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Investigation of binding preferences and identification of novel binding 

partners for the SH3 domains of the multifunctional adaptor protein 

CD2AP 

Evgenia  Rouka  

University College, Submitted for the DPhil degree, Hilary 2014 

Abstract 

CD2AP is a member of the CD2AP/CIN85 family of adaptors and involved in 

several cellular processes, such as kidney podocyte development, 

actin-mediated membrane trafficking and T-cell activation. It contains three 

SH3 domains whose binding properties and interaction partners remain 

largely unexplored.  

The CD2AP SH3 interaction with the novel partner Rab5-activating GEF RIN3 

was studied extensively by isothermal titration calorimetry (ITC), peptide 

scanning arrays, mutagenesis and X-ray crystallography. Mapping of the 

interaction regions showed that human RIN3 contains two binding sites for the 

CD2AP SH3 domains. From these studies, the CD2AP SH3 recognition motif 

P-x-P/A-x-x-R emerged. Two crystal structures (1.65 ¡ and 1.2 ¡) of the 

SH3-1 and SH3-2 domains in complex with RIN3 epitopes 1 and 2 

respectively revealed that these residues serve as anchoring points. With the 

aid of bioinformatics tools, this motif was used to conduct a peptide array-

based screen for additional signalling partner candidates. One of the hits was 

the Arf-GAP ARAP1. ITC data indicate that the three SH3 domains 

differentially recognise three ARAP1 epitopes, with the first ARAP1 epitope 

binding to SH3-2 in the nanomolar range. A crystal structure (1.6 ¡) of the 

SH3-2 domain in complex with the first ARAP1 epitope implicates two 

additional anchoring residues that extend beyond the PPII helical region of the 

canonical motif. The CD2AP/ARAP1 interaction was confirmed in podocytes 

and cancer cells at the endogenous protein level. Even though RIN3 and 

ARAP1 are involved in membrane trafficking, a direct link to CD2AP had not 

been reported before. Other candidates from the peptide array analyses were 

also investigated by ITC. 

In conclusion, this study led to the elucidation of the CD2AP SH3-1 and 

SH3-2 domain binding signatures and the identification of putative novel 

binding partners for all three SH3 domains. Lastly, insight was gained into the 

binding preferences of CD2AP SH3-3. 
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Chapter 1: Introduction 

1.1 Cell Signalling 

Cells need to constantly monitor their environment in order to be able to 

survive and grow. Nutrients, growth factors, hormones, light, temperature, pH 

or pathogens are among the environmental parameters that cells sense and 

respond to. The cell-sensing mechanisms include a large number of receptor 

families, often located on the cell surface, such as receptor tyrosine kinases 

(RTKs), G-protein-coupled receptors (GPCRs), T-cell receptors (TCR) and the 

transforming growth factor ɓ (TGFɓ) superfamily (Acuto et al. 2008, Lemmon 

et al. 2010, Audet et al. 2012, Wrana 2013). Apart from external sensing 

mechanisms, cells have developed internal sensors as well. For instance, 

cells sense DNA damage through nuclear protein complexes, such as the 

Mre11-Rad50-Nbs1 (MRN) complex (Lee et al. 2005). Another example is the 

regulation of oxygen homeostasis by the hypoxia-inducible factor 1 (HIF-1) 

and HIF-prolyl 4-hydroxylases (HIF-P4Hs) (Semenza 2007).  

Different cells have developed a variety of complex signalling networks to 

integrate and further process these signals in a highly coordinated manner. As 

an example, key components of the EGF (epidermal growth factor) receptor 

pathway and their multiple roles are depicted in Figure 1.1. Signalling is 

mediated by small molecules, such as ions, phospholipids and peptides as 

well as numerous proteins. Also, various types of smaller or longer non-

protein-coding RNA molecules are implicated in gene expression regulation 

and cell defence mechanisms (Carthew et al. 2009, Malone et al. 2009, 

Ponting et al. 2009). The outputs resulting from the ócomputationalô processes 
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within signalling networks are typically appropriate cellular responses, such as 

changes in cell metabolism, proliferation and differentiation. Membrane 

trafficking is also instrumental for the balance between the degraded and 

recycled receptors that control these cellular processes (Grant et al. 2009, 

Goh et al. 2013).  

 

 

Figure 1.1  

Complexity of cell signalling networks. 

The epidermal growth factor receptor (EGFR) intracellular pathway is implicated in 
different cellular processes. A selection of key components and their roles are 
depicted (Lemmon et al. 2010). 

 

1.2 Signal processing in protein complexes 

Intracellular signal processing commonly occurs in large multi-protein 

complexes. It depends to a significant degree on the proper activity of 

enzymes, which respond to environmental cues and transform the information 

into appropriate functional outputs (Pawson et al. 2003). For example, the 

protein kinase superfamily consists of roughly 520 members in Homo sapiens 

that phosphorylate their target proteins. Phosphorylation is the addition of a 

phosphate group to Tyr, Thr and Ser in eukaryotes. Generally, 
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phosphorylation occurs also on Asp or His in prokaryotes (Fischer et al. 1955, 

Deribe et al. 2010). 1.7% of eukaryotic genes are devoted to protein 

phosphorylation. Out of the 520 human protein kinases, 90 kinases are 

tyrosine kinases and 50 kinases may lack catalytic activity (Manning et al. 

2002). Protein phosphatases, another enzyme superfamily, dephosphorylate 

their targets. There are 140 protein phosphatases in Homo sapiens (Tonks 

2006, Shi 2009). The perturbation of protein phosphorylation, which is 

regulated by kinases and phosphatases, may lead to disease, such as 

cancer. This shows how critical the control of these processes is and the need 

to have a good understanding of their regulation (Futreal et al. 2004, Deribe et 

al. 2010). For a long time, the catalytic domains of these enzymes were 

thought to be the sole elements critical for enzymatic activity. However, it is 

now well understood that such enzymes frequently contain other segments, 

which are also critical for target recognition and multi-protein complex 

formation (Pawson et al. 2003, Good et al. 2011). These segments interact 

with regulatory signalling proteins, which lack catalytic activity and exclusively 

mediate protein-protein interactions. They are classified into three broad and 

partially overlapping categories: adaptor, scaffold and large multi-site docking 

proteins (Figure 1.2). Adaptor proteins bridge two signalling proteins. This is 

done by establishing direct (Figure 1.2A) or indirect interactions between the 

signalling proteins and inducing signalling cascades. Scaffold proteins serve 

as signalling platforms, in which two or more signalling partners of a pathway 

bind to (Figure 1.2B). Docking proteins also serve as signalling platforms, but 

in a phosphorylation-dependent manner, and are found in the cell plasma 

membrane, or they translocate to the membrane upon activation. Once 
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located in the plasma membrane, they may bind to activated receptors and 

activate further one or more signalling pathways (Figure 1.2C) (Buday et al. 

2010, Simister et al. 2012). 

 

Figure 1.2 

Schematic diagrams of non-catalytic mediators of protein-protein interactions. 

Adaptors (A), scaffolds (B) and large multi-site docking proteins (C): Structured 
domains are represented by rectangles; unstructured (intrinsically disordered) 
regions are shown as black lines. Oval shapes represent interaction partners. Please 
note that some docking proteins lack any folded domains and are stably inserted into 
the plasma membrane. 

 

The formation of multi-protein complexes is controlled spatially and temporally 

(Good et al. 2011) (Figure 1.3A). Typically these complexes are formed in an 

environment characterized by macromolecular crowding (Gershenson et al. 

2011). Protein concentrations in the cytoplasm of cells can apparently reach 
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up to 300 mg/ml (Figure 1.3B). Therefore, it is challenging for each protein to 

recognise its targets and to avoid binding non-specifically to other proteins 

(McGuffee et al. 2010).  

 

Figure 1.3 

Cell compartmentalization and macromolecular crowding are two of the factors 
that prominently affect cell signalling. 

A, Schematic structure of a cell. Black solid line: cell membrane; grey shapes: cell 
compartments; coloured circles: proteins. B, Model of the E. coli cytoplasm and its 
components (McGuffee et al. 2010). 

 

To achieve a high level of specificity, cells might use adaptors and related 

molecules (Good et al. 2011). These interact through their protein interaction 

domains (PIDs), of which more than 200 have been reported so far (Letunic et 

al. 2012). PIDs are characterised by independent folds, which recognise 

lipids, post-translationally modified motifs, other target motifs or nucleic acid 

sequences. A selection of inducible and non-inducible PIDs and their typical 

recognition motifs are depicted in Figure 1.4.  

For instance, SH2 (Src Homology 2) domains recognise specific motifs that 

contain a phosphorylated Tyr residue, while SH3 (Src homology 3) domains 
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typically recognise proline-rich motifs (Pawson et al. 2003). Domains can bind 

to other domains, short linear motifs in their target proteins, or, less often, to 

composite epitopes. Domain-domain interactions are often characterised by 

large contact surfaces and tight binding. On the other hand, domain-epitope 

interactions are commonly characterised by smaller contact interfaces and 

moderate affinity. This allows the quick assembly and disassembly of the 

interactors, which is a prerequisite for highly dynamic signalling processes 

(Stein et al. 2009). 

 

Figure 1.4 

Selected protein interaction domains (PIDs), which provide non-inducible (A) 
or inducible (B) associations, and their recognition sequences.  

Domains: oval shapes; Domain targets: rectangular shapes. 

 

Prior to binding, linear peptides can be structured or disordered. When the 

peptides are structured, they adopt secondary structures, such as 310 and 

poly-L-proline-II (PPII) helices (London et al. 2010) (Figure 1.5). Such helical 

structures are not predicted by standard structure prediction programs 

(Simister et al. 2012). The 310 and PPII helices are the third most frequent 

(2-3%) protein secondary structure elements after the Ŭ-helix and ɓ-strand. 

The left-handed PPII helix is characterised by three residues per turn 

(Adzhubei et al. 2013). The right-handed 310 helix also has three residues per 
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turn. Hydrogen bonds between residues i and i+3 are critical for its formation 

leading to a 10-atom ring structure (hence the name 310 helix). 310 helices of 

increasing length become thinner and irregular (i.e. exhibit varied 

stereochemical parameters) compared to short, regular 310 helices. This 

makes them inherently unstable. Due to their instability, 310 helices are usually 

only up to eight residues long (Pauling et al. 1951, Enkhbayar et al. 2006, 

Vieira-Pires et al. 2010).  

 

Figure 1.5 

Helical secondary structures in proteins.  

A, Ŭ-helix; B, 310 helix; C, poly-L-proline II (PPII) helix (Vieira-Pires et al. 2010). 

 

The high number of PIDs enables the interaction between different proteins 

leading to different functions. Also, point mutations within the PID recognition 

motifs may result in the rewiring of existing signalling networks and the 

formation of new ones (Good et al. 2011). For example, p53 mutations lead to 

mutant p53 proteins with oncogenic activity rather than mutants, which have 

only lost their wild-type tumour suppressing activity (Muller et al. 2013). These 

characteristics, which enable plasticity in signalling networks, could potentially 

lead to a lack of specificity in some cases. However, cells appear to be able to 

exploit the plasticity offered by PIDs without compromising their specificity 

(Good et al. 2011). This is achieved by multiple, complementary mechanisms. 
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PIDs have different sequences, folds, and recognition motifs. However, it 

should be noted that different PIDs have been reported to recognise identical 

recognition motifs (Kaneko et al. 2011). Another mechanism is the co-

enrichment of regulatory signalling proteins in specific compartments. For 

example, membrane trafficking leads to the recycling or degradation of cell 

surface receptors by vesicle transport. Therefore, membrane trafficking 

regulates signalling by receptors and their biological responses. The formation 

of complexes of specific scaffold and related molecules is critical for proper 

vesicle sorting (Palfy et al. 2012). Moreover, the affinity of PIDs for their 

partners contributes to specificity. The low-to-moderate affinities of their 

interactions require that several interactions have to be combined in a timely 

fashion to lead to a biological response (Good et al. 2011). Moreover, post-

translational modifications of proteins, such as phosphorylation and 

ubiquitinylation, and their recognition by specific PIDs, regulate signal 

transduction and contribute to many cellular processes (Deribe et al. 2010).  

Numerous experimental and computational methods are employed to find 

novel protein-protein interactions, such as yeast two-hybrid screens, affinity 

purification and co-evolution pattern searches. Each method has advantages 

and drawbacks. Also, all methods are characterised by significant levels of 

false positives (30-60%) and false negatives (40-80%). This may result from 

protein misfolding, degradation or nonselective interactions (von Mering et al. 

2002, Aloy et al. 2006, Liu et al. 2012). Therefore, a combination of several 

different methods increases confidence that the discovered protein-protein 

interactions are important in vivo.  
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In this thesis, peptide array overlay blots, isothermal titration calorimetry, 

protein X-ray crystallography and co-immunoprecipitations were used to 

detect and confirm novel SH3 domain-mediated protein-protein interactions 

and uncover the SH3 binding modes. 

1.3 Proline-rich sequence recognition domains (PRDs) 

Proline-rich sequences are abundant in prokaryotes and eukaryotes (Rubin et 

al. 2000, Chandra et al. 2004), and participate in the formation of many 

protein complexes (Freund et al. 2008). As mentioned earlier, modular 

domains are the building blocks of proteins with adaptor, scaffold or docking 

functions. A number of modular domains that recognise proline-rich 

sequences have been identified: SH3 (Src homology 3) (Mayer et al. 2004), 

WW (named after two signature tryptophan residues) (Macias et al. 2002), 

UEV (ubiquitin E2 variant) (Pornillos et al. 2002), EVH1 (Enabled/VASP 

[vasodilator-stimulated protein] Homology-1) (Peterson et al. 2006), GYF 

(named after the conserved Gly-Tyr-Phe tripeptide) (Kofler et al. 2006), CAP 

(cytoskeleton-associated protein)-Gly (Saito et al. 2004) domains and profilin 

(Mahoney et al 1999).  

SH3 and WW domains are the most abundant PRDs in the human proteome 

(Castagnoli et al. 2004). Even though they differ in their three-dimensional fold 

and amino acid sequence, they both contain crucial aromatic residues, which 

form hydrophobic grooves that bind to their ligands. These PRDs bind 

typically to ligands adopting a PPII helical conformation with an affinity of 

0.1-500 ɛM. This conformation was initially identified in proline-rich stretches. 

However, segments that lack prolines can also adopt this conformation and 
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bind to PRDs. The propensity of the PPII helix to be formed at the protein 

surface contributes to its participation in PRD-mediated interactions (Li et al. 

2005, Freund et al. 2008). The 2-fold rotational pseudosymmetry of the PPII 

helix allows it in principle to bind to PRDs in opposite directions. PPII helices 

are found in ordered as well as disordered protein regions (Adzhubei et al. 

1987, Adzubei et al. 2013).  

