich motif, with no 

indication for a specificity-granting mechanism. Hence, considering the intrinsically promiscuous 

nature of SH3:ligand interactions, it is unclear how PI3K can be selectively activated by a diverse 

set of SH3 domains, but in the same time avoid erroneous activation by the bulk of non-specific 

SH3 domains which represent energetically and structurally possible interactors (Ladbury and 

Arold 2000).We have therefore used a combination of biophysical analyses to reveal determinants 

of specificity and further our understanding of the molecular mechanism of allosteric SH3-

mediated activation of PI3K. 

  

2.3.1. SH3 binding to p85 is not restricted to PR1. 

Using isothermal titration calorimetry (ITC) Renzoni and colleagues studied the binding of Fyn 

SH3 to p85. They observed that the almost-complete p85 (p85-ΔSH3; the N-terminal p85-SH3 

domain was deleted to avoid effects from intramolecular competition) bound Fyn SH3 domain 

with a higher affinity and significantly different thermodynamic parameters than did a peptide 

derivative (P91PRPLPVAPGSSKT) of PR1 (Renzoni, Pugh et al. 1996 ) (For comparison, these 

binding parameters are included into Table 13). This difference suggested that p85 possesses an 

unknown SH3 recognition mechanism, not reproduced by the PR1 peptide mimic used. Renzoni 

et al. speculated that the difference is explained by p85 interactions outside the canonical class I 

PXXP motif (R93PLPVAP). Since then several SH3 ligand peptides have been shown to engage in 

supplementary interactions outside the canonical PXXP motifs by wrapping around their cognate 

SH3 domain (Arnold, Bordoli et al. 2006, Ladbury and Arold 2011).  
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To test whether such supplementary linear interactions account for the difference between 

SH3 binding to p85-ΔSH3 and to p85-PR1, we first repeated the ITC study with a modified PR1 

region peptide. Because the Renzoni et al. NMR structure of the P91PRPLPVAPGSSKT peptide 

bound to Fyn SH3 (PDB 1A0N) (Renzoni, Pugh et al. 1996 ) showed that the peptide’s N-terminal 

sequence but not its C-terminal sequence interacts with the Fyn SH3 domain, we shifted the peptide 

sequence N-terminally to obtain P87KPRPPRPLPVAP. Despite the peptide’s potential for 

supplementary linear interactions, its interaction failed to fully reproduce the binding of p85-ΔSH3 

with Fyn SH3 and showed the same characteristic differences as observed by Renzoni et al., that 

is, a significantly lower affinity, due to a lower favorable entropy change ∆S), partly compensated 

for by a higher favorable enthalpy change (∆H) (Table 13). Additionally, a construct encompassing 

the complete p85-PR1.BH region (p85PR1-BH; 79-301) bound to Fyn SH3 with an affinity and 

thermodynamic parameters that were similar to PR1 alone, showing that p85PR1-BH does not fully 

reproduce the binding observed between Fyn SH3 and p85 (Table 13, Figure 49). Our results 

(which were mostly obtained in the Arold lab by Dr. Lugari) therefore suggested that the SH3:p85 

interaction is not limited to the ‘linear’ canonical SH3:PR1 interaction, but also involves 

supplementary ‘tertiary’ interactions with the p85 C-terminal region. 

 

2.3.2. SH3 binding to p85 involves tertiary interactions 

To test if selective p85 activation by SH3 domains involves tertiary interactions, we 

decided to analyze binding and function of point mutants of Fyn SH3 that only affect the tertiary 

interactions. The only structurally confirmed example of tertiary ligand interactions of Src family 

SH3 domains is their interaction with the Nef protein from the human and simian 

immunodeficiency viruses (HIV and SIV, respectively)(Arold and Baur 2001). In addition to 

canonical PXXP interactions the Nef core domain (Nefcore) binds to regions of the SH3 RT loop 
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that are not involved in PXXP:SH3 binding (Figure 49B). A key feature of this tertiary recognition 

is a Nefcore pocket that interacts with residue 96 (following Fyn SH3 domain numbering) from the 

SH3 RT loop (Figure 49). This pocket is mostly hydrophobic in HIV-1 Nef, explaining preferential 

binding of HIV-1 Nef to SH3 domains with a bulky hydrophobic residue at position 96 (Arold , 

Grzesiek, Bax et al. 1997). Consequently, the Fyn SH3 mutant where R96 was mutated into an 

isoleucine (FynR96I) binds HIV-1 Nef with a significantly higher affinity than does wild-type 

FynR96 SH3 (Lee, Leung et al. 1995) (Figure 49 A-C). In SIV Nef and HIV-2 Nef, this pocket is 

less hydrophobic which causes preferential binding to SH3 domains with a polar or charged 

residue at position 96 (Collette, Arold et al. 2000). Thus, tertiary interactions with residue 96 allow 

Nef to enhance its affinity and selectivity toward SH3 domains. 

 

Figure 49: Crystal structures of the 
Nefcore:Fyn SH3 complexes. The Nef 
PXXP (blue) and tertiary regions 
(green) are shown on the Nef surface. 
(A). Global view of the Nefcore:FynR96 
SH3 complex (PDB 1AVZ). (B-D). 
Expanded views of the tertiary 
interaction between SH3 residue 96 and 
the cognate Nefcore pocket. (B) 
Nefcore:FynR96, (C) Nefcore:FynR96I 
(1EFN), and (D) Nefcore:FynR96W 
(4D8D). 
 

To test if the SH3 position 

96 has also a key role in SH3:p85 

interactions, we used ITC to 

study the interaction between p85 

and Fyn SH3 domains that have 

either the wild-type R96, or the 

R96W mutation (FynR96 and FynR96W, respectively). The R95W substitution did not much affect 

affinity and thermodynamics for binding to p85-PR1 and p85-PR1.BH, showing that this mutation 
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did not affect the linear canonical PXXP interactions (Table 13). Conversely, FynR96 and FynR96W 

bound p85-ΔSH3 with ΔH and ΔS values that were very different from each other (Table 13). The 

affinities also differed between SH3 domain mutants, however given the low affinities displayed, 

the error in these measurements is large. Akin to Nef, Fyn SH3 position 96 appears therefore to 

play a role in tertiary, but not canonical linear, interactions with p85.  

Table 13. Thermodynamic binding parameters, as established using ITC 
# Taken from (Franken, Arold et al. 1997), measured in 20 mM sodium phosphate buffer, pH 
7.5, 150 mM NaCl, 2 mM EGTA, and 5 mM DTT at 25 ºC. 
$ Measured with 5 mM DTT instead of 2 mM b-mercapto ethanol to correspond exactly to (Franken, Arold et al. 1997). 
* Taken from(Renzoni, Pugh et al. 1996 ), measured in 10 mM phosphate buffer, pH 6.0, at 30 ºC. 
Measurement errors are less than 3 kJ/mol for ∆H and T∆S, and less than 35 % for the Kd., as judged from independent 
analysis of repeat experiments. Gp85∆SH3 stands for GST-fusion p85ΔSH3. ΔH, enthalpy change; Kd, dissociation 
constant; ΔS, entropy change ; ΔG, change in standard Gibbs free energy ; T, temperature in Kelvin.  
 

Interaction 

Thermodynamic binding parameter a 

Kd (µM) ∆G (kJ/mol) ∆H (kJ/mol) T∆S (kJ/mol) 

Nefcore:FynR96 # 
Nefcore:FynR96I $ 
Nefcore:FynR96W $ 

Nefcore:Hck # 
 
p85ΔSH3:FynR96* 

p85ΔSH3:FynR96 
p85ΔSH3:FynR96W 
Gp85ΔSH3:FynR96 
Gp85ΔSH3:FynR96I 

Gp85ΔSH3:FynR96W 
Gp85ΔSH3:Hck 
Gp85ΔSH3:Grb2 cSH3 

 
p85PR1:FynR96* 
p85PR1:FynR96 
p85PR1:FynR96I 

p85PR1:FynR96W 
p85PR1:Grb2 cSH3 
 

p85BH:FynR96 
p85BH:FynR96W 

15.8 
2.7 
1.4 

1.5 
 

3.0 
4.9 

15.0 
3.5 
5.6 

11.6 
3.5 
30.0 

 
16.0 
22.6 
14.9 

20.7 
48.8 

 

25.9 
20.0 

–27.4 
–31.8 
–33.4 

–33.3 
 

–32.0 

–30.3 
–27.0 
–30.9 
–30.0 

–28.2 
–31.1 
–25.8 

 
–27.8 
–26.5 
–27.5 

–26.7 
–24.6 

 

–26.2 
–26.7 

–2.2 
–17.3 
–34.4 

–32.6 
 

+44.3 

–6.4 
–22.0 
–13.9 
–30.5 

–43.1 
–23.0 
–1.5 

 
–51.4 
–36.4 
–35.0 

–32.1 
–37.9 

 

–40.2 
–43.2 

+25.2 
+14.5 
–1.0 

+0.7 
 

+76.3 

+23.9 
+5.0 

+17.0 
–0.5 

–14.9 
+8.1 
+24.3 

 
–23.6 
–9.9 
–7.5 

–5.4 
–13.3 

 

–14.0 
–16.5 
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2.3.3. Comparison of tertiary p85:SH3 interactions with HIV-1 Nef:SH3 

Our results suggested analogies between p85 and Nef in the recognition of SH3 domains. Given 

that the p85ΔSH3:SH3 complex was refractory to all our crystallization attempts, and that this 

complex is too large for NMR analysis, we thought first to gain further insights into the p85-

ΔSH3:SH3 association by using the well-characterized Nef:SH3 association as a reference system 

to link thermodynamic observations with mechanistic insights. For this, we extended our ITC 

analysis to obtain thermodynamic parameters for FynR96, FynR96I, FynR96W and Hck SH3 binding 

to the HIV-1Bru-Lai Nef core domain (Nefcore; Table 13). To have a complete set of FynR96, FynR96I, 

FynR96W SH3 domains in their apo-state and bound to Nefcore, we also determined the crystal 

structures of Nefcore:FynR96W SH3 (carried out by C. Dumas and S. Arold, PDB id 4D8D), and of 

the apo-FynR96I and apo-FynR96W SH3 domains. 