Even though PRDs recognise different consensus sequences, there is often a 

ligand overlap between different PRDs. The flat surface of the PRD docking 

grooves, their moderate binding affinity and the PPII helix recognition by many 

of them contribute to their cross-reactivity. Specificity is gained due to the 

flanking regions of the consensus motifs, the loop variability of the PRDs and 

cell compartmentalization (Li et al. 2005, Freund et al. 2008).  

In the following section, the characteristics of PRD folds other than the SH3 

domain will be briefly mentioned. Examples of complexes of these PRDs with 

ligands are depicted in Figure 1.6. Also, the subgroups of these PRDs and 

their recognition motifs are shown briefly in Table 1.1. The SH3 features will 

be described extensively in a subsequent section. 

WW domains typically encompass ca. 40 amino acids, and form a triple 

stranded ɓ-sheet (Figure 1.6, top right). They are the smallest binding domain 

known to date (Bork et al. 1994, Chen et al. 1995). Some WW domains 

recognise proline-rich sequences that have a phosphorylated Tyr or Thr. 

According to their recognition preferences, they are divided into four groups 

(Macias et al. 2002). Examples of each group are displayed in Table 1.1. 

Although the four groups have somewhat different binding mechanisms, in all 
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cases, the prolines of the peptides dock onto the WW hydrophobic groove 

(Macias et al. 2002). WW appear as single entities or in tandem and can bind 

independently or synergistically (Sudol et al. 2005, Chong et al 2010). 

 

Figure 1.6  

Non-SH3 proline-rich recognition domains (PRDs), whose structures have been 
solved. 

EVH1 (top left, PDB ID: 1QC6), WW (top right, PDB ID: 1EG4), GYF (bottom left, 
PDB ID: 1L2Z) and profilin (bottom right, PDB ID: 1PAV). The PRDs are coloured 
green. Their ligands are depicted in red. In the case of dystrophin (top right), the 
protein chain outside of the WW domain is shown in light blue. 

 

UEV domains typically recognise ubiquitin. However, in contrast to other 

UEVs, the UEV of human TSG101 (Tumor susceptibility gene 101) folds 

differently at its termini and binds to the proline-rich P-T/S-A-P motif of the 

HIV-1 L-domain (Garrus et al. 2001, VerPlank et al. 2001). The proline-rich 
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and ubiquitin binding sites are located in different regions of the domain 

(Pornillos et al 2002). 

Table 1.1 PRDs (GYF, WW, EVH1, CAP-Gly and profilin) and their typical 
recognition motifs. 

PRD 
Interaction 

type 
Protein 

Binding 
motif 

Binding 
candidate 

Reference 

GYF 

CD2BP2-
type 

Hs 
CD2BP2 

PPGW CD2 

Hahn et al. 
1993, 

Freund et 
al. 2002 

SMY2-type Sc SMY2 PPGū MSL5 
Rutz et al. 

2000 

WW 

Type-I Hs DMD PPxY 
ɓ-

dystroglycan 
Huang et 
al. 2000 

Type-II 
Sc 

FBP28 
PPLP 

Synthetic 
peptide 

Macias et 
al. 2000 

Type-III 
Hs 

NPW38 
PGR NPWBP 

Komuro et 
al. 1999 

Type-IV Hs PIN1 
pS-Pro-

rich 
peptide 

RNA 
polymerase II 
large subunit 

Verdecia 
et al. 2000 

EVH1 

Ena/ VASP-
type 

Hs VASP (F/L)PPPP zyxin, vinculin 
Ball et al. 

2000 

WASP-type 
Hs 

WASP 

extended 
poly-

proline 
epitope 

WIP 
Volkman et 

al. 2002 

Homer/ 
Vesl-type 

Hs 
HOMER1 

PPxxF mGluR  

Tu et al. 
1998, 

Beneken 
et al. 2000 

SPRED-
type 

Hs 
SPRED3 

Unknown Unknown 
Kato et al. 

2003 

CAP-
Gly 

- Hs CYLD 
SQRRSPP
EEPPDF 

NEMO 
Saito et al. 

2004 

Profilin - Hs HPP 
Poly-

proline 
peptide 

Synthetic 
peptide 

Mahoney 
et al. 1999 

 

Hs: Homo sapiens; Sc: Saccharomyces cerevisiae. 

 



18 
 

The EVH1 (Ena VASP Homology-1) domain belongs to the Pleckstrin 

Homology (PH) domain-like superfamily. It adopts the PH fold, which is 

characterised by two anti-parallel ɓ-sheets forming a ɓ-sandwich followed by 

a C-terminal Ŭ-helix (Blomberg et al. 1999, Peterson et al. 2006) (Figure 1.6, 

top left). EVH1s are ca. 115 amino acids long and usually found at the 

N-termini of proteins. They can be divided into four categories, whose binding 

preferences are displayed in Table 1.1. EVH1s bind to proline-rich ligands that 

adopt a triangular PPII orientation to dock onto the EVH1 hydrophobic groove. 

Ligands do not adopt this orientation to bind to SH3, WW or GYF (Peterson et 

al. 2006). 

The CD2BP2 (CD2 antigen cytoplasmic tail-binding protein 2) GYF domain 

was initially identified as binding a CD2-derived proline-rich peptide 

(Nishizawa et al. 1998). GYFs consist of an Ŭ-helix and a ɓ-sheet that are 

connected by loops (Figure 1.6, bottom left). A hydrophobic and a positively 

charged specificity pocket are both critical for the binding of the ligands 

(Freund et al. 2002). According to their proline-rich binding preferences, GYFs 

can be divided into two categories (Table 1.1). The CD2BP2-type GYFs bind 

to tryptophan-bearing peptides (Hahn et al 1993), and the SMY2-type GYFs 

bind to an extended epitope that lacks a Trp (Rutz et al 2000). In some cases, 

GYFs bind to the same target peptides as SH3 or WW domains (Kofler et al. 

2006). For example, a CD2-derived peptide binds to CD2BP2 GYF and Fyn 

SH3 (Freund et al 2002).  

The CAP-Gly domain is approximately 80 amino acids long. Originally it was 

found in four cytoskeleton-associated proteins (CAPs) (Riehemann et al. 

1993). CAP-Gly consists of five anti-parallel ɓ-sheets and a ɓ-hairpin. Single 
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or tandem CAP-Glys bind among others to tubulin or microtubules. Their 

typical recognition motif is E-E-Y/F (Steinmetz et al. 2008). However, a 

proline-rich NEMO (NF-əB essential modulator) peptide binds to the 

hydrophobic groove of the third CAP-Gly of CYLD (Cylindromatosis gene) 

(Table 1.1). Other CAP-Gly recognition motifs have also been identified 

(Steinmetz et al. 2008). 

Profilins are 15 kDa proteins that usually bind to proline-rich ligands (Tanaka 

et al. 1985, Mahoney et al. 1999) and actin monomers (Kang et al. 1999). The 

conserved profilin fold consists of seven-stranded anti-parallel ɓ-sheets and 

four Ŭ-helices (Figure 1.6, bottom right). Hydrophobic interactions and 

hydrogen bonds contribute to the interactions between different profilin 

isoforms and poly-proline peptides (Mahoney et al. 1999, Haikarainen et al. 

2009) (Table 1.1). 

1.4 SH3 domains 

SH3 domains typically consist of roughly 60 residues. They are abundant in 

the human proteome and more than 300 SH3s have been found (Castagnoli 

et al. 2004). SH3 domains mediate the formation of various complexes in vital 

intracellular signalling processes that regulate cell proliferation, apoptosis and 

cell migration, intracellular transport and organisation of the cell architecture 

(Mayer et al. 2004).  Gene ontology analysis of the human SH3 domain 

interactome, which was constructed according to literature mining data, 

indicated that the SH3 domain-containing proteins and their partners may be 

enriched in cellular processes, such as cytoskeleton organization, endocytosis 

and regulation of cell death (Carducci et al. 2012). Also, gene ontology 
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analysis of the putative SH3 domain interactome of Saccharomyces 

cerevisiae indicated that the SH3 domain-containing proteins and their binding 

partners may be enriched in cell polarity and endocytic processes. Yeast two-

hydrid screen, peptide array and phage display binding data from the 25 of 27 

buddy yeast SH3 domains were integrated to construct this SH3 interactome 

(Tonikian et al. 2009). Moreover, SH3 domains are utilised in pathogen-host 

interactions. For instance,  HIV-1 Nef participates in the cell infection by HIV-

1. Its mode of action remains unknown. However, it was found to bind to Src 

family kinases, such as Fyn in T-cells (Arold et al. 1997). Furthermore, SH3-

mediated interactions can affect the enzymatic activity of the proteins in which 

they reside. For example, the Abl SH3 domain forms intramolecular contacts 

with the Abl SH2-kinase linker region, which leads to the inactivation of the 

enzyme (Nagar et al. 2003).  

In several cases, SH3 domain amino acid chains have been reported to 

partially insert into the fold of other SH3 domains. Even though domain 

swapping can regulate protein function (Rousseau et al. 2012), the biological 

relevance of the documented SH3 swappings has not been understood yet. 

Four instances of intertwined SH3s have been found so far (Harkiolaki et al. 

2006, Camara-Artigas et al. 2014). 

The SH3 domain ɓ-barrel fold is shared by multiple other, sequentially 

unrelated domains, including nucleotide-binding domains like the RNA-binding 

Sm-like (LSm) domains, (Theobald et al. 2005). SH3-like folds are also found 

in prokaryotes (Whisstock et al. 1999). 



21 
 

The abundance of SH3 domains and their implication in signal transduction 

led to an extensive analysis of their structures, binding properties and 

specificities. At present, experimental and computational methods are used to 

predict and screen for novel SH3 interaction partners. Such approaches 

should in time result in a much better understanding of the SH3 

domain-mediated interaction network (Kay et al. 2012, Liu et al. 2012). 

Variants of the WISE (whole interactome scanning experiment) method, such 

as PATS (peptide array target screening), are used extensively to screen for 

SH3 domain interactions. These methods take advantage of the ability of 

peptide arrays to test simultaneously a large number of possible interactors 

(Landgraf et al. 2004, Wu et al. 2007). Other experimental methods include 

the yeast two-hybrid screen, phage display and mass spectrometry. The 

above can be combined with computational methods, such as trained 

algorithms, to increase the confidence level of the predicted interactions 

(Tonikian et al. 2009, Hou et al. 2012, Zhang et al. 2012, Liu et al. 2012). 

Originally, SH3s were identified in PLC-ɔ (phosphatidyl-inositol-specific 

phospholipase C gamma) and the v-CRK oncogene (Stahl et al 1988, Mayer 

et al. 1988). A few years later, structural views of the spectrin and Src SH3 

folds were obtained. Structurally, SH3s consist of five anti-parallel ɓ-strands 

forming a ɓ-barrel. The first 3 strands are connected by the RT-, N-Src- and 

distal loops respectively, while the last two strands are connected by a 310 

helix (Musacchio et al. 1992, Yu et al. 1992) (Figure 1.7).  
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Figure 1.7  

Secondary structure of the Grb2 (growth factor receptor-bound protein 2) 
SH3N domain in complex with its SOS1 peptide ligand.  

A, ɓ-barrel structure of the SH3 domain, B, Anti-parallel ɓ-strands of the SH3 
domain. The loops and ɓ-strands of the SH3 domain are coloured green, its 310 helix 
in orange and its ligand in red. (PDB ID: 1GBQ). 

 

The hydrophobic core is conserved among SH3s, while the loops exhibit 

higher variability (Mayer et al. 2004). An additional Ŭ-helix is occasionally 

seen in SH3s (termed as hSH3), such as in the ADAP (adhesion- and 

degranulation-promoting adaptor) protein (Heuer et al. 2004). This additional 

structural feature is involved in the hSH3 recognition of lipids rather than 

proline-rich regions (Heuer et al. 2005). 

In the first studies, a typical SH3 domain core binding motif x-P-x-x-P-x was 

found for a number of SH3 domains, such as those of the Src and Fyn 

kinases. As later described for other PRDs, the ligands adopt a PPII helical 

structure (Figure 1.7). This core motif is often flanked by a basic residue, 

either at its N-terminus (Class I orientation) or C-terminus (Class II 
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orientation). For instance, the SH3 recognition motif may be R-x-x-P-x-x-P-x 

or x-P-x-x-P-x-R. The xP dipeptides dock onto two hydrophobic grooves on 

the SH3 domain, while the basic residue is accommodated in an acidic SH3 

pocket, which contributes to the specificity of the interaction. The SH3 binding 

surface for the ligand is formed by the variable SH3 N-Src and RT-loops, and 

the 310 helix, while a conserved SH3 tryptophan at the SH3-ligand binding 

interface is critical for the determination of the ligand's orientation (Ren et al. 

1993, Feller et al. 1994, Mayer et al. 2004, Fernandez-Ballester et al. 2004, 

Saksela et al. 2012). These two SH3 binding surfaces (hydrophobic grooves 

and acidic pocket) may be conformationally coupled, and an ensemble of 

complete and partially engaged SH3-ligand complex structures exist. The 

mutation of critical residues, which bind to the SH3 surfaces, and other 

residues within the motif, which do not contact the SH3 surface, results in a 

decreased ligand population, which forms PPII helices and binds to the SH3 

domains (Ferreon et al. 2004, Stollar et al. 2012, Krieger et al. 2014). Apart 

from the typical P-x-x-P-x-R and R-x-x-P-x-x-P SH3 recognition motifs, 

atypical proline-rich motifs, such as the P-x-x-D-Y EPS8 (epidermal growth 

factor receptor pathway substrate 8) SH3 motif (Aitio et al. 2008), have been 

identified. Even though SH3 recognition motifs, which lack prolines, have 

been reported, these motifs are flanked by prolines (Carducci et al. 2012, 

Saksela et al. 2012). For instance, the C-terminal SH3 domains of the adaptor 

protein Grb2 and its relative Mona/Gads recognise R-x-x-K core motifs, which 

are flanked by prolines that contribute to binding (Harkiolaki et al. 2009). Also, 

a subset of SH3 domains binds to ubiquitin (Stamenova et al. 2007).  
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Apart from structural data, thermodynamic data have also been obtained for 

SH3 domain-mediated interactions. Isothermal titration calorimetry (ITC) is a 

method that allows the determination of thermodynamic parameters upon 

complex formation, and compliments the structural data interpretation. As will 

be explained in section 2.2.5, affinity and hence the change in free energy 

(ȹG) of an interaction is measured by ITC as well as the change in enthalpy 

(ȹH). The entropy change (ȹS) can then be determined. ȹH is associated 

with the number of noncovalent bonds from the uncomplexed to the 

complexed state. ȹS informs on the changes in the degrees of freedom of a 

system upon complex formation. Therefore, the quantification of ȹH and ȹS 

provides additional information on a binding event (Doyle 1997). These data 

are usually combined with structural data to understand better the SH3 

binding signature.  

According to the above-mentioned structural data, the interaction between the 

SH3 hydrophobic grooves and their ligands would lead to a major and 

favourable change in entropy. The increase of the degrees of freedom of the 

system would be due to the liberation of bound water molecules from the SH3 

surface upon complex formation. Moreover, solvent molecules compete with 

ligand for binding to the SH3 surface. This would lead to a small favourable 

change in enthalpy. However, it is well established that the SH3 

domain-mediated interactions are characterised by major and favourable 

changes in enthalpy and small changes in entropy. To our knowledge, 

unfavourable changes in enthalpy have not been identified for the SH3 

domain-mediated interactions. This is in apparent disagreement with the 

predominantly hydrophobic character of their interactions according to the 
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structural data. This discrepancy has not been explained fully yet(Ladbury et 

al. 2011).  

As mentioned above, there are ensembles of the SH3 domain ligands that 

adopt partially or completely the PPII conformation in the uncomplexed and 

states (i.e. pre-formed binding conformation of the ligand prior to the 

SH3-mediated interaction). For instance, this was shown for the Grb2 SH3C 

interaction with a Gab2 fragment (Krieger et al. 2014). If the ligand adopts the 

PPII conformation in the uncomplexed state, there would be observed a small 

change in the flexibility of the system, and hence the ȹS (Ladbury et al. 2011). 

Others suggested that the adoption of a specific conformation by the ligand to 

enable SH3 binding would lead to loss of flexibility of the system and 

unfavourable ȹS. This was reported for some SH3 domain interactions, such 

as the Sem-5 SH3 domain with a SOS (son of sevenless) peptide in 

Caenorhabditis elegans (Ferreon et al. 2004, Ladbury et al. 2011). Lastly, the 

lack of water displacement prior to complex formation may lead to small 

changes in ȹS, and major and favourable ȹH. This was shown for the 

interactions between the hydrophobic pocket of MUP (major urinary protein) 

and its ligands (Barratt et al. 2006). However, a similar effect is not well 

established for the SH3-domain mediated interactions. So far, the contribution 

of a water-mediated network to the favourable ȹH was shown for the Abl SH3 

domain interactionwith a 3BP1 (SH3 domain-binding protein 1)-derived 

mutant peptide(Palencia et al. 2004, Zafra-Ruano et al. 2012).  

Apart from the recognition of PPII helices by SH3s, tertiary contacts with their 

ligands have also been reported. For example, the Fyn SH3 binds to the SAP 

(SLAM-associated protein) SH2 domain in T-cells. This atypical interaction is 
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mediated mainly by polar contacts and a hydrophobic contact between an 

SH3 Trp and the side chain of an SH2 Arg (Chan et al. 2003). Additionally, 

PPII helices mediate interactions between SH3 and other folded domains. 

The Fyn SH3 binds to a PPII helix and also another part of the HIV-1 Nef 

protein core domain (Arold et al. 1997). 

SH3 domains participate in stable as well as transient interactions. They 

commonly bind ligands with modest affinities in the mid to low micromolar 

range (1 to 100 ɛM) (Li et al. 2005). However, some SH3 domains bind to 

their ligands with nanomolar affinity, such as the Mona/Gads SH3C in 

complex with a SLP-76 (SH2 domain-containing leukocyte protein of 76 kDa) 

epitope peptide (Kd 118 nM). This SLP-76-derived peptide formed a 310 rather 

than a PPII helix upon binding to the SH3 (Harkiolaki et al. 2003). In contrast, 

the Mona/Gads SH3C recognises a HPK1 (Hematopoietic Progenitor Kinase 

1)-derived peptide by a different mechanism and with lower affinity. The 

affinity of this interaction is in the low micromolar range, and adjacent RxxK 

(forming a 310 helix) and PxxP (forming a PPII helix) motifs in HPK1 contribute 

to the interaction (Lewitzky et al. 2004). This documents how versatile SH3 

domains can be in binding to different ligands.  

Moreover, the recognition of tandem PxxP motifs by SH3 domains was 

reported. The IRTKS (Insulin Receptor Tyrosine Kinase Substrate) SH3 binds 

to two tandem PxxP motifs in EspFU (E. coli-secreted protein F-like encoded 

on prophage U) with an affinity of 500 nM (Aitio et al. 2010). 

Proteins encompassing more than one SH3 are quite common. However, 

their binding mode in the context of full-length proteins is not well 
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characterised (Li et al. 2005). p47phox is one of the regulatory subunits of the 

NADPH oxidase. It contains two SH3 domains in tandem, which form a single 

binding surface and bind to an extended region of their linker. This leads to 

the autoinhibition of p47phox. The affinity of the tandem SH3s is 1.5 ɛM, while it 

is undetectable for the single SH3s (Groemping et al. 2003, Yuzawa et al. 

2004). A similar surface is used by the tandem SH3 domains to bind to their 

interaction partner p22phox upon NADPH oxidase assembly. The 

p22phox-derived peptide is capable of binding to p47phox SH3N, but its affinity is 

lower compared to the tandem p47phox SH3 domains (Groemping et al. 2003, 

Ogura et al. 2006). 

Despite the wealth of structural and biochemical information available on SH3 

domain complexes, the development of small molecule SH3 domain inhibitors 

with activity in vivo has not been successful so far. The affinity of current early 

stage inhibitors is low, which is in part explained by the relatively shallow 

binding grooves of the SH3 domains (Vidal et al. 2001, Atatreh et al. 2008, 

Simister et al. 2013). 

The examples mentioned above document the SH3 domains' versatility and 

promiscuity. RT- and N-Src loop variability, high local domain concentration, 

surface-surface contacts, cell-type specific effects all further contribute to 

generating binding specificity in vivo (Groemping et al. 2003, Chan et al. 

2003, Li et al. 2005). Post-translational modifications of the flanking regions 

can also modify SH3 binding (Bedford et al. 2000). Specificity may be gained 

by negative selection as well. Negative selection refers to the inability of 

related domains to bind to a given motif. For example, there could be 

exclusive recognition of a single binding motif by one SH3 domain, to the 
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exclusion of all other SH3 domains within that organism. This was shown for 

the Sho1 SH3/Pbs2 interaction, which is implicated in the osmolarity response 

pathway in Saccharomyces cerevisiae. Of this speciesô 27 SH3 domains, only 

Sho1 SH3 can bind to Pbs2. This implies that alongside the recognition 

determinants in the motif that allow positive selection of Pbs2, there are also 

features of the Pbs2 binding region that prevent it binding to 26 additional 

SH3 domains, i.e. these are concomitantly negatively selected. However, it 

should be noted that other mechanisms, such as the ones mentioned above, 

contribute to SH3-domain mediated interactions in S. cerevisiae (Zarrinpar et 

al. 2003, Li 2005).   

1.5 CD2AP 

1.5.1 CD2AP structure 

CD2AP (CD2-associated protein) is a ubiquitously expressed adaptor protein, 

and part of the small CIN85/CD2AP family (Dikic 2002). The product of the 

CD2AP gene is also known as CMS or METS-1 (p130Cas ligand with multiple 

SH3 domains, or mesenchyme-to-epithelium transition protein with SH3 

domains). However, the designation CD2AP is most common and will be used 

throughout this thesis. CD2AP consists of three tandem SH3 domains located 

in the N-terminal half of the protein (Figure 1.8), which are 40-50% 

homologous to each other (Figure 1.9). In addition, CD2AP contains one 

proline-rich region, four actin-binding sites and a coiled-coil region at its 

C-terminus. The rest of the protein is made up of disordered linker regions. 
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Figure 1.8 

Schematic structures of CD2AP and CIN85 

The percentages refer to the amino acid identity between two domains or regions, as 
indicated by the arrows. 

 

Figure 1.9 

Sequence alignment of the CD2AP SH3 domains. 

Red background, completely conserved residues; blue boxes, residues of similar 
charge. The alignment was generated using Clustal Omega (Sievers et al. 2011) and 
the image was created with ESPript 3 (http://espript.ibcp.fr, Robert et al. 2014). 

 

CIN85 stands for Cbl-interacting protein of 85 kDa, and is also known as 

SH3KBP1 (SH3 domain-containing kinase-binding protein 1), Ruk (Regulator 

of ubiquitous kinase) or SETA (SH3 domain-containing gene expressed in 

tumorigenic astrocytes) (Havrylov et al. 2010). As shown in Figure 1.8, 

CD2AP and CIN85 share a similar architecture. However, CIN85 lacks the 

four actin-binding sites. 
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1.5.2 CD2AP functions 

The functions of CD2AP are summarised in Figure 1.10, and also described in 

detail in the following sections. The known interaction partners of CD2AP are 

shown in Table 1.2. 

 

Figure 1.10 

CD2AP functions. 
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Table 1.2 CD2AP interaction partners. 

CD2AP 
partner 

Description 
CD2AP 
epitope 

Reference 

Cytokinesis 

ANLN Anillin 
SH3-1, 
SH3-2 

Monzo et al. 
2005 

Generic binding protein 

ALIX ALG-2 interacting protein X N-terminus 
Usami et al. 

2007 

CIN85 
SH3 domain-containing kinase-

binding protein 1 
C-terminus 

Hutchings et 
al. 2003, 

Gaidos et al. 
2007 

DAB1 Disables homolog 1 N-terminus 
Sato et al. 

2007 

Kinases 

Fyn Tyrosine-protein kinase Fyn unclear 
Kirsch et al. 
1999, Huber 
et al. 2006 

p85Ŭ 
Phosphatidylinositol 3-kinase 

regulatory subunit alpha 
N-terminus 

Huber et al. 
2003 

Src 
Proto-oncogene protein kinase 

tyrosine Src 
unclear 

Kirsch et al. 
1999 

Yes Protein tyrosine kinase Yes unclear 
Kirsch et al. 

1999 

Known podocytic function 

DDN Dendrin N-terminus 

Asanuma et 
al. 2007, 

Yaddanapud
i et al. 2011 

NPHS1 Nephrin C-terminus 
Shih et al 

2001, Huber 
et al. 2003 

NPHS2 Podocin C-terminus 
Schwartz et 

al. 2001 

PKD2 Polycystin-2 C-terminus 
Lehtonen et 

al. 2000 

SEPT7 Septin 7 
SH3-3, 
SH3-2 

Wasik et al. 
2012 

SHIP2 
Phosphatidylinositol 3,4,5-

trisphosphate 5-phosphatase 2 
N-terminus 

Hyvonen et 
al. 2010 

SYNPO Synaptopodin N-terminus 
Huber et al. 

2006 

Phosphatases 

PSTPIP1 
Proline serine threonine 

phosphatase-interacting protein 1 
Proline-

rich region 
Badour et al. 

2003 
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SHIP1 
Phosphatidylinositol 3,4,5-

trisphosphate 5-phosphatase 1 
SH3-1 

Bao et al. 
2012 

Cytoskeleton/endocytosis/membrane trafficking 

CAPZ/CP 
F-actin-capping protein subunit 

alpha 
C-terminus 

Hutchings et 
al. 2003, 

Zhao et al. 
2012 

CFBP Multivesicular body subunit 12A N-terminus 
Konishi et al. 

2007 

ASAP1 
Arf-GAP with SH3 domain, ANK 

repeat and PH domain-containing 
protein 1 

SH3-1, 
SH3-2 

Liu et al. 
2005 

CTTN Src substrate cortactin 
Proline-

rich region 

Lynch et al. 
2003, Zhao 
et al. 2012 

F-actin F-actin C-terminus 
Gaidos et al. 

2007 

p130Cas p130Cas/BCAR1 unclear 
Kirsch et al. 

1999 

Rab4 Ras-related protein Rab-4A unclear 
Cormont et 

al. 2003 

RAC1 
Ras-related C3 botulinum toxin 

substrate 1 
N-terminus 

van Duijn et 
al. 2010 

SH3GL Endophilin 
Proline-

rich region 
Lynch et al. 

2003 

Receptor 

CD2 CD2 receptor SH3-1 

Dustin et al. 
1998, 

Moncalian et 
al. 2006, 

Ceregido et 
al. 2013 

Ubiquitin ligases 

c-CBL E3 ubiquitin-protein ligase CBL 
SH3-1, 
SH3-2 

Kirsch et al. 
2001, Lynch 
et al. 2003, 
Cormont et 

al. 2003, 
Kobayashi et 

al. 2004 

CBL-B E3 ubiquitin-protein ligase CBL-B SH3-1 

Moncalian et 
al. 2006, 

Ceregido et 
al. 2013 

CBL-C E3 ubiquitin-protein ligase CBL-C N-terminus 
Tsui et al. 

2008, Calco 
et al. 2014 
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1.5.2.1 Role of CD2AP in kidney podocyte physiology 

The podocyte is a specialised, differentiated epithelial cell type within the 

glomerular filtration barrier of the kidney. Apart from the podocyte, the 

glomerular filtration barrier consists of fenestrated endothelial cells and the 

glomerural filtration membrane. The integrity of the glomerular filtration barrier 

is critical for urine formation, and podocytes control the plasma permeability 

(Schell et al. 2012, Akchurin et al. 2014). Each podocyte consists of a cell 

body, primary processes and foot processes. Neighbouring podocytes are 

linked by an intercellular junction (i.e. the podocyte slit diaphragm), which is 

formed between the podocyte foot processes (Figure 1.11A, B). CD2AP 

participates in the formation of the podocyte slit diaphragm by anchoring other 

major components of the diaphragm, such as nephrin and podocin, to the 

actin cytoskeleton (Figure 1.11C) (Grahammer et al. 2013, Akchurin et al. 

2014).  

CD2AP has a similar expression pattern in human and murine kidneys. It is in 

both cases specifically expressed in podocytes within the glomerulus (Tienari 

et al. 2005). Its Drosophila orthologue (Cindr) is a major component of the 

insect nephrocyte, a cell type similar to the mammalian glomerular podocyte 

(Weavers et al. 2009). Homozygous CD2AP knockout mice exhibit severe 

kidney pathology after 3 weeks of age, and die due to renal failure within 6 to 

7 weeks. The podocyte is the first structure within the murine kidney to be 

affected by CD2AP absence (Shi et al. 1999). 
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Figure 1.11 

Composition of the podocyte.  

A, Scanning electron micrograph of the podocyte; B, View of the slit diaphragm and 
glomerular basement membrane by transmission electron microscopy; C, Schematic 
representation of a selection of components of the podocyte slit diaphragm. P, cell 
body; PP, primary processes; FP, foot processes; SD, slit diaphragm; GBM, 
glomerular basement membrane (Welsh et al. 2012, Grahammer et al. 2013).  

 

Transgenic mice, which express CD2AP in podocytes and muscle cells, do 

not display any kidney pathology. In section 1.5.4.2, it will be further described 

that the testis is the additional tissue, which was affected in this mice 

(Grunkemeyer et al. 2005). This confirms that the CD2AP knockout 

phenotype of renal failure is due to podocyte dysfunction. Interestingly, even 

CD2AP heterozygous knockout mice exhibit glomerular abnormalities at 9 

months of age, which are similar to the kidney pathology in 3-week-old 
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homozygous knockout mice. The heterozygous mice are more susceptible to 

glomerular injury compared to wild-type mice due to defects in late endosome 

(MVB) formation (Kim et al 2003). 