 We crystallized both apo-Fyn mutant SH3 domains by using the sitting drop vapor 

diffusion method. FynR96I crystallized in 0.1 M Citric acid pH 3.5 and 25% w/v Polyethylene 

glycol 3,350. Crystals diffracted to high resolutions at the SOLEIL synchrotron beamline 

PROXIMA 2A, with the best resolution obtained being 1.34 Å. Crystals belonged to space group 

P41 (a=b=41.52 Å, c=32.64 Å) and had one molecule in the asymmetric unit. The structure was 

determined using the CCP4 online version of MoRDa based on available SH3 domains, followed 

by rebuilding through BUCCANEER, and manual and automated (REFMAC5, PHENIX) 

refinement (this part was assisted by Dr. Arold) (A. Vagin 2015). The final model has good R and 

Rfree values (18.1 % and 20.2 % respectively), as well as excellent stereochemistry (100% of 

residues in favored regions of the Ramachandran plot; 0 rotamer outliers; overall MolProbity score 

is 0.78). This structure has been deposited in the protein data bank (PDB) with the accession 

number 6IPY. In the final model, it becomes apparent that part of the C-terminal hexa-histidine 

tag is implicated in stabilizing the crystal through pi-stacking interactions of the second histidine 
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with a tyrosine residues of a symmetric molecule (Figure 50A). In this particular crystal lattice, 

the D100 residue of the Fyn RT loop binds to a lysine from a symmetry-related molecule. This 

interaction mimics the ionic interaction that D100 normally has with the arginine residues that is 

found in proline-rich ligands. Hence, this crystal form captures a state where the RT loop 

conformation mimics the binding of a proline-rich ligand, and does not represent the apo form of 

the RT loop. For the discussion of the apo-state of the FynR96I mutant (see below), we therefore 

used a FynR96I structure previously obtained by Dr. Arold’s group in a different space group (PDB 

accession 3H0I; named ‘crystal from II’).  

 

 
Figure 50. Crystallization enhancement of Fyn SH3 domains. (A). the second histidine of the FynR96I mutant’s C-
terminal hexa-histidine tag forms pi-stacking interactions with a tyrosine from a symmetry related molecule. (B). view 
onto the circular 18-crown-6 molecule found intercalated between two FynR96W SH3 domains in the crystal lattice. 

 FynR96W SH3 crystallized in 0.08 M sodium acetate trihydrate pH 4.6, 1.6 M Ammonium 

sulfate, 20% v/v  Glycerol. Crystals belonged to space group P41212 (a=b=51.49 Å, b=51.85 Å) 

and diffracted at best to 1.57 Å resolution at PROXIMA 2A. The high diffracting power in this 

case was also in part due to the use of 50 mM 18-crown-6, of which two molecules were clearly 

identified in the structure, one surrounding a lysine, and a second one sandwiched between two 

symmetry-related molecules. The final models, comprising the two 18-crown-6 produced an R 

factor of ; 96.7 % of all residues were in the favored region of the Ramachandran plot, with 0% 

A B 
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rotamer or Ramachandran outliers (MolProbity score was 1.16). This structure has been deposited 

in the PDB with the accession number 6IPY (Table 14). 

Table 14.  Data collection and refinement statistics. Statistics for the highest-resolution shell are shown in 
parentheses. 
 

  FYN SH3 R96I FYN SH3 R96W 
WAVELENGTH 0.98 0.98 
RESOLUTION RANGE 29.36  - 1.343 (1.391  - 1.343) 36.54  - 1.576 (1.633  - 1.576) 
SPACE GROUP P 41 P 41 21 2 
UNIT CELL 41.52 41.52 32.64 90 90 90 51.49 51.49 51.85 90 90 90 
TOTAL REFLECTIONS 155919 (8237) 258718 (24606) 
UNIQUE REFLECTIONS 12432 (1125) 10112 (988) 
MULTIPLICITY 12.5 (7.3) 25.6 (24.9) 
COMPLETENESS (%) 98.58 (87.67) 99.83 (98.38) 
MEAN I/SIGMA(I) 20.23 (0.76) 29.66 (0.91) 
WILSON B-FACTOR 22.05 34.14 
R-MERGE 0.07325 (1.374) 0.06273 (2.542) 
R-MEAS 0.07628 (1.479) 0.06403 (2.595) 
R-PIM 0.02104 (0.5235) 0.01267 (0.5147) 
CC1/2 0.999 (0.555) 1 (0.565) 
CC* 1 (0.845) 1 (0.85) 
REFLECTIONS USED IN 
REFINEMENT 

12376 (1095) 10095 (972) 

REFLECTIONS USED FOR R-FREE 618 (53) 506 (49) 
R-WORK 0.1810 (0.3495) 0.1902 (0.3116) 
R-FREE 0.2018 (0.4134) 0.2087 (0.3096) 
CC(WORK) 0.975 (0.724) 0.969 (0.743) 
CC(FREE) 0.926 (0.776) 0.947 (0.722) 
NUMBER OF NON-HYDROGEN 
ATOMS 

584 571 

  MACROMOLECULES 553 512 
  LIGANDS   36 
  SOLVENT 31 23 
PROTEIN RESIDUES 67 63 
RMS(BONDS) 0.005 0.011 
RMS(ANGLES) 0.99 1.38 
RAMACHANDRAN FAVORED (%) 100 96.72 
RAMACHANDRAN ALLOWED 
(%) 

0 3.28 

RAMACHANDRAN OUTLIERS (%) 0 0 
ROTAMER OUTLIERS (%) 0 0 
CLASHSCORE 0.95 1.89 
AVERAGE B-FACTOR 36.77 44.7 
  MACROMOLECULES 36.71 43.52 
  LIGANDS   60.02 
  SOLVENT 37.82 46.87 
NUMBER OF TLS GROUPS 4 6 

 
In agreement with previous data (Franken, Arold et al. 1997), we found that the tertiary 

interactions of SH3 domains with Nefcore had a characteristic thermodynamic signature. The 
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affinity of Nefcore for the SH3 domains was FynR96<FynR96I<FynR96W <Hck with dissociation 

constants (Kd) ranging from 15.8–1.5 μM (Table 13). Binding of SH3 domains to Nefcore ranged 

from almost completely entropy-driven (FynR96) over enthalpy/entropy driven (FynR96I) to almost 

completely enthalpy-driven (FynR96W and Hck). Surprisingly, the thermodynamic parameters of 

FynR96W binding to Nefcore were closer than those of FynR96I to the parameters of Hck SH3, despite 

the fact that Hck has an isoleucine at the position corresponding to position 96 in Fyn. These 

thermodynamic fingerprints were explained by the accumulated structural data: FynR96I has an RT 

loop–rigidifying hydrogen bond network similar to FynR96 (Figure 51; using crystal form II).  

 

 

Figure 51. RT loop hydrogen bond network of unliganded SH3 domains. Hydrogen bonds are indicated by dotted 
lines. Those shown in dark black need to be broken upon binding to Nefcore. Hydrogen bonds shown in magenta are 
preserved in the Nefcore:SH3 complex. For Hck SH3, preserved and broken hydrogen bonds were evaluated from a 
computationally docked Nefcore:Hck SH3 complex(Franken, Arold et al. 1997). FynR96W SH3, but not FynR96I SH3, 
shows a Hck SH3-like reduced RT loop hydrogen bond network. PDB accession numbers are Hck:1BU1; 
FynR96:1SHF; FynR96I: 3H0I; FynR96W: 6IPZ. 
 

These hydrogen bonds need to be broken to allow the RT loop to be fitted onto the Nefcore 

binding surface, giving rise to an unfavorable enthalpic contribution (Franken, Arold et al. 1997). 

Conversely, the NH group of the FynR96W W96 disrupts the RT loop hydrogen bond network, 

A B 

C D 
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producing a more dynamic RT loop in the free state, similar to that of Hck. Like Hck, FynR96W 

loses more entropy upon binding to Nefcore than FynR96I does but requires the breaking of fewer 

hydrogen bonds than FynR96I does. FynR96W therefore acts as a closer proxy of Hck than FynR96I, 

because FynR96W combines both a large hydrophobic moiety at position 96 and Hck-like RT loop 

flexibility.  

 Collectively, these data show that the differences in binding affinity and ΔH/ΔS between 

FynR96 and FynR96I are due to the match/mismatch of the tertiary SH3 sequence with the Nefcore 

surface, whereas differences between FynR96I and FynR96W are indicative of the rearrangement of 

the RT loop to fit the tertiary Nefcore surface (green region in Figure 51), outside of the PXXP motif 

of Nef (blue in Figure 51). These conclusions are linked to the intrinsic characteristics of the SH3 

domain (sequence, structure and dynamics), and hence apply also to interactions of these SH3 

domains with other ligands. We therefore used ITC to investigate binding of these SH3 domains 

to p85. Given that complete proteolytic cleavage of p85ΔSH3 from the GST-fusion tag during 

purification required prohibitive amounts of thrombin protease, we used GST-p85ΔSH3 for these 

screens. We note that the presence of GST did not significantly affect the affinity, however had a 

systematic effect on ΔH and ΔS (favorable ΔH was roughly doubled with a concomitant increase 

in unfavorable ΔS. Table 13). Therefore only ΔH and ΔS tendencies, but not absolute values, can 

be compared between ITC measurements with or without GST-tag. 

As expected, FynR96I displayed very similar thermodynamic parameters upon binding to 

p85PR1 as did FynR96 and FynR96W, confirming that the mutations did not affect the canonical PR1 

peptide interactions (Table 13). The affinities of all SH3 domains toward p85ΔSH3 were in the 

same μM-range as those for Nefcore, and akin to the Nef interactions, the affinity for FynR96I was 

intermediate to those for FynR96I and FynR96W. However p85ΔSH3 bound slightly tighter to FynR96 

than to FynR96I and FynR96W. As observed for Nefcore, p85ΔSH3 showed substantial entropy–enthalpy 
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compensation when comparing binding of FynR96 with FynR96I and FynR96W (Table 13). And as 

observed for Nef, FynR96-binding was the most entropy-driven, whereas FynR96W-binding was the 

most enthalpy-driven, with FynR96I being intermediate. Hck was also mostly entropy-driven, 

however Hck affinity, ΔH and ΔS did not match closely those of FynR96W.  

Based on our analysis of Nef, we infer from the differences in thermodynamic data between 

FynR96 with FynR96I that SH3 interactions with p85ΔSH3 also involve the match of the SH3 

position 96 with supplementary ‘tertiary’ regions of p85ΔSH3. The thermodynamic differences 

between FynR96I and FynR96W may further suggest that p85ΔSH3 interactions also require 

restructuring of the SH3 RT loop. The difference between FynR96W and Hck might indicate that 

the tertiary interactions also involve SH3 regions different to those recognized by Nef. 

 

2.3.4. NMR mapping of PR1 binding to Fyn SH3 domains  

To address the structural basis of the interaction between the p85 PR1 peptide and the Fyn 

SH3 domains FynR96, FynR96I and FynR96W, we performed an NMR titration experiment using the 

Bruker 700 MHz spectrometer (see Methods). To see which residues take part in binding we 

titrated each SH3 domain with increasing amounts of p85-PR1. For all three SH3 domains variants, 

SH3:PR1 ratios of 1:0.5, 1:1, 1:2, 1:4, 1:8, 1:16 were measured under the same measurement buffer 

and conditions. We observed a change of chemical shifts for residues involved in binding (Figure 

52). At the SH3:PR1 ratio of 1:0.5 we observed significant chemical shift changes in both mutant 

spectra. In the case of the wild-type FynR96 we observed significant changes in the binding region 

at a ratio of (1:1), suggesting that the FynR96I and FynR96W bind somewhat stronger than native 

SH3. This observation is in disagreement with our ITC analysis (see above), however it was 

supported by 1H-13C HSQC spectra. Methyl groups of isoleucines change their chemical shifts in 

titrations of all three constructs. However, in the case of FynR96 the exchange is fast on an NMR 
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timescale. Conversely, for both mutants the exchange is intermediate, supporting that that mutants 

bind stronger to PR1 than FynR96.  

To visualize the PR1 binding site on the protein structure, we have mapped the chemical 

shift changes on the crystal structure of the FynR96 (pdb:1AVZ), FynR96I (6IPY), and FynR96W 

(6IPZ). In agreement with our ITC data, the chemical shift patterns of FynR96 and FynR96W were 

similar upon binding to p85PR1, supporting that the peptide binds in a structurally similar way to 

all three SH3 variants tested, despite the apparent differences in affinity (Figure 52). For both 

FynR96 and FynR96W, the imprint of p85PR1 was in good agreement with the imprint expected from 

a ‘canonical’ PR motif. 
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Figure 52. Binding of the PR1 motif to Fyn SH3 wild type (WT) and R96I (RI) or R96W (RW) mutants, as mapped 
by chemical shift analysis. The proline-rich peptide sequence from the HIV-1 Nef protein (PDB 1AVZ; shown as 
green stick model) has been taken as a guide for ‘canonical’ binding of a PR to Fyn SH3. Four different orientations 
are shown (I-IV). 
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2.3.5. NMR mapping of p85∆SH3 binding to Fyn SH3 domains  

We next investigated binding of the PR1 motif in the context of the p85∆SH3 construct. Due to 

the insufficient solubility of p85∆SH3 we set up the 1H-15N HSQC titrations in a way that we 

titrated increasing amounts of 15N-labelled SH3 domains onto unlabeled p85∆SH3 kept at a 

constant concentration. Ratios of p85∆SH3 : SH3 domains were 1:0.1, 1:0.25, 1:0.5, 1:1, 1:2, 1:3, 

1:4, 1:6, 1:8, 1:10, 1:15, and 1:25. For the ratios where there is more p85∆SH3 than SH3, we 

expected that all SH3 domains are in a complex with p85. The PR1 motif is separated from the 

BH domain by 15 residues. Hence if these 15 residues are fully flexible (as predicted form their 

primary sequence), and if there are no additional interactions between the SH3 domains and 

p85∆SH3 beyond the PR1 motif, then we would expect to see the bound SH3 domains in a very 

similar way than we observed in our NMR experiments with the PR1 peptide (However, if there 

are additional interactions that pin down the bound SH3 domains onto the much larger p85∆SH3 

(with a Mw of 74 kDa), than the resulting SH3: p85∆SH3 complex would be so large that all 

chemical shifts of the labelled SH3 domain would broaden so much that they would disappear 

under our NMR conditions (Figure 53).  

  

Figure 53: Two possible 
scenarios for p85-∆SH3 
interactions with SH3 
domains.  
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Our experimental observations clearly recapitulated the second case. At the highest 

p85∆SH3 : SH3 ratios (1:0.1) most chemical shifts in all 3 mutants disappeared. Only visible (and 

hence highly dynamic; not restricted by the complex) were residues V84, D100 and L101 for 

FynR96 and FynR96I, and only D78D and T85 for FynR96W. As the p85∆SH3 : SH3 ratios diminished, 

gradually more and more residues reappeared. For low SH3 concentrations we observed peaks for 

particular (flexible) residues that were shifted from their position in free SH3, which suggests a 

fast exchange regime.  

 From the sequence of reappearance, it appears again that the affinity of p85∆SH3 for SH3 

domains is weakest for FynR96, strongest for FynR96W, and intermediate for FynR96I. At ratios of 1:6 

(FynR96, FynR96I) or 1:8 (FynR96W) most peaks reappear, however some remined still invisible, 

indicating those as the strongest bound residues (see Figure 54). Although the experimental setups 

between our PR1 and p85∆SH3 titrations are not strictly comparable, we nonetheless can attempt 

to extract some information as to where supplementary associations may happen between 

p85∆SH3 and the Fyn SH3 domains. While the regions close to the canonical PR binding surface 

are not affected in a markedly different way by PR1 versus p85∆SH3 titrations, the SH3 surfaces 

away from the canonical interface (views III and IV in the Figures 54-1 and 54-2) appear 

substantially more involved in p85∆SH3 titrations. Thus, we speculate that these regions harbor 

possible additional binding sites. Given the data available to date, we cannot determine which parts 

of the p85∆SH3 construct are responsible for the additional interactions. However, ITC titrations 

with a p85 construct only comprising PR1 to the end of the BH domain failed to show differential 

binding between Fyn SH3 variants, suggesting that the presence of the C-terminal nSH2-iSH2-

cSH2 region is required for the interaction. This observation suggests an involvement in the C-

terminal p110-binding and inhibiting region into SH3 domain recognition.  
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Figure 54. Binding of 15N labelled Fyn SH3 wild type (WT) and R96I (RI) or R96W (RW) mutants to p85∆SH3. 
Shown are the residues that reappear early during the titration (at p85∆SH3 : SH3 ratios of 1:4, 1:3 and 1:6 for WT, 
RI and WR, respectively) or later during the titration (at p85∆SH3 : SH3 ratios of 1:6, 1:6 and 1:8 for WT, RI and 
WR, respectively).The proline-rich peptide sequence from the HIV-1 Nef protein (PDB 1AVZ; shown as green stick 
model) has been taken as a guide for ‘canonical’ binding of a PR to Fyn SH3. Four different orientations are shown 
(I-IV). 
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If confirmed by future experiments in our group, then this involvement of the C-terminal 

region could provide an attractive explanation for the allosteric activation of SH3 domains, and 

deliver additional insights towards understanding how SH3 domains are specifically recognized 

by p85. 

2.3.6. Summary and discussion 

In this second part of our work, we asked how the interaction between an SH3 domain and p85-

PR1 activates PI3K. Based on a comparative structural and thermodynamic study of the Nef:SH3 

interaction, for which we determined two crystal structures (apo-FynR96I, apo-FynR96W) within this 

thesis project, we could enhance our understanding of the allosteric importance of RT loop residues 

in directing RT loop malleability. Such RT loop malleability appears to be important for protein 

ligands that are larger than just a canonical PR1 motif, and require restructuring of the RT loop 

region. In our case, we have seen that the Fyn wt is the most rigid, and hence the most energetically 

costly to adapt to a ligand binding surface. The R96W mutant was the most flexible, explaining 

why this variant bound tightest to Nef, and, according to our NMR analysis, also to p85. The R96I 

mutation was intermediate in both, flexibility and protein-ligand binding.  