Conditionally immortalised podocytes derived from CD2AP knock-out mice 

exhibit higher levels of apoptosis compared to wild-type podocytic clones. A 

number of groups tried to explain the anti-apoptotic role of CD2AP. 

It could be a consequence of the CD2AP SH3 domain interaction with the p85 

subunit of PI3K, which links nephrin to the PI3K/AKT survival pathway (Huber 

et al. 2003, Schiffer et al. 2004). However, prolonged AKT activation results in 

the activation of the pro-apoptotic Smad2/3 pathway as well, which is 

independent of the anti-apoptotic CD2AP/PI3K/AKT pathway (Xavier et al. 

2009). Also, CD2AP deficiency results in the activation of the pro-apoptotic 

p38 MAPK pathway. However, CD2AP-independent pro-apoptotic p38 MAPK 

pathways are also present (Schiffer et al. 2004). Moreover, there exists 

controversy about CD2AP effects on AKT and ERK1/2 phosphorylation 

between wild-type and CD2AP knock-out cells. Upon CD2AP deficiency and 

stimulation with epidermal growth factor (EGF) (Huber et al. 2003) or TGFɓ 

(Schiffer et al 2004), cells exhibited decreased AKT phosphorylation. The 

activated ERK1/2 levels did not change. Other groups suggested that the AKT 

phosphorylation levels did not change after EGF or insulin stimulation 

between the two clones (Schiffer et al. 2004, Tossidou et al. 2007), and that 

ERK1/2 phosphorylation terminated earlier upon application of the 

above-mentioned stimuli, or platelet-derived growth factor, or hepatocyte 

growth factor stimulation. FGF (Fibroblast growth factor) or VEGF (Vascular 
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endothelial growth factor) stimulation resulted in weaker phosphorylation 

levels of AKT and ERK1/2 (Tossidou et al. 2007).  

In addition, the CD2AP/dendrin interaction is implicated in podocytic 

apoptosis. CD2AP absence leads to TGFɓ-dependent cathepsin L 

expression, which degrades components of the slit diaphragm (Yaddanapudi 

et al. 2011). Furthermore, podocytes are insulin-responsive, and transgenic 

mice lacking the insulin receptor in podocytes exhibit podocytic injury and 

diabetic nephropathy-like histology features (Welsh et al. 2010). The GTPase 

Septin 7, which may regulate glucose transport, and SHIP2, which is involved 

in PI3K signalling upon insulin stimulation, are also CD2AP SH3 interaction 

partners (Hyvonen et al. 2010, Wasik et al. 2012). Finally, CD2AP mRNA 

expression is upregulated during mesenchyme-to-epithelium transition in the 

kidney (Lehtonen et al. 2000). 

Taken together, these findings indicate that CD2AP is absolutely critical for 

kidney podocyte stability. 

1.5.2.2 CD2AP involvement in lymphoid system 

Immunohistochemistry analyses of human tissues suggest that CD2AP has a 

more restricted expression pattern in lymphoid system. CD2AP is highly 

expressed in plasmacytoid dendritic cells (pDCs) and is also present in 

immature (cortical thymocytes) T-cells (Marafioti et al. 2008, Rizvi et al. 2012). 

pDCs are antigen-presenting cells that secrete type 1 interferon (Santana-de 

Anda et al. 2013). CD2AP is also highly enriched in murine pDCs. 

CD2AP-deficient pDCs exhibit migration defects under conditions of 

inflammation and higher levels of actin polymerization compared to normal 
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pDCs. After a viral stimulus, defects in leukocyte and B-cell migration to the 

lymph nodes were also observed (Srivatsan et al. 2013). The published 

results on the contribution of CD2AP to type 1 interferon production are 

controversial. Srivatsan et al. (2013) reported that CD2AP is dispensable for 

pDC development and type 1 interferon (IFN) production in mice. However, 

another group suggested that the CD2AP/SHIP1 complex inhibits c-CBL 

activity in a human pDC-derived cell line. This results in the activation of the 

BDCA2 (pDC receptor)/FcŮR1ɔ-induced ITAM signalling, which would lead to 

lower type 1 IFN production (Bao et al. 2012). 

Even though CD2AP is not found in human mature T-cells (Rizvi et al. 2012), 

it was found in Jurkat cells to link CD2 to actin polymerization via a 

CD2/CD2AP-PSTPIP1/WASp cascade (Badour et al. 2003) or a 

CD2/CD2AP/CAPZ cascade (Hutchings et al. 2003). Moreover, CD2AP and 

RAG knock-out mice, which lack functional T and B lymphocytes, exhibit 

similar renal failure as CD2AP knock-out mice. Furthermore, histological 

examination of transgenic mice that express CD2AP exclusively in podocytes 

have normal T-cell activation and unaffected inflammatory responses 

(Grunkemeyer et al. 2005).  

In summary, CD2AP is mainly expressed in pDC cells within the lymphoid 

system. Also, CD2AP is not involved in mature T-cell physiology, but may be 

involved in acute T cell leukemia. 
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1.5.2.3 CD2AP involvement in actin assembly, membrane trafficking, 

cell-cell contacts and cytokinesis 

CD2AP is involved in actin polymerization (Welsch et al. 2005) and recruited 

into different actin structures, such as podosomes (Gaidos et al. 2007), 

lamellipodia and membrane ruffles (van Duijn et al. 2010, Zhao et al. 2012). 

CD2AP is also found at the leading edge of cells and contributes to the 

stability of cell-cell contacts (Gaidos et al. 2007, van Duijn et al. 2010, Tang et 

al. 2013). CD2AP acts by linking proteins to the cell periphery and 

cytoskeleton. For example, it links cortactin and CAPZ to Rac1 (van Duijn et 

al. 2010) or the Arp2/3 complex (Zhao et al. 2012).  

Apart from its participation in dynamic actin assembly, CD2AP participates in 

receptor tyrosine kinase (RTK) internalization and downregulation. It is 

involved in EGFR internalization by linking cortactin and endophilin to c-CBL 

(Lynch et al. 2003). Without ligand stimulation, the CD2AP/c-CBL complex is 

recruited to HER2 but not EGFR (Minegishi et al. 2013). A c-CBL/CD2AP 

complex was suggested to be involved in Flt-1 downregulation after VEGF 

stimulation (Kobayashi et al. 2004). CD2AP is also involved in the 

ubiquitination and degradation of Ret51 by forming a complex with c-CBL via 

its SH3 domains. This was studied in podocytes and primary neurons (Calco 

et al. 2014). Moreover, CD2AP is found in Rab4-positive vesicles, and may 

contribute to the sorting from early to late endosomes (MVBs) (McCaffrey et 

al. 2001, Cormont et al. 2003, Welsch et al. 2005, Gauthier et al. 2007).  

CD2AP may also be involved in cytokinesis (Monzo et al. 2005, Morita et al. 

2007). Monzo et al. (2005) reported that CD2AP knockdown affected the 

abscission step of daughter cells, while Morita et al. (2007) reported the 
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deficiency defects as moderate. Furthermore, CD2AP participates in the TGF-

ɓ3/TGFɓR1/ERK signalling cascade in primary Sertoli cells. The additional 

recruitment of TAB1 (TAK-1 binding protein-1) adaptor protein results in the 

activation of the proapoptotic p38 MAPK pathway (Xia et al. 2006).  

1.5.3 CD2AP and CIN85 

As already mentioned in section 1.5.1, CD2AP is part of the small 

CD2AP/CIN85 family (Dikic 2002). CD2AP and CIN85 are both ubiquitously 

expressed. CD2AP has one predominant isoform, while several isoforms have 

been reported for CIN85 (Dikic 2002, Havrylov et al 2010, Medway et al. 

2013). Both of the proteins contribute to similar processes, such as 

cytoskeletal rearrangements and membrane trafficking, by binding to a variety 

of partners (Dikic 2002, Havrylov et al. 2009, Havrylov et al. 2010, Medway et 

al. 2013). They have numerous common binding partners, such as CFBP 

(Konishi et al. 2007) and c-CBL (Soubeyran et al. 2002), although the binding 

efficiency between CD2AP and CIN85 might be different for the same partner, 

such as for F-actin (Gaidos et al. 2007). However, there exist proteins that 

bind to CD2AP and not CIN85, such as CBL-C (Calco et al. 2014). 

Also, CD2AP and CIN85 could have either overlapping or indeed 

antagonising functions. Both proteins contribute to the  internalization of 

receptors such as EGFR or HER2 (Haglund et al. 2002, Lynch et al. 2003, 

Minegishi et al. 2013, Sato et al. 2013). The mechanisms through which they 

contribute to receptor internalization could be independent. Even though the 

knockdown of CIN85 or CD2AP reduces the internalised HER2 levels 

compared to wild-type cells, their simultaneous knockdown resulted in 

unaffected HER2 levels (Minegishi et al. 2013).  
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On the other hand, different effects might occur upon CD2AP or CIN85 

binding to the p85 subunit of PI3 kinase. CD2AP/p85 activates the PI3K 

pathway (Huber et al. 2003), while CIN85/p85 inhibits PI3K activity in vitro 

(Gout et al. 2000). Another example of antagonism between CD2AP and 

CIN85 is found in the podocyte. When CD2AP is depleted in podocytes, the 

CIN85 localization pattern resembles the native CD2AP pattern 

(Grunkemeyer et al. 2005, Tossidou et al. 2007). As already mentioned in 

section 1.5.2.1, CD2AP binds to nephrin and podocin and stabilises the slit 

diaphragm. In the absence of CD2AP, CIN85 is suggested to internalise 

nephrin and podocin and destabilise the slit diaphragm (Tossidou et al. 2010). 

The latter might be inhibited due to CD2AP-dependent CIN85 SUMOylation 

(Tossidou et al. 2012). Apart from the kidney glomerulus, CD2AP and CIN85 

have distinct non-overlapping localization patterns within testis. These are the 

two tissues that are clearly most affected by CD2AP deficiency. 

Taken together, CD2AP and CIN85 may usually have redundant roles. 

However, they may antagonise each other in some cases, such as in the 

podocyte. 

1.5.4 CD2AP involvement in disease 

1.5.4.1 CD2AP and renal disease 

CD2AP mutations are found in a small number of patients with focal 

segmental glomerulosclerosis (FSGS) (Kim et al. 2003, Lowik et al. 2007, 

Gigante et al. 2009). These are summarized in Table 1.3.  
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Table 1.3 CD2AP mutations in patients with focal segmental 
glomerulosclerosis (FSGS). 

CD2AP mutation CD2AP region Reference 

K301M SH3-3 

Gigante et al 2009 
T374A Proline-rich region 

E525 deletion 
Linker between proline-rich and 

actin binding sites 

R612Stop Coiled-coil region Lowik et al 2007 

 
 

FSGS is a kidney glomerular disorder, which causes nephrotic syndrome and 

end-stage renal disease. The pathophysiology of this disease is not fully 

understood yet. Podocytes are affected by this disorder (Schell et al. 2012, 

Akchurin et al. 2014). 

CD2AP expression is also downregulated in Chinese children with minimal 

change nephrotic syndrome (MCNS) and IgA nephropathy (IgAN) (Mao et al. 

2006). 

1.5.4.2 Insights into CD2AP functions from animal studies 

As already described in section 1.5.2.1, CD2AP knock-out mice exhibit kidney 

defects. Apart from this, male mice are infertile when lacking CD2AP in the 

basal seminiferous tubule (Sertoli cells and immature spermatocytes). The 

testicular integrity is unaffected by this (Grunkemeyer et al. 2005). A potential 

role of CD2AP in spermatocytes development has not been studied yet. 
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1.5.4.3 CD2AP and human non-renal diseases 

Apart from renal diseases, CD2AP polymorphisms were identified by genome-

wide association studies in Alzheimer's and Kashin-Beck (KBD) diseases. The 

latter is a bone disease (Naj et al. 2011, Hollingworth et al. 2011, Lambert et 

al. 2013, Yang et al. 2014). CD2AP is also expressed strongly in 

CD4+/CD56+ hematodermic neoplasms and myeloproliferative associated 

neoplasms, which develop from plasmacytoid dendritic cells (pDCs). Due to 

the restricted CD2AP expression in pDCs within the lymphoid tissue, CD2AP 

may be used as a marker for normal and neoplastic pDCs to discriminate pDC 

from non-pDC cell types (Marafioti et al. 2008, Rizvi et al. 2012, Kharfan-

Dabaja et al. 2013). Also, CD2AP was found in a number of solid tumours 

(Rizvi et al. 2012). 

1.5.5 CD2AP SH3 domain interactions 

Even though CD2AP SH3-mediated interactions contribute to the 

above-mentioned processes by binding to different partners, the molecular 

details of their interactions remain largely unexplored. The study of the 

CD2AP SH3-1 binding mode to CBL-B and CD2 peptides resulted in the 

identification of the P-x-P/A-x-P-R (x denotes any residue) SH3-1 recognition 

motif (Moncalian et al. 2006). However, controversial results were reported for 

the peptide positioning on the SH3-1 surface. Moncalian et al. (2006) found 

that two SH3-1 domains bound to CBL-B and CD2 peptides in class I and 

class II orientation by forming a heterotrimer. However, Ceregido et al. (2013) 

found that SH3-1 forms heterodimers in class I or II orientation with the CBL-B 

peptide, with class II orientation being preferable. They also found that the 

same domain forms heterodimers to the CD2 peptide in class II orientation. 
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Also, the CD2AP SH3 domains bind to ubiquitin (Ortega-Roldan et al. 2009, 

Ortega-Roldan et al. 2013). 

The CIN85 SH3 domains exhibit the highest similarity for the CD2AP SH3 

domains (Figure 1.8). Kowanetz et al (2003) reported that CIN85 SH3-1 

recognises the P-x-x-x-P-R motif in c-CBL and CBL-B. According to 

target-assisted iterative screening (TAIS) and mutagenesis studies, the CIN85 

SH3 recognition motif is P-x-P/A-x-x-R (Kurakin et al. 2003). Similarly to 

CD2AP SH3-1, controversial results on peptide binding orientations were also 

reported for the CIN85 SH3-1 domain. CIN85 SH3-1 apparently forms a 

heterotrimer with a CBL-B peptide in class I and II orientations (Jozic et al. 

2005, Ceregido et al. 2013). However, another group reported that the CBL-B 

peptide  exhibits different binding conformations and forms heterodimers with 

the CIN85 SH3-1 domain instead. (Ababou et al. 2009). Similar to the CD2AP 

SH3 domains, the CIN85 SH3 domains can bind to ubiquitin (Stamenova et 

al. 2007). 