We combined ITC and NMR to show that the p85ΔSH3:SH3 association involves tertiary 

molecular surfaces in addition to the canonical PXXP:SH3 interface. For the SH3 domain, we 

found that these supplementary surfaces included residues opposite the PR1 binding surface. These 

‘tertiary’ surfaces on SH3 are distinct from the SH3 region used to enhance affinity and selection 

by the viral Nef protein. However the strong effect of the mutation of position 96 suggests that this 

region also plays a role in contacting p85, akin to its role in the Nef interaction. Our ITC analysis 

showed that the BH domain only confers a minor part of the tertiary interactions, suggesting that 

the C-terminal p85-nSH2.iSH2.cSH2 fragment is required to fully reproduce structural and 

energetic characteristics of p85ΔSH3-binding to SH3 domains. Our cross-linking analysis of the 
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Chapter 2.1. shows indeed that there are multiple links between the C-terminal and the N-terminal 

domains of p85, supporting a compact form at least some of the p85 domains.  The precise 

molecular mechanism will be subject to future investigations. Collectively, our data infer a 

currently very speculative mechanistic model for PI3K activation by SH3 domains in which 

tertiary interactions between SH3 domains and the p85 nSH2 domain allow displacing the 

inhibitory interactions between p85 nSH2 and p110, leading to activation. The BH domain might 

stabilize these supplementary interactions between SH3 domains and p85 nSH2 (Figure 55). 

Figure 55. Speculative model for PI3K activation through SH3 domains. (For clarity, p85 SH3 is omitted) (A) In 
absence of stimulating ligands, p85 binds p110 through the iSH2 domain. Interactions between p85 SH2 domains and 
p110 keep p110 in the catalytically inactive conformation (gray). (B) When an SH3 domain with the adapted tertiary 
surface binds, then tertiary interactions (probably with the nSH2 domain) remove the inhibitory SH2 interactions, 
leading to p110 activation (red in C). (D) SH3 domains without the adapted tertiary surface may still bind, however 
the interaction will not result in PI3K activation. Thus, tightly controlled activation by selected SH3 domains is 
assured. (E) Schematic drawing of SH3 domain. 
 

More than 300 different SH3 homologs exist in human cells, and proline-rich sequences 

are present in ~25% of all human proteins (Castagnoli, Costantini et al. 2004, Li 2005, Kärkkäinen, 
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Hiipakka et al. 2006, Kurochkina and Guha 2013). Although some examples of highly specific 

SH3:ligand interactions exist a significant cross-reactivity has been observed for SH3 domains of 

higher eukaryotes (Kärkkäinen, Hiipakka et al. 2006, Seet, Berry et al. 2007 ). Much effort has 

therefore been invested in understanding how the biologically relevant SH3:ligand interaction can 

prevail against the bulk of non-specific homologous interactions (Ladbury and Arold 2000, Seidel, 

Dijkman et al. 2013). This question is of particular importance in the case of PI3K activation, 

where erroneous activation is oncogenic. 

Our results suggest that the specific tertiary interaction, that only occur between p85 and 

selected SH3 ligands, might allow to restrict PI3K activation to only a few biologically relevant 

SH3-domaining proteins.  Indeed, by suggesting the importance of tertiary interactions our data 

infers that p85 selects SH3 domains through function rather than through affinity. This functional 

selection is established through tertiary interactions that are much more specific than the conserved 

canonical PXXP contacts. Thus, nonspecific SH3 domains ubiquitously present in the cytoplasm 

may bind to the PR1 region of p85, but only a few specific SH3 domains will be able to trigger a 

functional outcome using appropriate tertiary interactions. Such functional selectivity could also 

allow interactions with p85 that are functionally silent, but nonetheless biologically relevant, by 

recruiting PI3K to a subcellular environment without stimulating PI3K enzymatic activity. 

Functional selectivity would also allow negative feedback loops in which non-activating SH3 

domains out-compete activating SH3 domains. The interplay between selection through function 

and selection through affinity might thus enhance the ability of a cell to control specificity, function 

and localization of proteins. 
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Chapter 3.  
 
Discussion and Conclusion 
 
PI3K plays an important role in cell survival, growth, and differentiation, and the PI3K pathway 

is the most commonly mutated pathway in human cancers and many human diseases. Moreover, 

the PI3K pathway is targeted by many viruses to insure their survival and successful reproduction, 

such as HIV-1. p85 self-association controls the balance between PI3K activation (through 

monomeric p85:p110 associations) and inhibition (through dimeric p85:PTEN associations). The 

mechanism for dimerization remains controversial, and it is still unknown why p110 binds only to 

p85 monomers, whereas PTEN binds only p85 dimers. Understanding the determinants of the 

monomer-dimer switch of p85 is of high biological importance in healthy cells, and maybe key to 

understanding pathogenic states, because disruption of this equilibrium is expected to support 

cancerogenesis and enable pathogen reproduction. Hence, understanding the molecular 

mechanism for dimerization might inspire therapeutic approaches.  

Herein, we addressed p85 multimerization by integrating structural and biophysical 

methods such as SAXS, X-ray crystallography, NMR, ITC, MST, AUC and XL-MS. Our results 

reveal that p85 dimerization is a complex multi-stage process which requires concerted action of 

most, if not all, p85 domains. Importantly, data from SAXS, MST, ITC and XL-MST collectively 

support that stable dimerization of p85 does not only require the presence of the SH3, PR1 and BH 

domain region, but also involves the C-terminal domains, namely the nSH2, iSH2 and cSH2. This 

observation is interesting, because it provides a first rationale for why p85 dimerization and p110 

binding are mutually exclusive. Indeed, previous to our work it was assumed that the dimerization 

of p85 depends uniquely on the SH3, and possibly BH domains. This previous model did not allow 

to understand why binding of p110 to the nSH2.iSH2.cSH2 domains resulted in monomerization 

of p85, which, in turn, blocked PTEN activation. Our results now suggest that binding of p110 to 
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the nSH2.iSH2.cSH2 domains disrupts their the stabilizing contribution to p85 dimerization, 

explaining exclusivity between p110 and PTEN binding.  

Similarly, our work on the SH3:p85 interaction showed that the binding site for (specific) 

ligand SH3 domains was formed by more than just the PR1 motif. Especially our finding that the 

C-terminal nSH2.iSH2.cSH2 fragment is implicated in the interaction allows not only to better 

understand ligand selection of p85, but also to propose a molecular mechanism for allosteric p110 

activation, where the SH3 domain interaction recruits C-terminal domains that are implicated in 

keeping p110 in its catalytically inactive form in absence of ligands (Figure 56). 

 

Figure 56. Overview on the previous model and our proposed mechanisms, where additional dimeric or SH3-
binding interactions introduce a mutual exclusivity between p110 binding and (dimeric) PTEN binding, and 
between p110 inhibition and SH3 binding. 
 

Although still preliminary, our results from SAXS and X-ray crystallography also propose 

a highly dynamic and complex way in which the SH3:PR1 and BH:BH domain interactions 
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combine. Previously, we have observed that mutations of SH3, PR1 and BH:BH interface residues 

affect negatively the dimerization of full length p85 in cells (Cheung, Walkiewicz et al. 2015). The 

observations that in the isolated SH3-BH fragment either SH3:PR1 or BH:BH domains are 

associating under different conditions, together with our previous observations that the SH3-BH 

domain construct has a higher dimerization affinity than full-length p85 might be explained by 

allosteric mechanism. We hypothesize that the dual SH3:PR1 / BH:BH interaction is energetically 

unfavourable in the SH3-BH construct, possibly because of strains or necessary structural 

rearrangements. Although not yet fully proven, we speculate that the dual SH3:PR1 / BH:BH 

interaction only occurs in longer p85 fragments, where C-terminal domains (nSH2, iSH2, cSH2) 

contribute to binding, and thus deliver the binding energy necessary for the dual SH3:PR1 / BH:BH 

interaction in the full-length p85.  

 Our preliminary results are also addressing the way in which cellular conditions, as well as 

endogenous and exogenous ligands, affect the p85 monomer-dimer switch. We observed that salt 

and buffer conditions can influence the p85-DSH3 dimerization affinity, and that dimerization of 

p85 can be weakened (probably synergistically) by the presence of pY and PR1 peptides. These 

results were primarily based on our MST analysis of p85 dimerization under different buffer 

conditions and in presence or absence of SH2-binding pY peptides (pY-751 and pY-740). 

However further support for a destabilising influence of pY peptides comes also from our SAXS 

and AUC data. That pY binding weakens the dimerization of p85 might suggest that the nSH2 and 

the cSH2 domain of p85 bind in trans. Such a mechanism would nicely explain our other MST 

experiments where the deletion of the cSH2 domain weakened the p85 dimerization, but we cannot 

rule out more complex allosteric mechanisms.  Hence, more investigation is needed to elucidate 

the exact effects of ligands on p85 dimerization.   
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Finally, our data the Nef:p85 association provide a first confirmation for the direct 

interaction between these two molecules, and maps the interaction onto specific regions of both 

partners. The fact that Nef binds mostly to the iSH2 domain, as supported by our ITC and XL-MS 

data, raises the question about how the Nef:p85 association affects the p85:p110 functional 

interplay. While the emerging picture provides, in our opinion, interesting novel mechanistic 

insights that explain longstanding open questions for the control of the PI3K pathway, some 

additional experiments need to be performed to complete our findings. These will be outlined in 

the next section. 
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Chapter 4.  

Future directions and perspectives  

Our work has cumulated in providing novel insights into p85 dimerization and ligand binding; yet 

several aspects of this work would still benefit from additional support, or have paved the way for 

new lines of research. 

At the moment, we are pursuing our complementary binding studies, using mostly MST, 

to consolidate our findings concerning the effect of ligands, including pY, PR1, SH3 domains and 

HIV-1 Nef, on dimerization of p85 and fragments thereof. Having established protocol for our XL-

MS analysis, we will also use this method to collect data on additional constructs, to better 

characterize how domains contribute (differently) in different fragments. For example, does XL-

MS show a crosslinking of the BH domains in the SH3-BH domain construct? We also plan to 

complete our cloning, expression and production of additional constructs to better discern the 

effect of the individual C-terminal domains, namely the iSH2, nSH2, and cSH2 domains. These 

individual domains will also be used in NMR experiments, in addition to other C-terminal 

domains, to further differentiate which parts of the C-terminal region contribute to SH3 

recognition.  

We are now also in process of using electron-microscopy methods to assess the positioning 

of the iSH2 domains. Indeed, knowing the orientation of these domains would greatly help SAXS-

based reconstructions. For this, we have designed a new constructs of full-length p85 that has a 

‘Spy-tag’ inserted into (1) the short loop of the iSH2 helical coiled-coil, (2) the N-terminal, and 

(3) the C-terminal. In parallel we have cloned the corresponding ‘Spy-Catcher’ fused with an extra 

domain, the mini Singlet Oxygen Generator “miniSOG”) (Shu, Lev-Ram et al. 2011, Zakeri, Fierer 

et al. 2012). Illumination of the miniSOG domain promotes local polymerization of 

diaminobenzidine into an osmiophilic reaction predict that can directly be observed by EM. Thus, 



  

 

114 

linking the mini-SOG domain via the covalent SpyTag/SpyCatcher reaction to the extremity of the 

iSH2 domain should allow us to measure the distance between the iSH2 extremities in the p85 

dimer, using EM methods. So far, we have managed to clone the p85 full-length with Spy-tag in 

the iSH2 loop (Figure 57).  

 

 
Figure 57. (A). Schematic diagram of the full-length p85 showing the location of the Spy-tag sequence in the iSH2 
loop. (B). Full-length p85 was cloned using three p85 fragments (blue-band representing bases 1-476, green-band 
representing bases 534-724 and yellow-band representing the iSH2 loop with spy-tag) in order to introduce the spy-
tag in the iSH2 loop. The red-band represents p85 full-length with spy-tag and the purple-band represents the 
confirmation PCR for the p85α full-length with spy-tag in the loop. (C). Putative domain arrangement of full-length 
p85 (obtained from unconstrained SAXS-based reconstructions), illustrating the connection points for the Spy-
Catcher/Mini-SOG at the extremity of the iSH2 domain. Domains are labelled, with one chain identified by an 
apostrophe.  

 

These data will then be combined into a structural hybrid approach, where they will be 

‘translated’ into a set of distance constraints that can be integrated with our SAXS data to achieve 

a domain-level understanding of the structural states of p85. Indeed, at the moment, our SAXS 

data do not provide sufficient constraints to produce a confident structural domain-resolution 

interpretation. 
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Our current and future data should also help to direct further high-resolution structural 

analyses. Knowledge of domain associations under particular conditions and ligand-bound states 

will help us selecting fragments and complexes that are most likely to produce crystals that 

sufficiently diffract X-rays. With the ongoing dramatic improvement of electron microscopy 

methods, in particular single-particle cryo-electron microscopy, structural analysis of p85 and 

bound ligands, such as PTEN, might soon become possible. It is our hope that the ensemble of 

insights gained from our current and future work helps devising new therapeutic approached to 

alleviate disease burden resulting from dysregulated PI3K pathway activation. 
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Chapter 5.  
 
Materials and methods  
 
5.1 Cloning, expression, and purification of proteins 

 
Cloning of different fragment of p85:   

In the DNA sequence of p85 stop codons were introduced at different domain boundaries by 

polymerase chain reaction techniques (PCR) using the human PI3K- p85 and Bos Taurus PI3K- 

p85 DNA as template. The different fragments were amplified with the oligonucleotide primers 

(Sigma and IDT) encoding the multiple and signal domains as it summaries in following table: 

Table 15: Summary of all designed p85 fragments that we have cloned into pGEX-6P-1 vector.   

Name of construct aa number Sequence Kilobase Source 
p85 full-length 1- 724 MSAEGY ---YPVYAQQRR  2,172 Arold lab: Dr. Walkiewicz 
p85-Delta SH3 81-724 ISPPTP --- YPVYAQQRR 1929 Arold lab: Aljedani 
p85-SH3.BH.nSH2.iSH2 1- 600 MSAEGY --- LNEWLGN  1,800 Arold lab: Aljedani 

p85-SH3.BH.nSH2 1- 432 MSAEGY--- LLYPVSKYQ 1296 Arold lab: Aljedani 

p85-BH.nSH2.iSH2 111- 600 QASTLP--- LNEWLGN  1,470 Arold lab: Aljedani 

p85-BH.nSH2 111- 432 QASTLP --- LLYPVSKYQ 966 Arold lab: Aljedani 

p85-BH.nSH2.iSH2.cSH2 111- 724 QASTLP ---YPVYAQQRR 1,842 Arold lab: Aljedani 
p85-nSH2.iSH2.cSH2 322-724 GMNNNM --- YPVYAQQRR   1,212 Arold lab: Aljedani & Hameed 
p85-nSH2.iSH2 322-600 GMNNNM --- LNEWLGN  837 Arold lab: Aljedani & Hameed 
p85-iSH2.cSH2 433-724 YQQDQV --- YPVYAQQRR 882 Arold lab: Aljedani 
p85-nSH2 322-432 GMNNNM --- LLYPVSKYQ 336 Arold lab: Aljedani 
p85-iSH2 433-600 YQQDQV --- LNEWLGN 510 Arold lab: Aljedani 
p85-iSH2 (His-tag) 433-610 YQQDQV--- TEDQYSLV 540 Arold lab: Aljedani 

p85-cSH2 601-724 QDQVVK --- VYAQQRR 372 Arold lab: Aljedani 

 

These amplicons were directionally ligated into (Not I- BamHI) into pGEX-6P-1 vectors, only 

iSH2(433-610) (Nde I- BamHI) into pET28 vector, p85α-SH3.PR1.BH.PR2.nSH2.iSH2(1-600), 

BH.PR2.nSH2.iSH2(111-600) were cloned into pGEX-6P-1 expression vectors using Not I- 

EcoR1 restriction sites. The p85α-BH.PR2.nSH2.iSH2.cSH2(111-724), p85α-BH.PR2.nSH2, and 

p85-BH.PR2.nSH2.iSH2.cSH2 were cloned in a same way by using Not-1-BamHI. Same 

forward primers were used for those constructs and for the revers primer we used different 

oligonucleotide primers.   

The p85α-nSH2.iSH2(322-600), p85α-nSH2.iSH2cSH2(322-724) were amplified with the same 

forward oligonucleotide primers for both construct. For the revers primer we used different 
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oligonucleotide primers. While, the p85α-nSH2.iSH2(322-600), p85α-nSH2.iSH2cSH2(322-724) 

were directionally ligated into Not I- BamHI into pGEX-6P-1 vectors. Primers used are 

summarized in table below; same primer were used for different constructs based on the 

forward and revers primer needed as mention earlier. 

Table 16: Summary of all p85 primers that we have designed. These primers were re-used for different constructs 
based on the N- and C-terminals of the domains.  
 

Name of the primer Primers Sequence (5’-3’)- Human PI3K- p85 DNA  
1 (SH3) Forward ATTGGATCCATGAGTGCTGAGGGGTACCAGTACAG 
82 (PR1) Forward ATTGGATCCATCTCGCCTCCCACACCAAAGC 
111 (BH) Forward ATTGGATCCCAAGCTTTGACTCTCCCGGATCTTG 

321 (nSH2) Forward ATTGGATCCGGTATGAATAACAATATGTCCTTAC 

322 (nSH2) Forward ATTGGATCCATGAATAACAATATGTCCTTACAA 

431 (iSH2) Forward ATTGGATCCTACCAACAGGATCAAGTTGTCAAAGA 

601 (cSH2) Forward ATTGGATCCGAAAACACTGAAGACCAATATTCACTGG 

724 (cSH2) Reverse ATTGCGGCCGCTCATCGCCTCTGCTGTGCATATACTG 

694 (cSH2) Reverse ATTGCGGCCGCTCACAGTTCTTTCAGAGAGCTGTACAAG 

600 (iSH2) Reverse ATTGCGGCCGCTCATTTGGATACTGGATAAAGTAATTTCACAT 

432 (nSH2) Reverse ATTGCGGCCGCTCATTGGTATTTGGATACTGGATAAAG 
 
Table 17: The p85-iSH2 primers that we have designed using Bos Taurus PI3K-p85 DNA to clone into pET28 
vector. 
  