Taken together these findings suggest that the CD2AP and CIN85 SH3-1 

domains have similar binding properties. However, it is still not fully 

understood if and when they recognise their ligands in class I and II 

orientations. Moreover, the molecular details of the second and third CD2AP 

SH3 domain-mediated interactions remained unexplored. Studying the 

binding properties of all three CD2AP SH3 domains in more detail should 

therefore help to decipher the molecular mechanism by which they selectively 

interact with their multiple partners in different cellular contexts (Table 1.2).  
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1.6 Preliminary data for this project 

1.6.1 Identification of the recognition motif for the first two CD2AP SH3 

domains in c-CBL 

Preliminary work prior to this DPhil project was performed by two previous lab 

members (Dr Tassos Konstantinou, Dr Melanie Janning). Initially, the atypical 

P-x-P-x-P-R interaction motif in the known partner c-CBL was identified to 

bind to the first two CD2AP SH3 domains by peptide scanning arrays, 

subsequent alanine scans and permutation arrays (Dr Tassos Konstantinou). 

The peptide permutation arrays of the c-CBL epitope, which were probed with 

the first two SH3 domains, are shown in Figure 1.12. It appears that CD2AP 

SH3-2 has similar binding preferences to CD2AP SH3-1, because it 

recognised the same motif in c-CBL. In motif position 3, a Pro826 to Ala 

substitution preserved the interaction. Therefore, ligands with an atypical 

P-x-P/A-x-P-R motif may be recognised by the first two SH3 domains. This 

finding is consistent with the published CD2AP SH3-1 recognition motif 

(Moncalian et al. 2006). The arrays were probed with CD2AP SH3-3 as well, 

but there was not much signal detectable (data not shown). Due to this low 

affinity no information on the binding preferences of CD2AP SH3-3 were 

obtained. 
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Figure 1.12 

The first two CD2AP SH3 domains recognise the P-x-P-x-P-R motif in the c-CBL 
epitope. 

c-Cbl was spot-synthesized as overlapping 21 aa peptides, sliding 3 aa with each 
step as described in Appendix C.2.1. Two array copies were initially probed with GST 
and then with GST-CD2AP-SH3-1 and -SH3-2. The positions permutated within the 
peptides are indicated down the vertical sides of the arrays, and the individual 
substitutions are listed across the top. The series of spots that gave the strongest 
signals are shown in red between the two array copies. 

 

1.6.2 Scan for putative novel CD2AP SH3 interaction partners 

The P-x-P-x-P-R motif was used to screen for putative novel CD2AP SH3 

interaction partners by peptide scanning array. At that time, this motif was 

found in over 700 human proteins (ScanProsite bioinformatics tool, 

http://prosite.expasy.org/scanprosite/). A subset of 70 potential binding sites in 

proteins with known or potential roles in signalling was further tested using 

peptide array overlay blots with the three CD2AP SH3 domains (Dr Tassos 

Konstantinou, data not shown). A brief description is found in Appendix C.2.3. 

The apparent success rate was 55% for CD2AP SH3-1, 34% for CD2AP 
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SH3-2 and 8% for CD2AP SH3-3. Most of the CD2AP SH3-1 and SH3-2 hits 

were similar. The low number of putative SH3-3 hits indicated that CD2AP 

SH3-3 might exhibit different binding properties. The adaptor protein ALIX 

(ALG-2 [apoptosis-linked gene 2] interacting protein X) and the GEF (guanine 

nucleotide exchange factor) RIN3 (Ras and Rab interactor 3) were among the 

putative hits.  

1.6.3 CD2AP/ALIX interaction 

ALIX consists of an N-terminal bromo (Bro1) domain, a V domain and a 

proline-rich region at its C-terminus (Figure 1.13). In the literature, ALIX is 

also termed AIP1 (ALG-2-interacting protein 1) or PDCD6IP (programmed cell 

death 6 interacting protein). ALIX is involved in a number of cellular processes 

through its association with different binding partners (Odorizzi 2006, Bissig et 

al. 2014). These cellular processes are summarized in Figure 1.14, while a 

selection of interacting proteins and their corresponding ALIX binding regions 

are depicted in Figure 1.13. 

 

Figure 1.13 

ALIX schematic structure and interaction partners. 
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Figure 1.14 

Functions of ALIX. 

 

Initially, ALIX was identified as a CIN85 binding partner. The recruitment of 

ALIX antagonizes, at least in part, EGFR (epidermal growth factor receptor) 

internalization by the c-CBL/CIN85/endophilin complex and the 

c-CBL-dependent ubiquitination of EGFR (Schmidt et al. 2004, Schmidt et al. 

2005). CD2AP recognises the same binding site in ALIX as the CIN85 SH3 

domains (Figure 1.11, Usami et al. 2007). Even though CD2AP and ALIX are 

involved in similar processes (Figures 1.10 and 1.14), the biological 

significance of the CD2AP interaction with ALIX has not been determined yet. 

Their interaction is dispensable for cytokinesis and HIV-1 virus budding 

(Usami et al. 2007, Morita et al. 2007). In our research groupôs initial screen 

(Dr Tassos Konstantinou), the ALIX epitope was recognised by all three 

CD2AP SH3 domains (data not shown). In order to define more precisely the 

recognition motif for the first two SH3 domains as well as for SH3-3, 

permutation arrays of the ALIX epitope were probed with the three individual 

SH3 domains (Dr Tassos Konstantinou, Figure 1.15).  
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According to the permutation arrays, both CD2AP SH3-1 and SH3-2 

recognise a P-t-P-x-x-R motif in ALIX (Figure 1.15, left and middle panels). In 

the case of SH3-1, and similar to the identified SH3-1 recognition motif based 

on the c-CBL permutation arrays (Figure 1.12), a Pro and Arg are the solely 

tolerated residues in the first and last position of the motif. However, the 

arrays indicate that there is tolerance for other residues in positions 2 and 3. 

In motif position 3, both Ala and Val give similar binding levels with SH3-1 to 

the native proline in ALIX. In position 2, predominantly aliphatic residues can 

take the place of Thr without a reduction in signal. On the other hand, motif 

position 5 is not selective as any residue can be accommodated in this 

position. Thus, hypothetically, ligands based on some variant of a 

P-T/V/I-P/A/V-x-x-R motif may also allow SH3-1 binding. 

With SH3-2, the array reveals even greater tolerances using this domain. In 

particular, the substitution of Phe for Pro in motif positions 1 and 3 does not 

affect signal strength. Again, hypothetically, ligands based on variants of a 

P/F-T/V/I/L-P/F/A-x-x-R motif could possibly allow SH3-2 binding. 

According to the ALIX permutation array, CD2AP SH3-3 recognises an 

apparent P-t-P-a-P-R-t-x-x-P-x-K motif in ALIX (Figure 1.15, right panel). 

Similar to the first two CD2AP SH3 domains, Pro and Arg are the single 

tolerated residues in the first and last position of the motif. In motif position 2, 

the same tolerance as for the first two SH3 domains is present (Thr, Val, Ile). 

Similarly in position 3, Ala gives similar binding levels with SH3-3 to the native 

Pro in ALIX.  



 

 
 

4
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Figure 1.15  

The first two CD2AP SH3 domains recognise a similar motif in the ALIX epitope, whereas SH3-3 recognises a more selective and 
extensive motif. 

21 aa peptides of the ALIX epitope AGGHAPTPPTPAPRTMPPTKP were permutated in single positions (underlined) to all other residues in 
duplicate rows as described in Appendix C.2.2. Three array copies were initially probed with GST and then with GST-CD2AP-SH3-1, -SH3-2 or 
-SH3-3. The positions permutated within the peptides are indicated down the left sides of the arrays, and the individual substitutions are listed 
across the top. Peptide spots with highly restricted residues are boxed in red. The amino-acid preferences at these positions are listed down 
the right side of each array (red font: most strongly binding amino acids; smaller black font: tolerated amino acids). CD2AP-SH3-3 recognises a 
more extended linear epitope compared to SH3-1 and SH3-2, as shown by the blue boxes. The main amino-acid preferences at these positions 
are listed on the right-hand side of the array, in blue. 
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Unlike the first two SH3 domains, the arrays indicate that there is an 

increased SH3-3 selectivity for other residues in positions 4 and 5. In position 

4, Gln and Thr can replace Ala without a signal reduction. In motif position 5, 

the signal strength is unaffected by the substitution of Pro for Ala. Additionally, 

SH3-3 selects positively residues in positions 7 (Thr, Ala, Gly), 10 (Pro) and 

12 (Lys, Arg). Therefore, hypothetical motif variants based on 

P-T/V/I-P/A-A/Q/T-P/A-R-T/G-x-x-P-x-K/R, should they exist in proteins, might 

enable SH3-3 binding. These findings suggest that SH3-3 recognises a more 

selective and extensive motif in its ligands compared to the first two CD2AP 

SH3 domains. 

1.6.4 CD2AP/RIN3 interaction 

RIN3 was detected as a novel putative CD2AP interaction partner in the 

peptide array overlay blots based upon the CD2AP SH3 interacting motif in 

c-CBL.  

 

Figure 1.16 

Flag-CD2AP and myc-RIN3 co-immunoprecipitate in co-transfected HEK293T 
cells 
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The CD2AP/RIN3 interaction was subsequently confirmed by 

co-immunoprecipitation of co-transfected CD2AP and RIN3 in 293T cells 

(experiment conducted by our collaborators Dr Kathrin Kirsch et al., Boston 

University, USA; Figure 1.16). 

RIN3 is a member of the RIN (Ras and Rab interactors) family, which is 

involved in membrane trafficking. It consists of an SH2 domain, three proline-

rich regions, a Ras-homology domain, a Vps9-domain and a Ras-association 

domain (Figure 1.17). The proposed functions of RIN3 will be discussed 

further in Chapter 7.  

 

Figure 1.17 

Schematic structure of RIN3 

SH2, Src Homology 2 domain; RH, Ras Homology domain; RA, Ras Association 
domain. 

 

The presence of three proline-rich regions in RIN3 prompted us to test 

whether there are additional CD2AP binding regions in RIN3 using a peptide 

scanning array covering the entire RIN3 sequence (experiment performed by 

Dr Melanie Janning, Figure 1.18). The three CD2AP SH3 domains were found 

to bind to two RIN3 epitopes, and corresponding peptides were synthesised 

(Nicola O' Reilly, Peptide Synthesis Laboratory, Cancer Research UK, 

London). Based on the peptide scanning arrays, an epitope is normally 

identified by the presence of a series of spots (Volkmer et al. 2012). In Figure 

1.18, this is observed for the first RIN3 binding region using SH3-1 as a 
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probe. With the other domains, and the second binding region in all cases, 

there is either one spot or two non-contiguous spots. The lack of a contiguous 

series of strong spots for each epitope indicates that the RIN3 peptide 

boundary positions are crucial for their interaction. This binding behaviour is 

quite peculiar, relative to other SH3 peptide arrays published. Preliminary ITC 

measurements determined that 16amino acid peptides are sufficient to bind to 

the SH3 domains (Dr Melanie Janning, data not shown).  

 

Figure 1.18  

The three CD2AP SH3 domains recognise two RIN3 epitopes.  

RIN3 was spot-synthesized as overlapping 27 aa peptides, sliding 3 aa with each 
step as described in Appendix C.2.4. The arrays were initially probed with GST 
(negative control) and then with GST-CD2AP-SH3-1, -SH3-2 or -SH3-3. Two 
principal binding regions are evident (ringed in green and red). The boxed sequences 
below the arrays represent the common segment found in all binding spots for each 
binding region (same colour-coding). The location of each binding region is depicted 
in the RIN3 schematic structure. Same abbreviations as for Figure 1.17 are used. 
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1.7 Aims of this DPhil project 

1.7.1 First aim 

A major aim of the project was to elucidate the molecular details of the novel 

and unusual interaction between the CD2AP SH3 domains and RIN3 and 

ALIX epitopes using biochemical and biophysical methods. This would allow a 

more detailed understanding of the CD2AP SH3 binding preferences, such as 

what the differences between them are when binding to the same SH3 

domain surfaces. 

Chapter 3 focuses on a biophysical analysis of these interactions. Chapter 4 

describes the preliminary experiments performed to understand the binding 

properties of the first two SH3 domains in tandem. A biochemical analysis of 

the CD2AP/RIN3 interaction is presented in Chapter 5. The biological 

functions of RIN3 are described in Chapter 7. 

1.7.2 Second aim 

Having determined the CD2AP SH3 recognition motifs, to search 

subsequently for putative novel CD2AP SH3 interaction partners harbouring 

such motifs, and validate their interactions experimentally. 

Details on the experimental design of the screen and results are found in 

Chapter 6. The screen led to the identification of a novel CD2AP interaction 

partner: the GAP ARAP1 (Arf-GAP with Rho-GAP domain, ANK repeat and 

PH domain-containing protein 1). The interaction was confirmed by 

immunoprecipitation at the endogenous level in immortalised human cell lines, 

which were derived from different tissues. The biological functions of ARAP1 

are described in Chapter 7. 
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Chapter 2: Materials and Methods 

2.1 Materials 

2.1.1 Antibodies and applications 

Primary antibodies 

Antibodies Source, Origin 
Host 

species 
Applications (Dilution) 

ARAP1 

NB100-68223, 
Novus Biologicals 

Rabbit WB (1:2000), IP (2 ɛg/ml) 

NB110-68801, 
Novus Biologicals 

Mouse WB (1:1000) 

CD2AP 
 

sc-8763, Santa Cruz 
Biotech. 

Goat WB (1:1000) 

sc-25272, Santa 
Cruz Biotech. 

Mouse IP (2 ɛg/ml) 

sc-9137, Santa Cruz 
Biotech. 

Rabbit WB (1:2500), IP (2 ɛg/ml) 

GST Lab-made Mouse Peptide array (1:500) 

MLK3 ab51068, Abcam Rabbit WB (1:5000) 

RIN3 

Dr J. Colicelli, 
UCLA, USA 

Rabbit WB (1:1500), IP (2 ɛl/ml) 
(Janson et al., 2012) 

12709-1-AP, 
ProteinTech* 

Rabbit WB (1:300) 

sc-102089, Santa 
Cruz Biotech.* 

Rabbit WB (1:100) 

AV34618,  
Sigma-Aldrich* 

Rabbit WB (1:1000) 

SAB4503182, 
Sigma-Aldrich* 

Rabbit WB (1:1000) 

Abbreviations: WB = western blot, IP = immunoprecipitation. * refers to 
antibodies with nonsatisfactory results (my personal evaluation). 
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Secondary antibodies 

Antibodies Source, Origin Host 
species 

Applications 
(Dilution) 

Anti-goat 
IgG-HRP 

sc-2020, Santa Cruz 
Biotechnology TM 

Donkey WB (1:10000) 

Anti-mouse 
IgG-HRP 

715-036-151, Jackson 
ImmunoResearchTM 

Donkey WB (1:10000) 

Anti-rabbit 
IgG-HRP 

711-036-152, Jackson 
ImmunoResearchTM 

Donkey WB (1:10000) 

Abbreviations: WB = western blot 

 

2.1.2 Plasmids, expression vectors and peptides 

Bacterial expression vectors 

Plasmids harboring cDNAs coding for the SH3 domains of human CD2AP and 

for the fragment of human RIN3, which includes the RIN3 epitopes, were 

kindly provided by Dr Kathrin Kirsch et al. (Boston University, USA). In detail: 

Protein fragment Abbreviation 
Amino 
acids 

Vector 

CD2AP SH3-1 domain CD2AP SH3-1 1-60 pGEX6-P1 

CD2AP SH3-(1+2) domains CD2AP SH3-(1+2) 1-168 pGEX6-P1 

CD2AP SH3-2 domain CD2AP SH3-2 109-168 pGEX6-P1 

CD2AP SH3-3 domain CD2AP SH3-3-S 270-331 pGEX6-P1 

CD2AP SH3-3 domain CD2AP SH3-3-L 264-334 pGEX-KN 

RIN3-(I+II) epitopes RIN3-(1+2) 378-467 pGEX6-P1 
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Peptides for isothermal titration calorimetry and protein crystallography 

C-terminally amidated ALIX- and RIN3-derived peptides were provided by Dr 

Nicola Oô Reilly (Peptide Synthesis Laboratory, Cancer Research UK, 

London), and the ARAP1-, DAB1- and MLK3-derived peptides were provided 

by the WIMM peptide synthesis facility. A description of their synthesis can be 

found in section 2.2.5.4. Their sequences and the proteins they were derived 

from are found below: 

 

Protein  Peptide sequence Residues Length 
(a.a.) 