Name of the primer Primers Sequence (5’-3’)- Bos Taurus PI3K- p85 DNA  
433 Forward TACCAACAGGATCAAGTTGTCAAAG 
610 Reverse CACTGAAGACCAATATTCGCTGGTA 

 
 
 
PCR construction of different p85 constructs: 
 
We have managed to obtain all the different fragments of Human PI3K-p85 DNA constructs 

(Figure 58). These constructs were confirmed by sequencing DNA to sanger sequencing at 

KAUST.  
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Figure 58. The PCR products of different p85 constructs cloned. (A). Agarose gel shows the PCR products of 
p85 FL (lane 1), p85DSH3 (lane 2), p85- BH.nSH2.iSH2.cSH2 (lane 3), p85-SH3.BH.nSH2.iSH2 (lane 4), p85-
BH.nSH2.iSH2 (lane 5), p85-SH3.BH.nSH2 domain (lane 6), p85-BH.nSH2 domain (lane 7), and p85-
nSH2.iSH2.cSH2 domain (lane 8), p85-nSH2.iSH2 (lane 9), p85-iSH2.cSH2 domain (lane 10), p85-nSH2 domain 
(lane 11), p85-iSH2 domain (lane 12), and p85-cSH2 domain (lane 13).  (B). Agarose gel of constructs p85-nSH2 
(lane 1), p85-iSH2 (lane 2), p85-cSH2 (lane 3). (C). Agarose gel shows the confirmation PCR products of Bos 
Taurus p85-iSH2. 
 
Design of additional engineered p85 genes  
 
We have designed different fragment of p85 into pJEx411c vector with 8 His-tag. Those 

constructs are codon optimize that we ordered from TWIST company.  

These constructers aim to complete the biophysical analysis of p85 dimerization using 

ITC, MST (for better His-tag Labelling), AFM (Spy-tag in the iSH2 loop, N-terminal, and C-

terminal; to collected the distance of our p85 dimer), Biacore and CryoEM. Below, a 

summary of the different engineered p85 fragments:  

Table 18: The Synthetic engineered p85 different fragment 

Experiment Name of construct Kilobase Source 

AFM & CryoEM 

N-Histag-p85-FL 2208  
 
 
 
 
TWIST 

N-Spytag-Histag-p85-FL 2259 
p85FL-C-Spytag-Histag 2268 
p85FL-Spytag-loop-Histag 2331 
p85 Delta SH3-C-Histag 1968 

MST, Biacore, NMR and 
ITC 

PR1.BH.PR2 792 
BH (W198T) 639 

BH (M176A) 639 

BH.nSH2 1005 

nSH2.iSH2.cSH2 1251 

nSH2.iSH2 882 

iSH2.cSH2 921 

 

Expression and purification of p85 constructs: 

Most p85 protein constructs were expressed in Escherichia coli Bl21 (DE3) cells using 

expression plasmid pGEX with N-terminal GST tag (except 3 constructs from PEPC9 and iSH2 
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were expressed with N-terminal His-tag). Bacterial cells were cultured in Luria Broth (LB) 

containing 100 μg/ml ampicillin at 37°C and induced at OD = 0.6 with 0.5 mM isopropyl-β-

D-thio-galactoside (IPTG) and then incubated overnight at 20°C. The harvested cells of p85α 

was resuspended in 75 mM Tris (pH 8.0), 500 mM Nacl, 2 mM DTT, 1 tablet protease inhibitor 

(Roche), 1% triton and 0.4 mg/ml lysozyme lysed using sonication and cleared by spinning for 

35 min. The eluted proteins were dialyzed into 50 mM Tris (pH 8.0), 150 mM NaCl, 2mM 

EDTA, and 2 mM DTT (Sivashanmugam, Murray et al. 2009).  

The p85ΔSH3 bacterial cells were cultured in Luria Broth (LB) containing 100 μg/ml 

ampicillin at 37°C and induced at OD = 0.6 with 0.2 mM isopropyl-β-D-thio-galactoside 

(IPTG) and then incubated for 6 H at 30°C. The harvested cells of p85 ΔSH3 was resuspended 

in 75 mM Tris (pH 8.0), 200 mM Nacl, 2 mM EDTA, 5 mM DTT, 1 tablet protease inhibitor 

(Roche), 0.4% triton and 0.2 mg/ml lysozyme lysed using sonication and cleared by spinning 

for 35 min. The eluted proteins were dialyzed into 50 mM Tris (pH 8.0), 200 mM NaCl, 2mM 

EDTA, and 5 mM DTT. The other p85α fragments construct we harvested cells and 

resuspended in 50 mM Tris (pH 8.0), 150 mM NaCl, 2 mM DTT, 1 tablet protease inhibitor 

(Roche), and 0.4 mg/ml lysozyme lysed using sonication and cleared by spinning for 35 min. 

Proteins were first purified by immobilized GST affinity column using standard procedures. 

Samples were further purified using a Superdex200 16/600 (GE Healthcare) size-exclusion 

chromatography. The buffer used was 50 mM Tris (pH 8.0), 150 mM NaCl, 2 mM DTT, and 

2 mM EDTA. Fractions containing pure proteins were collected and concentrated 

(Sivashanmugam, Murray et al. 2009).  
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Summary of expression and purification of p85 constructs 

p85 full-length: we expressed p85 at 8 liters of culture at 37°C and induced at OD = 0.6 with 

0.5 mM IPTG at 20°C and incubated overnight. Proteins purified using GST-column followed 

by AKTA pure gel filtration and mono Q column then analyzed by native gel (Figure 59). 

 
 
Figure 59. (A). Summary of expression and purification steps of p85 full-length. (B). Mono Q (top) and gel 
filtration Superdex 200 (bottom) protein purification profile. (C). The top gel shows the native gel after the mono 
Q purification; the bottom gel shows the protein after the Superdex 200 purification.  
  
 
p85-∆SH3: was expressed at 8 liters of culture at 37°C and induced at OD = 0.6 with 0.2 mM 

IPTG at 30°C and incubated for 6 hours. p85-∆SH3 purified using GST-column followed by 

AKTA pure gel filtration and mono Q column then analyzed by SDS-PAGE gel (Figure 60). 
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Figure 60. (A). Summary of expression and purification steps of p85∆SH3. (B). Gel filtration (Superdex 200) 
protein purification profile. (C). SDS-PAGE gel of p85∆SH3 after the gel filtration purification.  
 

p85-BH.nSH2.iSH2.cSH2: we expressed at 8 liters of culture at 37°C and induced at 

OD = 0.6 with 0.25 mM IPTG at 18°C and incubated overnight. p85-BH.nSH2.iSH2.cSH2 

purified using GST-column in room temperature followed by AKTA pure gel filtration and 

mono Q column then analyzed by SDS-PAGE gel (Figure 61). 

 
 

 
Figure 61. (A). Summary of expression and purification steps of p85-BH.nSH2.iSH2.cSH2. (B). Gel filtration 
(Superdex 200) protein purification profile. (C). SDS-PAGE gel of p85-BH.nSH2.iSH2.cSH2 after the gel 
filtration purification.  
 

p85-SH3.BH.nSH2: we expressed at 3 liters of culture at 37°C and induced at OD = 

0.7 with 0.25 mM IPTG at 20°C and incubated overnight. p85-SH3.BH.nSH2 purified using 

GST-column in room temperature followed by AKTA pure gel filtration then analyzed by 

SDS-PAGE gel (Figure 62). 
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Figure 62. (A). Summary of expression and purification steps of p85-SH3.BH.nSH2. (B). Gel filtration (Superdex 
200) protein purification profile. (C). SDS-PAGE gel of p85-SH3.BH.nSH2 after the gel filtration purification.  
 

p85-SH3.BH.nSH2.iSH2: we expressed at 8 liters of culture at 37°C and induced at OD 

= 0.7 with 0.5 mM IPTG at 20°C and incubated overnight. p85-SH3.BH.nSH2.iSH2 purified 

using GST-column in room temperature followed by AKTA pure gel filtration and mono Q 

column then analyzed by SDS-PAGE gel (Figure 63). 

 
Figure 63. (A). Summary of expression and purification steps of p85-SH3.BH.nSH2.iSH2. (B). Mono Q (top) 
and gel filtration Superdex 200 (bottom) protein purification profile. (C). The top image shows the SDS-PAGE 
gel after the Mono Q purification; the bottom gel shows the protein after the gel filtration purification.  
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 p85-BH.nSH2.iSH2: was expressed at 8 liters of culture at 37°C and induced at OD = 0.6 with 

0.5 mM IPTG at 20°C and incubated overnight. Proteins purified using GST-column followed 

by mono Q column and gel filtration column and then analyzed by SDS-PAGE gel (Figure 64). 

Figure 64. (A). Summary of expression and purification steps of p85-BH.nSH2.iSH2. (B). Gel filtration 
(Superdex 75) protein purification profile. (C). 10% SDS-PAGE gel after the Superdex 75 purification. 

 
p85-BH.nSH2: we expressed at 4 liters of culture at 37°C and induced at OD = 0.7 with 

0.25 mM IPTG at 20°C and incubated overnight. p85-BH.nSH2 purified using GST-column in 

room temperature followed by AKTA pure gel filtration then analyzed by SDS-PAGE gel 

(Figure 65). 

 

 
Figure 65. (A). Summary of expression and purification steps of p85-BH.nSH2. (B). Gel filtration (Superdex 
200) protein purification profile. (C). SDS-PAGE gel of p85-BH.nSH2 after the gel filtration purification.  
 

p85-nSH2.iSH2.cSH2: was expressed at 6 liters of culture at 37°C and induced at OD 

= 0.6 with 0.5 mM IPTG at 20°C and incubated overnight. Proteins purified using GST-column 

followed by Mono Q column (here we modified the protocol) the protein PI is not suitable for 

mono Q, and it does not attach to column; however, un-purity proteins attach to column which 
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allow us to get the p85-nSH2.iSH2.cSH2 protein in flow throw in highly pure percentage. 

Therefore, we are using mono Q and gel filtration column and then analyzed by SDS-PAGE 

gel (Figure 66). 

 

Figure 66. (A). Summary of expression and purification steps of p85-nSH2.iSH2.cSH2. (B). Gel filtration 
(Superdex 200) protein purification profile. (C). 12% SDS-PAGE gel after the Superdex 200 purification. 
 
p85-nSH2.iSH2: was expressed at 8 liters of culture at 37°C and induced at OD = 0.6 with 0.5 

mM IPTG at 20°C and incubated overnight. Proteins purified using GST-column followed by 

Mono S column and gel filtration column and then analyzed by SDS-PAGE gel (Figure 67). 

 

 

Figure 67. (A). Summary of expression and purification steps of p85-nSH2.iSH2 (B). Gel filtration (Superdex 
200) protein purification profile. (C). 12% SDS-PAGE gel after the Superdex 200/75 purification. 
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p85-iSH2.cSH2: was expressed at 8 liters of culture at 37°C and induced at OD = 0.6 with 0.5 

mM IPTG at 20°C and incubated overnight. Proteins purified using GST-column gel filtration 

column and then analyzed by SDS-PAGE gel (Figure 68). 

 

 
Figure 68. (A). Summary of expression and purification steps of p85-iSH2.cSH2. (B). Gel filtration (Superdex 
200/75) protein purification profile. (C). 12% SDS-PAGE gel after the Superdex 200/75 purification. 
 
 
Expression and purification of the HIV-1 Nef 

The full-length HIV-1 Nef LAI-1 and Nef core proteins were expressed in E. coli BL21 (DE3) 

cells using expression plasmid pGEX-2T with N-terminal GST tag. The HIV-1 Nef SF2 

proteins were expressed in Escherichia coli BL21 (DE3) cells using expression plasmid 

pET23d with N-terminal his-tag. All the bacterial cells were culture in LB containing 100 

μg/ml ampicillin at 37°C and induced at OD = 0.6 with 0.5 mM isopropyl-β-D-thio-galactoside 

(IPTG) at 18°C and incubated overnight. The full-length HIV-1 Nef LAI-1 and Nef core 

proteins were purified in same way p85 constructs were purified (Franken, Arold et al. 1997).  

The HIV-1 SF2 cells were harvested and suspended in 50 mM Tris (pH 8.0), 100 mM Nacl, 

0.5 mM phenylmethyl-sulfonyl fluoride Pefabloc (Sigma), and 2 mM DTT, and 0.4 mg/ml 

lysozyme lysed using mild sonication and cleared by spinning for 35 min at 18,000xg. Nef SF2 

proteins were purified by immobilized nickel affinity column using standard procedures, 

followed by a Superdex75 16/600 (GE Healthcare) size-exclusion chromatography. Fractions 

containing pure proteins were pooled and concentrated. The pure protein was kept in 50 mM 

Tirs (pH 8.0), 150 mM Nacl, 2mM EDTA, and 2 mM DTT buffer. 
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Summary of expression and purification of the HIV-1 Nef constructs 

Nef core: we expressed Nef core at 4 liters of culture at 37°C and induced at OD = 0.6 with 0.5 

mM IPTG at 18°C and incubated overnight. Proteins purified using GST-column followed by 

AKTA pure gel filtration then analyzed by SDS-PAGE gel. 

Nef SF2: was expressed at 6 liters of culture at 37°C and induced at OD = 0.6 with 0.5 mM 

IPTG at 18°C and incubated overnight. Proteins purified using Ni-beads-column followed by 

Mono Q and Superdex 75 then analyzed by SDS-PAGE gel (Figure 69). 

 

Figure 69. Summary of expression and purification steps of the HIV-1 Nef core and SF2. (A). The gel filtration 
(Superdex 75) protein purification profile for the HIV-1 Nef core, and the SDS-PAGE gel after the gel filtration 
Superdex 75. (B). The protein purification profile for the HIV-1 Nef SF2.  
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Table 19: Summary of MW, number of amino acids and PI of proteins that we have designed. 
 

Name of construct Number of amino acids  Theoretical pI  MW 

p85  732 5.76 84282.03 

p85-DSH3 643 6.18 74318.05 

SH3-iSH2  608 5.81 70165.50 

BH-iSH2  498 6.55 57998.11 

nSH2.iSH2cSH2  408 6.48 48124.81 

nSH2.iSH2  284 8.35 34008.28 

Nef core 150 5.30 17615.89 

Nef SF2 222 6.06 25414.60 

 

5.2 Microscale thermophoresis (MST) 

For MST, we have used two different labeling techniques. We labeled the N-terminal region 

of (p85α-SH3.BH.nSH2.iSH2, and p85α-BH.nSH2.iSH2) proteins with Alexa 647, according 

to the protocol provided by the manufacturer (Nanotemper technologies, Germany). Also, 

p85αΔSH3 were labeled with Alexa fluor 647 carboxylic acid, succinimidylester according to 

the manufacturer’s protocol. Labeled proteins were kept at 50 nM in 20 mM HEPES pH (8.0), 

150 mM NaCl, 2 mM EDTA. The unlabeled protein was titrated starting at 40 µM in reaction 

buffer 50 mM Tris pH (7.4), 150 mM NaCl, 10 mM MgCl2, 0.05% Tween 20 and 2 mM DTT. 

The measurements were performed at 20% LED power and 60% MST power on NanoTemper. 

Data were analyzed using Analysis Software provided by Nanotemper technologies, Germany 

(Cheung, Walkiewicz et al. 2015).  

 
5.3 Isothermal titration calorimetry (ITC) 
 
The titrations between the HIV-1 Nef core protein and p85α-nSH2.iSH2 was performed using 

an MicroCal ITC200 (GE Healthcare). The HIV-1 Nef core protein and p85α-nSH2.iSH2 was 

dialyzed in degassed ITC buffer 20 mM Tirs (pH 8.0), 150 NaCl, 2mM EDTA, 2 mM DTT. 
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The experiments were performing at three different temperature 25°C, 15°C, and 10°C to 

titrations the Nef core by injecting protein of different concentration of 25 μM and 23 μM into 

the measurement cell that contained p85α at a concentration of 23 μM. The measurements and 

data were analyzed using Analysis Software provided by ITC Origin program.  

5.4 Small angle X-ray scattering (SAXS) 

Experiments were performed at the SWING beamline (SOLEIL, Saint-Aubin, France), using 

the Biology Laboratory 1 (proposal number 20170193). The wavelength was set to λ = 1.03 Å. 

The distance of the sample to the detector was 1.8 m, resulting in the momentum transfer range 

of  0.01 Å−1 < q < 0.5 Å−1. Between 30 and 50 μL of protein was used. For each sample, two 

concentrations and two buffer blanks were measured. Protein and buffer data were selected and 

averaged. Buffer data were subtracted from the protein data using SWING’s on-site software. 

Programs of the ATSAS suite (Franke, Petoukhov et al. 2017) were used for data processing, 

Guinier plots, distance distributions (PRIMUS), model fitting (CRYSOL), and figure 

preparation (SASPLOT). 

 
5.5 X-ray crystallography  
 
Crystal trials of p85 and Nef constructs were set up as sitting drops, using a Mosquito Robot (KAUST 

Bioscience core lab). Crystallization tests were carried out using commercially available crystallisation 

kits (Hampton Research). Crystals were tested at the SOLEIL beamlines PROXIMA I and IIA. 

 
5.6 Nuclear magnetic resonance (NMR) 
 
Protein expression and purification:  
 
The Fyn SH3 WT and the mutants constructs of SH3 R96I and SH3 R96W protein were 

expressed in E.coli Bl21 (DE3) cells using expression vector with His-tag in C-terminal (except 

SH3 R96W were expressed plasmid pGEX with N-terminal GST tag ). Bacterial cells were 

cultured in 1 liter of M9 medium that contains 1g of 15N ammonium chloride and 2 g of 13C D-

GLUCOSE at 37°C and induced at OD = 0.6 with 0.4 mM isopropyl-β-D-thio-galactoside 
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(IPTG) and then incubated overnight at 25°C. The cells of Fyn SH3 WT and SH3 R96I were 

harvested and suspended in in 50 mM Tris (pH 8.0), 500 mM NaCl, 2 mM DTT, 1 tablet 

protease inhibitor (Roche), 1% triton and 0.4 mg/ml lysozyme lysed using mild sonication and 

cleared by spinning for 35 min at 28,000xg. Proteins were purified by immobilized nickel 

affinity column using standard procedures, followed by a Superdex75 16/600 (GE Healthcare) 

size-exclusion chromatography. Fractions containing pure proteins were pooled and 

concentrated. 

The p85-Delta SH3 were expressed in E-coli cells using a pGEX-6-P-1 vector with N-terminal 

GST tag. Bacterial cells were cultured in 1 liter of YT medium at 37°C and induced at OD = 

0.6 with 0.4 mM isopropyl-β-D-thio-galactoside (IPTG) and then incubated overnight at 18°C. 

The cells were harvested and suspended in in 50 mM Tris (pH 8.0), 200 mM NaCl, 2 mM DTT, 

1 tablet protease inhibitor (Roche), 1% triton and 0.4 mg/ml lysozyme lysed using mild 

sonication and cleared by spinning for 35 min at 35,000xg. Proteins were purified by 

immobilized GST column using standard procedures, followed by Mono Q and Superdex200 

16/600 (GE Healthcare) size-exclusion chromatography. Fractions containing pure proteins 

were pooled and concentrated. 