Wild-type peptides 

ALIX AGGHAPTPPTPAPRTMPPTKP- am 732-752 21 

ARAP1e1 RPTPRPVPMKRHIFRS- am 76-91 16 

ARAP1e2 LPAAPPIPPRRSCLPP- am 112-126 16 

ARAP1e3 DPVLPPLPAKRHLAEL- am 139-153 16 

DAB1 STNSPPTPAPRQSSPS- am 512-526 16 

MLK3e1 EEPKRPVPAERGSSSG- am 622-636 16 

MLK3e2 SPLPSPQPAPRRAPWT- am 791-804 16 

RIN3e1 AKKNLPTAPPRRRVSE- am 378-393 16 

RIN3e2 TAKQPPVPPPRKKRIS- am 452-467 16 

RIN3e2 KQPPVPPPRKK- am 454-464 11 

RIN3e2-derived mutant peptides 

P457 Ÿ A TAKQPAVPPPRKKRIS- am - 16 

P459 Ÿ A TAKQPPVAPPRKKRIS- am - 16 

R462 Ÿ A TAKQPPVPPPAKKRIS- am - 16 

R462 Ÿ L TAKQPPVPPPLKKRIS- am - 16 

R462 Ÿ V TAKQPPVPPPVKKRIS- am - 16 

R462 Ÿ I TAKQPPVPPPIKKRIS- am - 16 

I466 Ÿ A TAKQPPVPPPRKKRAS- am - 16 

ARAP1e1-derived mutant peptides 

P79 Ÿ A RPTARPVPMKRHIFRS- am - 16 

R87 Ÿ A RPTPRPVPMKAHIFRS- am - 16 

F89 Ÿ A RPTPRPVPMKRHIARS- am - 16 
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2.1.3 Cell lines 

Cultured cell lines by E. Rouka 

Cell line Description Culture 

conditions 

Incubator 

conditions 

Provided 
by 

HEK293 
Human 

embryonic kidney 

DMEM, 

10%FBS, 

1% PS 

37 ÁC, 5% 

CO2 

 

WIMM, 
Oxford, 

UK 
HeLa 

Human cervical 

adenocarcinoma 

DMEM, 

10%FBS, 

1% PS 

HepG2 Human hepatoma 

DMEM, 

10%FBS, 

1% PS 

A.R. 
Townsen
d, WIMM, 
Oxford, 

UK 

MCF-7 
Human breast 

carcinoma 

DMEM, 

10%FBS, 

1% PS 

A. Harris, 
WIMM, 
Oxford, 

UK 

POD 

undifferentiated 

Human 

undifferentiated 

podocytes 

RPMI1640, 

10% FBS, 

1% ITS, 1% 

PS 

33 ÁC, 5% 

CO2 
M. 

Saleem, 
University 
of Bristol, 

Bristol, 
UK 

POD 

differentiated 

Human 

differentiated 

podocytes 

RPMI1640, 

10% FBS, 

1% ITS, 1% 

PS 
37 ÁC, 5% 

CO2 

 
SCC-9 

Oral squamous 

cell carcinoma 

DMEM, 

10%FBS,  

1% PS 

ATCC 

UPCI-SCC-154 
Oral squamous 

cell carcinoma 

DMEM, 

10%FBS,  

1% PS 

University 
of 

Pittsburg
h, USA 

PS stands for penicillin-streptomycin; ITS stands for insulin-transferrin-

selenium. 
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Head and neck cancer cell line lysate panel 

The total cell lysates (RIPA 100, mixed with SDS [sodium dodecyl sulphate]) 

were prepared by Miss Jessica Doondea (previous lab member).  

Cell line Provided by 

BICR16 
ECACC, Salisbury, UK 

BICR56 

CAL27 ATCC 

CAL33 DSMZ, Braunschweig Germany 

HSC-3 

Health Sciences Research 
Resources Bank, Japan 

HSC-4 

OSC-19 

OSC-20 

SAS 

SCC-4 

ATCC 
SCC-9 

SCC-15 

SCC-25 

SIHN-005A S.A. Eccles, University of 
Surrey, Guildford, UK SIHN-006 

UT-SCC-10 

University of Turku, Finland 

UT-SCC-14 

UT-SCC-16A 

UT-SCC-24A 

UT-SCC-30 

UT-SCC-40 

UT-SCC-67 

UT-SCC-73 

UT-SCC-74A 

UT-SCC-76A 

UT-SCC-87 

UPCI-SCC-D56 

University of Pittsburgh, USA 

UPCI-SCC-016 

UPCI-SCC-21 

UPCI-SCC-40 

UPCI-SCC-75 

UPCI-SCC-103 

UPCI-SCC-122 

UPCI-SCC-154 
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Other cell line lysates 

The total cell lysates (RIPA 100) were prepared by previous lab members. 

Cell line Description 

A431 Human epithelial carcinoma 

A549 Human lung carcinoma 

Daudi Human Burkitt's lymphoma 

HL60 Human acute myelocytic 
leukemia 

Jurkat Human acute lymphocytic 
leukemia 

K562 Human acute myelocytic 
leukemia 

MB-MDA-231 Human breast carcinoma 

Molt4 Human acute lymphoblastic 
leukemia 

Nalm6 Human B cell precursor acute 
lymphocytic leukemia 

NB4 Human promyelocytic 
leukemia 

SHS5Y5 Human neuroblastoma 

SW620 Human colon adenocarcinoma 

U937 Human leukemic monocyte 
lymphoma 

 

2.1.4 Solutions and Buffers 

The chemical suppliers were Sigma Aldrich and Fisher Scientific. 

2.1.4.1 Bacterial culture and expression of recombinant proteins 

GSH-bead wash buffer (GSH-WB) 

50 mM Tris pH 7.5 

100 mM EDTA (Ethylene diamine tetraacetic acid) pH 8 

0.1 % Tween 20  

Stored at 4 ÁC. 
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TPE lysis buffer  

1% Triton X-100  

1x PBS (phosphate-buffered saline) 

100 mM EDTA pH8 

Stored at 4 ÁC. Appropriate inhibitors (usually 0.7 ɛg/ml pepstatin A, 0.5 ɛg/ml 

leupeptin, 0.1 mM PMSF [Phenylmethylsulfonylfluoride] and 5 ɛg/ml antipain)  

added just before use as required for experiment. 

Luria-Bertani (LB) (1% [w/v] tryptone,0.5% [w/v] yeast extract, 1% [w/v] NaCl 

pH 7.0) and Terrific browth (TB) (1.2% [w/v] tryptone, 2.4% [w/v] yeast extract, 

0.9% [w/v] K2HPO4, 0.2% [w/v] KH2PO4, 1% [w/v] glycerol)  media, 1 M Tris-

HCL pH 7.5, 0.5 M EDTA pH 8, 10x TBS (tris buffered saline) (0.5 M Tris-HCl 

pH 7.6, 1.5 M NaCl), 10x PBS (0.03 M Na2HPO4, 0.01 M KH2PO4, 1.5 M 

NaCl) 

Provided by oncology unit at Weatherall Institute of Molecular Medicine 

(WIMM). 

PreScissionTM and Thrombin protease cleavage buffers 

20 mM Tris pH 7.5 

150 mM NaCl 

Cooled to 4 ÁC before use. 

Dialysis buffer 

5 mM Tris pH 7.5 

For the expression of CD2AP SH3-2 and SH3-3, 2 mM ɓ-ME was additionally 

freshly added. Cooled to 4 ÁC before use. 
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4x Bradford protein assay reagent 

250 mg Brilliant Blue G are dissolved in 120 ml ethanol. 250 ml concentrated 

phosphoric acid are carefully added, mixed carefully. H2O is added to obtain a 

final volume of 500 ml, stored solution in dark at RT. 

1x Bradford protein assay reagent 

To 12.5 ml of 4 x Bradford reagent, 37.5 ml of H2O are added and mixed 

immediately. Let stand at RT for 15 min then filter through pre-wetted paper 

filter. Stored dark at RT until use. 

BSA (Bovine serum albumin) solution for Bradford assay 

Dissolved 10 mg/ml BSA in H2O (= 100x stock), aliquoted into 0.5 ml aliquots 

and stored at -20 oC. To make 1x standards, thawed one aliquot and mixed 

with 49.5 ml of H2O (= 0.1 mg/ml), made 1 ml aliquots, stored at -20 oC. 

2.1.4.2 Cell culture, cell lysis and biochemical assays 

Cell freeze medium 

5% (v/v) DMSO (Dimethyl sulfoxide) 

95% (v/v) FBS (Fetal bovine serum, Gibco) 

Stored at 4 ÁC. 

Hypotonic lysis buffer (HLB) 

10 mM Tris 7.5 

10 mM KCl 

1 mM EDTA pH 8 

1 mM EGTA (ethylene glycol tetraacetic acid, Sigma AldrichTM) 

2 mM MgCl2 

Stored at 4 ÁC, protease (CompleteTM, Roche) and phosphatase inhibitors 

inhibitors freshly added as required. 
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IP buffer 

20 mM Tris pH 7.5 

1 mM EDTA pH 8 

100 mM NaCl 

5% (v/v) Glycerol 

0.1% Tween 20 

Stored at 4ÁC, fresh protease (CompleteTM, Roche) and phosphatase 

inhibitors inhibitors added as required. 

1% Triton X-100 buffer (TXB) 

20 mM Tris pH 7.5 

1 mM EDTA pH 8 

100 mM NaCl 

5% (v/v) Glycerol 

1% (v/v) Triton X-100 

Stored at 4 ÁC, protease (CompleteTM, Roche) and phosphatase inhibitors 

freshly added as required. 

RIPA 100 

20 mM Tris pH 7.5                  Added H2O to 700 ml. 

1 mM EDTA pH 8 

100 mM NaCl 

1% Triton X-100                               Stirred 5 min before adding DOC. 

0.5% (v/v) Deoxycholate (DOC)    Stirred 5 min before adding SDS. 

0.1% (w/v) SDS                                    Stirred 5 min, then added H2O to 1 litre. 

Stored at 4 ÁC and protease (CompleteTM, Roche) and phosphatase inhibitors 
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freshly added before use as required for experiment. The number in RIPA 100 

indicates a NaCl concentration of 100 mM.  

2.1.4.3 Protein separation, protein detection and peptide arrays  

Coomassie-Blue Destain (CBD) 

7% (v/v) acetic acid  

20% (v/v) methanol  

Stored at RT. 

Coomassie-Blue staining solution 

Dissolved 1 g of Serva Blue R = Brilliant Blue R in 1 litre of CBD. 

SDS polyacrylamide gel - Stacking gel  

For 10 ml: 

Acrylamide/Bis-acrylamide solution  1.67 ml 

1 M Tris HCl pH 6.8                1.27 ml 

10% SDS                                      0.1 ml 

50% Glycerol               0.9 ml 

10% APS (Ammonium persulphate)  0.1 ml 

TEMED (Tetramethyl ethylene diamine)      10 ɛl 

SDS polyacrylamide gel - 12% Separating gel  

For 10 ml: 

Acrylamide/bis-acrylamide solution       4 ml  

1 M Tris HCl pH 8.8                              3.75 ml 

10% SDS                                            0.1 ml 

10% APS                                           0.1 ml 

TEMED                                               10 ɛl 
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The components of the SDS gel, except for APS and TEMED, were mixed, 

filled up with H2O to the final volume and mixed thoroughly. The solution was 

again mixed after adding APS and TEMED. 

Depending on the desired percentage of separation gel, different amounts of 

acrylamide/bis-acrylamide solution were added. 

10x SDS-PAGE gel running buffer 

250 mM Tris base 

1.9 M Glycine  

1% SDS 

Dissolved in H2O. Stored at RT. 

2 - 4x SDS protein gel sample buffer 

70 mM Tris pH 6.8 

5% (v/v) ɓ-ME (ɓ-mercaptoethanol) 

40% Glycerol 

3% SDS  

0.05% (w/v) Bromophenol blue 

Stored aliquots at -20 ÁC. Before use, warmed up to room temperature and 

mixed well to redissolve the SDS completely. 

Semidry blot-buffer 

48 mM Tris base 

38.6 mM Glycine 

0.037% SDS 

Autoclaved and stored at RT. 

TBST 

TBS with 0.1% (v/v) Tween 20 
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PBST 

PBS with 0.1% (v/v) Tween 20 

Blocking buffer for Western blots 

TBST or PBST with 5% (w/v) non-fat dry milk or 3% (w/v) BSA (bovine serum 

albumin) as described in results. 

Blot stripping buffer 

60 mM Tris pH 6.8 

2% SDS 

Stored at RT. ɓ-ME added to final concentration of 0.1% (v/v) immediately 

before use. 

2.1.5 Protein Crystallography 

The crystallisation screens were the following: HCS (Hampton Core Screen), 

HIN (Hampton Index Screen), JCSG (Joint Centre for Structural Genomics 

core screen), LFS (Ligand Friendly Screen). Their conditions are found below: 
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HCS screen 
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HIN screen 

 

 



 

68 
 

LFS screen 
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JCSG screen 

 

2.1.6 Isothermal titration calorimetry 

ITC buffer 

25 mM HEPES-KOH pH 7.5  

100 mM potassium acetate  

5 mM magnesium acetate  

Solution was sterile filtered through a 0.2 ɛm filter. 
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A1 1 50 % PEG 300 0.100 2.0 0.20 M Li2SO4 0.1 M acetate 4.5

A2 2 20 % PEG 3350 0.1 M citrate 5.5

A3 3 20 % PEG 3350 0.080 2.5 0.20 M (NH4)2H(cit) 5.0

A4 4 30 % MPD 0.020 1.0 0.02 M CaCl2 0.1 M acetate 4.6

A5 5 20 % PEG 3350 0.200 1.0 0.20 M Mg(form)2 5.9

A6 6 20 % PEG 1K 0.100 2.0 0.20 M Li2SO4 0.1 M cit/phos 4.2

A7 7 20 % PEG 10K 0.1 M BICINE 9.3

A8 8 20 % PEG 3350 0.200 1.0 0.20 M Na(form)

A9 9 20 % PEG 3350 0.040 5.0 0.20 M (NH4)Cl 6.3

A10 10 1.00 M Li2SO4 0.250 2.0 0.50 M TMAO

A11 11 50 % MPD 0.029 3.5 0.10 M (NH4)2HPO4 0.1 M TRIS 8.5

A12 12 20 % PEG 3350 0.200 1.0 0.20 M NaNO3

B1 13 0.229 3.5 0.80 M (NH4)2SO4 0.1 M citrate 4.0

B2 14 20 % PEG 3350 0.025 8.0 0.20 M KSCN

B3 15 20 % PEG 6K 0.1 M BICINE 9.0

B4 16 10 % PEG 10K 0.080 100 8 % EtGly 0.1 M HEPES 7.5

B5 17 40 % MPD 0.100 50 5 % PEG 10K 0.1 M cacodylate 6.5

B6 18 40 % isopropanol 0.100 50 5 % PEG 1K 0.1 M citrate/PO4 4.2

B7 19 8 % PEG 3350 0.1 M acetate 4.6

B8 20 10 % PEG 10K 0.100 2.0 0.20 M MgCl2 0.1 M TRIS 7.0

B9 21 20 % PEG 6K 0.1 M citrate 5.0

B10 22 50 % PEG 300 0.100 2.0 0.20 M MgCl2 0.1 M cacodylate 6.5

B11 23 2 M K3(cit)

B12 24 20 % PEG 3350 0.080 2.5 0.20 M K3(cit) 8.3

C1 25 20 % PEG 10K 0.040 5.0 0.20 M NaCl 0.1 M citrate/PO4 4.2

C2 26 20 % PEG 6K 0.100 10.0 1.00 M LiCl 0.1 M citrate 4.0

C3 27 15 % mPEG 2K 0.200 50 10 % PVPdne 0.1 M imidazole 6.5

C4 28 10 % PEG 6K 0.1 M HEPES 7.0

C5 29 1.60 M Na/KPO4 0.1 M HEPES 7.5

C6 30 40 % PEG 300 0.1 M citrate/PO4 4.2

C7 31 10 % PEG 3350 0.200 1.0 0.20 M Zn(ac)2 0.1 M acetate 4.5

C8 32 20 % isopropanol 0.1 M TRIS 8.5

C9 33 25 % 1,2 propandiol 0.100 100 10 % glycerol 0.1 M Na/K-PO4 6.2

C10 34 10 % PEG 10K 0.050 40 2 % dioxane 0.1 M BICINE 9.0

C11 35 2.00 M (NH4)2SO4 0.1 M acetate 4.6

C12 36 10 % PEG 10K 0.200 50 10 % PEG 1K

D1 37 24 % PEG 1K 0.200 100 20 % glycerol

D2 38 30 % PEG 300 0.100 2.0 0.20 M MgCl2 0.1 M HEPES 7.5

D3 39 50 % PEG 300 0.040 5.0 0.20 M NaCl 0.1 M Na/K-PO4 6.2

D4 40 30 % PEG 10K 0.100 2.0 0.20 M Li2SO4 0.1 M acetate 4.5

D5 41 70 % MPD 0.1 M HEPES 7.5

D6 42 20 % PEG 10K 0.100 2.0 0.20 M MgCl2 0.1 M TRIS 8.5

D7 43 40 % PEG 300 0.100 2.0 0.20 M Li2SO4 0.1 M TRIS 8.5

D8 44 40 % MPD 0.1 M TRIS 8.0

D9 45 25.5 % PEG 3350 0.049 3.5 0.17 M (NH4)2SO4 0.150 100 15 % glyc

D10 46 40 % PEG 300 0.200 1.0 0.20 M Ca(ac)2 0.1 M cacodylate 6.5

D11 47 14 % isopropanol 0.140 1.0 0.14 M CaCl2 0.300 100 30 % glyc 0.7 M acetate 4.6

D12 48 16 % PEG 10K 0.020 2.0 0.04 M Na/KPO4 0.200 100 20 % glyc

E1 49 0.400 2.5 1.00 M K3(cit) 0.1 M cacodylate 6.5

E2 50 2.00 M (NH4)2SO4 0.040 5.0 0.20 M NaCl 0.1 M cacodylate 6.5

E3 51 10 % isopropanol 0.040 5.0 0.20 M NaCl 0.1 M HEPES 7.5

E4 52 1.26 M (NH4)2SO4 0.100 2.0 0.20 M Li2SO4 0.1 M TRIS 8.5

E5 53 40 % MPD 0.1 M BICINE 9.3

E6 54 20 % PEG 3350 0.200 1.0 0.20 M Zn(ac)2 0.1 M imidazole 8.0

E7 55 10 % isopropanol 0.200 1.0 0.20 M Zn(ac)2 0.1 M cacodylate 6.5

E8 56 0.500 2.0 1.00 M Na/KPO4 0.1 M acetate 4.5

E9 57 0.640 2.5 1.60 M MgSO4 0.1 M MES 6.5

E10 58 10 % PEG 6K 0.1 M BICINE 9.0
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2.2 Methods 

2.2.1 Bacterial culture and expression of recombinant proteins 

The pGEX bacterial expression vectors are used for the expression and 

purification of GST-fusion proteins in E. coli. The protein of interest is 

expressed as a C-terminal fusion with GST, which is a 26 kDa glutathione 

S-transferase encoded by Schistosoma japonicum (Smith et al. 1988). The 

fusion proteins are expressed upon IPTG (Isopropyl 

ɓ-D-1-thiogalactopyranoside) induction and can be purified by affinity 

chromatography on immobilised reduced glutathione (GSH) or by batch 

method with glutathione agarose (settled resin) under non-denaturing 

conditions. The bound fusion proteins are released from the affinity matrix 

with an excess of free reduced glutathione. Protease cleavage sites can be 

inserted into the vectors, which enables GST-tag removal. The pGEX system 

is also widely used, because fusion proteins often remain more soluble than 

the target proteins alone.  

The vectors, which were used in this thesis, are pGEX6-P1 and pGEX-KN. A 

PrescissionTM protease cleavage site is present in the pGEX6-P1 vector. After 

GST-tag removal, five residues derived from GST-tag remain at the 

N-terminus of the protein of interest (Gly-Pro-Leu-Gly-Ser). A thrombin 

cleavage site is present in the pGEX-KN vector. If the first two residues of the 

protein of interest are nonacidic, no GST tag-derived residues remain bound 

at the N-terminus of protein of interest after cleavage with thrombin protease 

(Hakes et al. 1992).  
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2.2.1.1 Bacterial transformation 

A Luria-Bertani (LB) agar plate with ampicillin was warmed up from the cold to 

room temperature. Filter tips were used for all bacterial DNA experiments. A 

20 ɛl aliquot of competent E.coli strain Rosetta (DE3) cells was thawed on ice. 

The plasmid DNA was diluted with sterile H2O or TE buffer to give final 

concentration of 5 to 10 ng/ɛl. 1 ɛl of the diluted DNA was added to the 

thawed competent cells by stirring gently. The mixture was left on ice for 30 

min and then heat-shocked for 90 sec at 42 ÁC. Bacteria were returned onto 

the ice for 2 min. 980 ɛl LB medium at room temperature was added and the 

bacteria were incubated for 45 min at 37ÁC with shaking. The cells were 

sedimented gently by centrifugation at 1000 x g for 3 minutes. 850 ɛl of the 

supernatant was removed and the cell pellet was resuspended gently in the 

remaining liquid medium (~ 150 ɛl). The cells were pipetted onto the LB agar 

plate and spread evenly over the surface to allow it to soak in. The agar plates 

were incubated overnight at 37 ÁC. 

2.2.1.2 Bacterial stocks 

A few colonies of transformed bacteria were picked from an LB agar plate and 

transferred into 4 ml LB medium with 75 ɛg/ml carbenicillin. The culture was 

grown for several hours at 37 ÁC in a bacterial shaker until the culture reached 

an optical density at 600 nm (OD600) of 0.8. The bacterial suspension was 

then aliquoted and thoroughly mixed with glycerol at a 40% final glycerol 

concentration. Aliquots were frozen in liquid nitrogen and stored for further 

use at -80 ÁC. 
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2.2.1.3 GST-fusion protein expression 

2 ml of LB medium with 75 ɛg/ml carbenicillin were inoculated by transfer of a 

small amount of material from a glycerol stock. The culture was grown for 

several hours at 37ÁC in a bacterial shaker until the culture reached an OD600 

of 1-1.5. 200 ml of LB medium with 75 ɛg/ml carbenicillin were inoculated with 

1 ml of bacterial suspension and grown overnight at 37 ÁC in a bacterial 

shaker. For each 2 litre Erlenmeyer flask, 20 ml of overnight culture were 

added to 600 ml TB with 75 ɛg/ml carbenicillin. The bacterial suspension was 

grown for several hours in a bacterial shaker (37 ÁC) until the culture reached 

an OD600 of 1-1.5. Next, expression was induced with 0.1 mM IPTG overnight 

at 18 ÁC, and bacteria were then sedimented by centrifugation at 2000 x g for 

15 minutes at 4 ÁC. Afterwards, 30 min ice-chilled bacterial pellets were lysed 

in cold TPE lysis buffer with inhibitors and sonicated on ice for 4 x 30 sec with 

1 min intervals. The lysate was clarified by centrifugation at 48000 g for 1 h at 

4 ÁC. The supernatant was frozen in liquid nitrogen and stored at -80 ÁC. 

2.2.1.4 GST-fusion protein purification  

A glutathione Sepharose (GSH) beads titration was first performed to estimate 

the optimal ratio of GSH beads (Thermo Scientific PierceTM or 

Macherey-NagelTM) to the supernatant. For this, various amounts of 

supernatant (30 ɛl, 100 ɛl, 300 ɛl, 600 ɛl, 1 ml) were incubated with 15 ɛl 

GSH beads on a nutator overnight at 4 ÁC. Then, beads were washed with 3 x 

1 ml GSH-WB. Each time the GSH beads were sedimented gently by 

centrifugation at 500 x g for 5 minutes. The bound GST-fusion proteins were 

analyzed by SDS-PAGE and Coomassie Blue staining. Based on the 

analysis, the optimal ratio GSH beads to supernatant was used for scale-up 
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purification by co-incubating on a nutator overnight at 4 ÁC. Then, beads were 

washed with 3 x 50 ml GSH-WB. Each time the GSH beads were sedimented 

gently by centrifugation at 500 x g for 5 minutes. Bound GST-fusion protein 

was eluted with elution buffer (100 mM GSH, pH-adjusted to approximately 

pH 8 with 1 M Tris-HCl pH 8.8) by gentle mixing for 3 hours and the solution 

was recovered by gravity flow through an Eco column (Biorad). Additional 

fractions were collected by eluting with 3 x 1 bead volumes of fresh elution 

buffer. The eluate was dialyzed twice against 5 litres of dialysis buffer. The 

integrity of the dialyzed protein was analyzed by SDS-PAGE and Coomassie 

Blue staining, and the protein was assayed by the Bradford method. Purified 

GST-fusion protein was snap-frozen in aliquots and stored at -80 ÁC until 

further use. 

2.2.1.5 GST-CD2AP-SH3-1, -2, -3-S purification for ITC and protein 

crystallography 

For crystallization experiments and ITC measurements, the GST-tags of the 

expressed GST-fusion proteins were removed by PrescissionTM protease (GE 

Healthcare). Proteins were purified as above (section 2.2.1.4). The eluate was 

dialyzed twice against 5 litres of PrescissionTM protease buffer. The GST-tag 

was removed by incubating the eluate with PrescissionTM protease on a 

nutator overnight at 4 ÁC (1:250 ratio by weight of protease to GST-fusion 

protein). The GST-tag, uncleaved and cleaved protein were separated by size 

exclusion FPLC on a HiLoad 16/60 Superdex S75 column (GE HealthcareTM) 

equilibrated with gel filtration buffer (20 mM Tris pH 7.5, 150 mM NaCl for 

SH3-1 and additionally 2 mM ɓ-ME for SH3-2 and SH3-3-S). Fractions 

containing purified protein were pooled and dialyzed against the dialysis 
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buffer. The integrity of the dialyzed protein was analyzed by SDS-PAGE and 

Coomassie Blue staining and the protein then concentrated. Final 

concentrations were determined by UV absorption at 280 nm. 

2.2.1.6 GST-CD2AP-SH3-3-L purification for ITC and protein 

crystallography 

For crystallization experiments and ITC measurements, the GST-tag of the 

GSH-Sepharose purified GST-fusion protein was removed by Thrombin 

protease as described below. After cleavage, only one residue (Gly) from the 

vector was left on the N-terminus of SH3-3-L. Before the proteolytic cleavage, 

the eluate was dialyzed twice against 5 litres of the Thrombin protease buffer. 

The GST-tag was removed by incubating the eluate with Thrombin protease 

on a nutator for 60 h at 4 ÁC (1:100 ratio by weight of protease to GST-fusion 

protein). The GST-tag, uncleaved and cleaved protein were separated by size 

exclusion FPLC on a HiLoad 16/60 Superdex S75 column (GE Healthcare) 

equilibrated with gel filtration buffer (20 mM Tris pH 7.5, 150 mM NaCl, 2 mM 

ɓ-ME). Fractions containing purified protein were pooled and dialyzed against 

5 mM Tris pH 7.5 and 2 mM ɓ-ME. To maximise yield, fractions containing 

uncleaved protein were pooled and the steps starting from incubation with the 

Thrombin protease were repeated. The integrity of the dialyzed protein was 

analyzed by SDS-PAGE and Coomassie Blue staining and the protein was 

then concentrated. The final protein concentrations were determined by UV 

absorption at 280 nm.  
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2.2.1.7 GST-CD2AP-SH3-(1+2) purification for ITC and protein 

crystallography 

For crystallization experiments and ITC measurements, the GST-tag of the 

expressed GST-fusion protein was removed by PrescissionTM protease. 

Protein was purified as above (section 2.2.1.4). The eluate was dialyzed twice 

against 5 litres of the Prescission protease buffer. The GST-tag was removed 

by incubating the eluate with Prescission protease on a nutator overnight at 4 

ÁC (1:150 ratio by weight of protease to GST-fusion protein). The eluate was 

precipitated with ammonium sulphate to obtain a fraction from 40-50% 

saturation at 4 ÁC (see section 2.2.4.5 for more details on this method). The 

mixture was centrifuged at 10.000 g for 15 minutes at 4 ÁC . The supernatant 

was discarded and the pellet was dissolved in gel filtration buffer (20 mM Tris 

pH 7.5, 150 mM NaCl, 2 mM ɓ-ME) and applied to a HiLoad 16/60 Superdex 

S75 column equilibrated with the same buffer. Fractions containing purified 

protein were pooled and dialyzed against the dialysis buffer. Fractions 

containing protein and GST were pooled and the steps starting from the 

ammonium sulphate precipitation were repeated. The integrity of the dialyzed 

protein was analyzed by SDS-PAGE and Coomassie Blue staining and then 

concentrated. The final concentration was quantified by UV absorption at 280 

nm. 