Data recording: 

 All NMR experiments were performed on Bruker 700 MHz spectrometer. Protein samples 

were dialyzed into 20 mM Sodium Phosphate (pH 7.4), 150 mM Nacl, 1 mM TECP, and 

0.02% Sodium Azide.  1H-15N- 13C HSQC experiments were performed on 15N- 13C labelled 

SH3 domains at 500 µM, in samples containing 10% D2O. Titrations were performed by 

adding varying amounts of unlabeled peptide (p85 PR-1) in ratio of (0.5, 1:1, 1:2, 1:4, 1:8, 

1:16) for all samples.   

 

5.7 Chemical Cross-linking 

Protein cross-linking: 
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Protein cross-linking was performed using the following cross-linkers: disuccinimidyl suberate 

(DSS), bis(sulfosuccinimidyl) suberate (BS3), ethylene glycol bis(succinimidyl succinate) 

(EGS) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) together 

with N-hydroxysulfosuccinimide (Sulfo-NHS). Cross-linker were dissolved in either reaction 

buffer or dimethylformamide, accordingly to the recommendations from the supplier, at 10 

mM final concentration. 

Proteins were diluted to 10 µM with reaction buffer (20 mM HEPES, 150 mM NaCl, 

pH 7.5 or 100 mM MES, 500 mM NaCl, pH 6.0), final volume of 25 µL, and were cross-linked 

with BS3, DSS and EGS at pH 7.5 for 1 h, or cross-linked with EDC for 2 h at pH 6.0. The 

following cross-linker concentrations were used: 0.5 mM for BS3, DSS and EGS, and 2 mM 

for EDC with 3 mM Sulfo-NHS. Cross-linking reactions were quenched by the addition of Tris 

buffer pH 8.0 to a final concentration of 50 mM for 20 min. 

MS sample preparation: 

Proteins were precipitated from the sample solution with a 10-fold volume of cold acetone and 

leave overnight at -20 °C. Pellets were air dried and resuspended in urea buffer (8 M urea, 50 

mM TEAB, and pH 8.0). After reduction (5 mM TCEP, RT, 20 min) and alkylation (10 mM 

iodoacetamide, RT, 15 min), the samples were diluted to 2 M urea with 50 mM ammonium 

bicarbonate. Denatured proteins were digested with trypsin (1:50 enzyme:substrate, overnight 

at 37 °C), and the reactions were quenched with formic acid (2% final concentration). For 

digestion of EGS cross-link proteins, Tris buffer at pH 7.0 was used to prevent hydrolysis of 

EGS. Cross-link peptides were desalted using a 100 µL OMIX pipette tips (Agilent 

Technologies, Santa Clara, California) accordingly to the supplier. EGS cross-link peptides 

were diluted with water and injected directly for LC-MS/MS analysis. 

Mass Spectrometry analysis: 

NanoLC MS/MS analysis was performed using an on-line system consisting of a nano-pump 

UltiMate™ 3000 UHPLC binary HPLC system (Dionex, ThermoFisher) coupled to a Q-
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Exactive HF mass spectrometer (ThermoFisher, Germany). Peptides were resuspended in 3% 

ACN, 0.1% formic acid and 10 pmol (10 μL) was injected into a pre-column 300 µm×5 mm 

(Acclaim PepMap, 5 µm particle size). After loading, peptides were eluted to an Acclaim 

PepMap100 C18 capillary column (75 µm × 15 cm, 100 Å, 3 μm particle sizes). Peptides were 

eluted into the MS, at a flow rate of 300 nL/min, using a 40 min gradient from 7% to 38% 

mobile phase B. Mobile phase A was 0.1% formic acid in H2O and mobile phase B was 80% 

acetonitrile and 0.1% formic acid. The mass spectrometer was operated in data-dependent 

mode, with a single MS scan (350-1400 m/z at 60 000 resolution (at 200 m/z) in a profile mode) 

followed by MS/MS scans on the 10 most intense ions at 15 000 resolution. Ions selected for 

MS/MS scan were fragmented using higher energy collision dissociation (HCD) at normalized 

collision energy of 28% with an isolation window of 1.8 m/z. 

Identification of cross-links using pLink: 

The search parameters used for pLink were as follows (Ding et al 2016): instrument HCD, 

precursor mass tolerance 20 p.p.m., fragment mass tolerance 20 p.p.m., cross-linker BS3/DSS 

(cross-linking sites K and protein N terminus, cross-link mass-shift 138.0680796, mono-link 

mass-shift 156.0786442), EGS (cross-linking sites K and protein N terminus, cross-link mass-

shift 226.04774, mono-link mass-shift 244.0583), EDC (cross-linking sites K or protein N 

terminus with D or E, cross-link mass-shift -18.01056), for non-sulfhydryl cross-linker fixed 

modification C 57.02146, peptide length minimum 4 amino acids and maximum 100 amino 

acids per chain, peptide mass minimum 400 and maximum 10,000 Da per chain, enzyme 

Trypsin, two missed cleavage sites per chain (four per cross-link). 

The protein sequences of p85 construct were used for database searching, as appropriate. MS2 

spectra were labeled with pLabel, requiring 20 p.p.m. mass deviations. 

Bioinformatic analysis of the cross-linking:  

For all the analysis, crosslinks from the files with extensions: filtered_cross-linked_sites.csv 

(normal crosslinks), filtered_loop-linked_sites.csv (crosslinks within a single peptide), and 
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filtered_mono-linked_sites.csv (residues modified with the crosslinker but not crosslinked to 

another residue) were used. Since pLink reports multiple peptide matches for each crosslink, 

the crosslink with the best score (lowest value in the “Score” column) was used (top crosslink 

in the list). For each run, all three files were combined and formatted to a format compatible 

with xiNET server and XlinkAnalyzer. Since the protein sequences used for crosslinking had 

N-terminal tags or were fragments of the full protein, all residue numbers were renumbered to 

the UniProt numbering of full-length proteins. The following files were generated for 

visualization:  

• Nef_SF2-p85_all.xlinks.renamed.rescaled.csv 

• Nef_Core-p85_all.xlinks.renamed.rescaled.csv 

• p85_all.xlinks.renamed.rescaled.csv 

For the purpose of visualization, all scores were rescaled from the lower the better to the higher 

the better (new_score = 1 – old_score) since xiNET server and XlinkAnalyzer score filtering 

assumes the higher score is better. Crosslinks were visualized using xiNET server 

(http://crosslinkviewer.org/index.php). 

5.8 Analytical ultracentrifugation (AUC): 

Sedimentation Velocity  

Sedimentation Velocity data was acquired using a Beckman XL-A analytical ultracentrifuge 

equipped with absorbance optics, using a two-channel Epon centerpiece and an An-60 rotor. 

P85 mutant samples at a series of concentrations ranging from 2 to 0.2 mg/ml were loaded at 

5 °C in a buffer containing 20 mM Sodium phosphate, pH 8, 2 mM EDTA, 5 mM DTT and 

150 mM NaCl. The rotor speed for all experiments was 50000 rpm and scans collected at 280 

nm every 5. The sedimentation velocity data was analyzed using the program Sedfit (Schuck 

1998) version 15.1. The resulting c(s) distributions were corrected to 20 °C and water (s20,w) 

using standard procedure (Cole, Lary et al. 2008).  

Sedimentation Equilibrium  
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Sedimentation Equilibrium. Sedimentation equilibrium was carried with the same buffer 

conditions as the sedimentation velocity experiments. The samples were spun to sedimentation 

equilibrium at 280 nm on a Beckman XL-A analytical ultracentrifuge with a 2-channel Epon 

centerpiece. Three different protein concentrations (1.5 (2.3), (1.8) 0.8 and 0.3 (0.9) mg/ml) 

were allowed to reach equilibrium at 4 °C and at sedimentation speeds of 14000, 18000, 20000 

and 22000rpm. Samples were assessed to have reached equilibrium by successive subtraction 

of scans. Baseline scans were obtained at 450 nm, where the protein has zero absorbance. 

Sedimentation Equilibrium data were assembled and sorted in Sedfit-MStar(Schuck, Gillis et 

al. 2014) and analyzed using Sedfit-MStar (Schuck, Gillis et al. 2014) (molecular weights) and 

Sedphat (Zhao, Piszczek et al. 2015) (dissociation constants).  

Density Viscosity and Partial Specific Volume 

Buffer density and viscosity were calculated on the basis of the salt composition and the 

temperature of the buffer as implemented in Sednterp (Laue, Shah et al. 1992). The partial 

specific volume for p85 mutant construct was calculated from the amino acid sequence (0.732 

mL/g)(Laue, Shah et al. 1992).  

5.9 Electron microscopy 

Samples at 10 µM concentration were adsorbed to freshly glow-discharged grids (Cu-400CN 

pre-coated with thin carbon film; Pacific Grid Tech). After negative staining with 2% uranyl 

acetate, transmission electron microscopic images were collected on a Titan G2 80-300 CT 

microscope (FEI) operated at 300 kV. Fifty micrographs were acquired at a nominal defocus 

of 1.0 to 2.5 µm and at a nominal magnification of 96.000x (2.3 Å/pix). Image processing was 

performed using relion2.1. Particle images were manually identified to generate reference-free 

class averages. Projections were also simulated for pdb files using relion for comparison with 

the class-averages.
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