2.2.1.8 Protein concentration determination by Bradford assay 

On binding of Coomassie brilliant blue G-250 to proteins, the maximum of 

absorption is shifted from 465 nm to 595 nm (Bradford, 1976). Absorption at 

595 nm (A595 nm) was used to determine the concentration of protein samples. 

Initially, a standard curve was prepared by incubating a range of BSA 
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concentrations (2-12 ɛg/ml) with 1 x Bradford solution for 10 min and 

measuring A595 nm. The same procedure was followed for protein samples of 

unknown concentration. Based on the observed A595 nm of the samples and 

the standard curve, the sample concentration were calculated. 

2.2.1.9 Protein concentration determination by UV absorption at 280 nm 

For proteins that contain tyrosines or tryptophans, a characteristic peak in the 

ultraviolet (UV) absorption spectrum around 280 nm is observed. The 280 nm 

absorbance can be used to calculate the protein concentration in pure protein 

solutions (Layne 1957, Noble et al. 2009). The protein concentration was 

calculated according to the Beer-Lambert law:  

ὃ Áὧὰ 

where A is the absorbance at 280 nm, am is the molar extinction coefficient, c 

is the concentration in mg/ml and l the path length of the cuvette in cm, which 

is 1. 

The protein solution was clarified by centrifugation at ca. 21.000 x g for 10 min 

so that any suspended particles, which may interfere with the measurement, 

were removed. The molar extinction coefficient of the protein was calculated 

with the ProtParam bioinformatics tool (Gasteiger et al. 2005, 

http://web.expasy.org/protparam/), based on the amino acid composition of 

the protein. The protein buffer solution was used to zero the 

spectrophotometer before measuring A280nm. If the value was above 1.0, the 

sample was diluted in protein buffer and the measurement was repeated.  
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2.2.2 Cell culture and lysis 

2.2.2.1 Cell culture of HEK293, HeLa, HepG2, MCF-7, SCC-9 and 

UPCI-SCC-154 cell lines 

The growth and incubator conditions for the different cell lines are described 

in section 2.1.3. The medium of the cells was changed every 2-3 days. Cells 

were split 1:3 to 1:5 when they reached 80-90% confluency. In order to do so, 

culture medium was decanted and cells were washed with PBS. Next, cells 

were incubated for 5 minutes or less with 1-2 ml of 0.25% Trypsin and 0.1% 

EDTA in PBS solution until the cells detached. The cells were sedimented 

gently by centrifugation at 200 x g for 5 min. The cells were resuspended in 

fresh medium at the desired density. 

2.2.2.2 Cell culture of immortalised podocytic cell line (PODs) 

PODs are conditionally immortalised human podocytes, which were kindly 

provided by Professor Moin Saleem (University of Bristol). This cell line was 

developed by transfection of primary podocytic cells with the 

temperature-sensitive SV40-T gene and a telomerase gene. The detained 

clone, designated 'LY', proliferate at 33 ÁC and have epithelial morphology 

(Figure 2.1A). When the cells are transferred to 37 ÁC, their growth is arrested 

and they fully differentiate within 10-14 days (Ni et al. 2012). Upon 

differentiation, the cell bodies enlarged in irregular shapes and projections 

were formed (Figure 2.1B). The growth and incubator conditions are 

described in section 2.1.3. Cells were cultured as described in section 2.2.2.1 

except being split 1:3 when they reached 40-60% confluency. 
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Figure 2.1 

Light microscopy images show the morphology of the immortalised human 
podocytic LY cell line. 

A, proliferative and B, differentiated state (day 10). Magnification: x10. Scale bar: 100 
ɛm. 

 

2.2.2.3 Vanadate/ H2O2 stimulation of the UPCI-SCC-154 cell line 

Vanadate/H2O2 mixtures inhibit tyrosine phosphatase activity in cells and 

animals (Swarup et al. 1982, Heffetz et al. 1990, Hecht et al. 1992, Chen et al. 

1997). A stock solution with 50 mM vanadate and 500 mM H2O2 was made 

fresh prior to the start of the experiment. This stock solution was diluted 1:500 

with cell-free, pre-warmed medium taken from the cells shortly before the 

experiment, mixed and immediately added onto the cells. The mixture was 

incubated with the cells for the designated time and then the cells were lysed 

as described in section 2.2.2.6. A control of untreated cells was set up and 

lysed as well. 

2.2.2.4 Cell stocks 

For long term storage of cells, culture medium was decanted and cells were 

washed with PBS. 1-2 ml of 0.25% Trypsin and 0.1% EDTA in PBS solution 

was added to cells ensuring the cells were fully covered. Any excess was 

decanted. Cells were incubated for 5 min or less, until the cells detached. 
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Cells were sedimented gently by centrifugation at 200 x g for 5 min and 

resuspended in freezing medium (95% FBS, 5% DMSO). Cells were aliquoted 

into cryovials and frozen slowly in styrofoam boxes at -80 ÁC. After one day, 

the vials were transferred into the liquid nitrogen tank. 

2.2.2.5 Thawing frozen cells 

The frozen vial of cells was transferred to a 37 oC waterbath for ca. 2 min, 

until it was fully thawed. The vial was then wiped with a tissue soaked in 70% 

alcohol prior to opening. Contents of the vial were slowly pipetted into a tube 

of pre-warmed medium and sedimented gently by centrifugation at 200 x g for 

5 minutes. Cells were resuspended in fresh medium to achieve the correct 

flask volume. 

2.2.2.6 Cell lysis 

Prior to lysis, cells were washed three times with cold PBS. Any excess PBS 

was sucked off. A small volume (1 ml for a 175 cm2 flask) of cold lysis buffer 

with inhibitors was added onto the cells and distributed by tilting the culture 

flask. Cells were scraped off the plastic surface, collected into prechilled tubes 

and incubated for 30 min on a nutator at 4 ÁC. The cell lysate was sedimented 

gently by centrifugation at 10.000 x g for 30 min at 4 ÁC. The supernatant was 

collected and the protein concentration was determined by the Bradford 

assay. 

2.2.2.7 Cell fractionation 

Cell fractionation allows the enrichment of specific subcellular compartments. 

This enables the study of intracellular protein distribution and simplifies the 

identification of low abundance proteins, which are found in specific 
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compartments (Michelsen et al. 2009). Here the method was used to separate 

cells sequentially into nuclear (P1), large (P10) and small (P100)  vesicle and 

cytoplasmic fractions (S100) using increasing sedimentation speeds from 1000 

to 100.000 x g.  

Cells were washed twice with cold PBS and twice with cold hypotonic lysis 

buffer (HLB). Excess HLB was decanted. Cold lysis buffer (HLB buffer with 

inhibitors) was added onto the cells and distributed by tilting the culture flask. 

Excess lysis buffer was again decanted. Cells were scraped off the plastic 

surface, collected into the dounce homogeniser and allowed to swell for 10 

minutes on ice. Afterwards, cells were dounce homogenised with 20 pestle 

strokes and collected into tubes. For the generation of specific subcellular 

fractions, the following steps were followed: 

1. Cell suspension was sedimented by centrifugation at 1000 x g for 30 

minutes at 4 ÁC. The supernatant (S1) and pellet (P1) were collected. P1 

contains nuclei, as well as unbroken cells and cell fragments, if any 

(Michelsen et al. 2009). 

2. The S1 cell suspension was sedimented by centrifugation at 3000 x g 

for 30 minutes at 4 ÁC. The supernatant (S3) and pellet (P3) were 

collected. The P3 fraction is enriched in mitochondria. 

3. The S3 cell suspension was sedimented by centrifugation at 10.000 x g 

for 30 minutes at 4 ÁC. The supernatant (S10) and pellet (P10) were 

collected. P10 contains the large vesicles, including some remaining 

mitochondria. 

4. The S10 cell suspension was sedimented by centrifugation at 100.000 x 

g for 30 minutes at 4 ÁC. The supernatant (S100) and pellet (P100) were 
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collected. S100 and P100 contains the soluble cytoplasmic proteins and 

small vesicles, respectively. 

The pellets (P1, P3, P10 and P100) were resuspended in cold lysis buffer (RIPA 

100 with inhibitors) and incubated for 30 min on a nutator at 4 ÁC. Then, they 

were sedimented by centrifugation at 20.000 x g for 30 min at 4 ÁC. The 

supernatants were collected. The supernatant protein concentrations were 

determined by the Bradford assay. The workflow is also depicted in Figure 

2.2. 

 

 

Figure 2.2 

Subcellular cell fractionation workflow. 
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2.2.3 Biochemical assays 

2.2.3.1 Precipitation of cellular proteins with GST-fusion proteins 

20 ɛl of GSH beads and equimolar amounts of GST (30 ɛg) or GST-fusion 

proteins were mixed with 1 mg of lysate. The suspension was topped up with 

IP buffer to 500 ɛl and incubated overnight on a nutator at 4 ÁC. Then, beads 

were washed with 3 x 1 ml cold wash buffer (RIPA 100). Each time the GSH 

beads were sedimented gently by centrifugation at 500 x g for 5 min (4 ÁC). 

Bound GST-fusion proteins were analyzed by SDS-PAGE and western blot. In 

some cases, to reduce the amount of non-specifically precipitated proteins, 

the lysates were pre-cleared by incubation with 20 ɛg of GSH beads alone for 

2 h, then 2 x 20 ɛl GSH beads + 50 ɛl GST for 2 h, and a further time with 20 

ɛl GSH beads for 2 h. Beads were pelleted by centrifugation as before and 

the supernatant was used for precipitation with fresh beads and GST-fusion 

proteins. For the peptide competition experiments, a 200-fold molar excess of 

control or competition peptide were added to the GST-fusion proteins 2 h prior 

addition of the cell extracts. Unless stated otherwise, the experiments were 

performed at least in duplicates. 

2.2.3.2 (Co-) Immunoprecipitations 

Primary antibodies were used to precipitate cellular proteins together with 

Protein A or Protein G Sepharose beads (Sigma Aldrich). 2 ɛg of antibodies 

and 20 ɛl of packed Sepharose beads were mixed with 2 mg of cell lysate in 

ice-cold Eppendorf tubes. As controls, samples with control antibody (IgG 

[Santa Cruz Biotechnology], IgG1 [Cell Signalling Technology], pre-immune 

rabbit serum [Santa Cruz Biotechnology]) and cell lysate or with antibody but 

without cell lysate were used. The stringency of cell lysis and wash buffer and 
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the incubation times were individually determined for optimal detection of 

specific signals. Proteins were precipitated at 4 ÁC on a nutator. Sepharose 

beads were washed with 3 x 1 ml cold IP buffer. Each time the Sepharose 

beads were sedimented by centrifugation at 20.000 x g for 1 min. Bound 

proteins were analyzed by SDS-PAGE and western blot. Experiments were 

performed at least in duplicates. 

2.2.3.3 siRNA 

RNA interference (RNAi) is a method to silence the expression of genes of 

choice through the interference with and degradation of their mRNA 

transcripts. This can be achieved by different types of RNA molecules, such 

as siRNA, miRNA and shRNA (Fire et al 1998, Bernstein et al 2001, Ketting 

2011).  

Human RIN3 siRNAs were purchased from QIAGENTM (FlexiTube 

GeneSolution, GS79890). This kit included four individual siRNAs. The 

sequences are the following:  

RIN3 siRNA Catalogue number Sequence 

RIN3-1 SI04319021 AGUCGAUAUUGUACCUGGA 

RIN3-2 SI04334036 CGGAGAUGCUUCUCAAUGU 

RIN3-3 SI04212131 GCAGCAUGUUCCACGCUUU 

RIN3-4 SI04308794 GGAGCUCGAAGCAAUUGUA 

 

The stock of each individual siRNA was prepared according to QIAGEN's 

guidelines. HEK293 and HepG2 cells were seeded in 6-well plates at a 

density of 2x105 cells/well and transfected with the RIN3-targeted siRNAs 

(individually or as a pool) or negative control siRNA (Luciferase GL2 duplex, 
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Thermo Scientific DharmaconTM). The negative control siRNA is expected to 

not affect gene expression, because it has no homology to any known human 

gene. Moreover, a positive control well with p130Cas customary siRNA 

(sequence: GCAGCAGCUGAAGCAGUUU), which was validated by a 

previous lab member, was used to confirm that the transfection  protocol was 

successful. A control well with mock-transfected cells was also used to test if 

there were any off-target effects due to the transfection reagents. Different 

transfection reagents, time points, media and procedures were used so that 

the optimal protocol of siRNA transfection could be determined. Details can 

be found in section 5.4.3. The incubator conditions for the HEK293 and 

HepG2 cell lines are described in section 2.1.3. 

2.2.4 Protein separation and detection 

2.2.4.1 SDS polyacrylamide gel electrophoresis 

4x SDS PAGE sample buffer was added to the protein solution and the mix 

incubated at 100 oC for 5-10 min to denature proteins. The SDS-PAGE 

sample buffer contains SDS and ɓ-ME. The former unfolds hydrophobic 

regions of the proteins, while the latter causes a reduction of disulphide bonds 

present. The denatured proteins were loaded onto polyacrylamide gels that 

consist of a separation gel (pH 8.8), which is below a low-percentage stacking 

gel (pH 6.8). Proteins were separated by size on vertical polyacrylamide gels 

in a Protean II xi electophoresis chamber (Bio-Rad). 
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2.2.4.2 Detection of proteins immobilised on membranes with antibodies 

(Western blot) 

After electrophoresis, the gel was cut to an appropriate size and transferred 

into semi-dry blot buffer (SDBB). Proteins were transferred from the gel onto a 

PVDF membrane (Fisher Scientific) by semi-dry blotting (TransBlotSD Semi-

Dry Transfer Cell, Bio Rad). The PVDF membrane was pre-wetted in 

methanol for 15 sec and then transferred into SDBB. Six layers of Whatman 

3MM chromatography paper were soaked in SDBB and placed onto the 

transfer cell electrode. Afterwards, the PVDF membrane, the gel and six 

further layers of Whatman paper were positioned sequentially on top of the 

Whatman paper, while removing remaining air bubbles. A constant voltage of 

20 V for 1 h was chosen for the successful transfer of the proteins. The PVDF 

membrane was then incubated in blocking buffer appropriate for the primary 

detection antibody for 1 h at room temperature. This was done to ensure the 

saturation of non-specific binding sites on the membrane. The membrane was 

then incubated with the primary detection antibody overnight at 4 ÁC on a 

nutator. After washing three times for 15 min in the appropriate wash buffer, 

the secondary HRP-coupled antibody in the same fresh blocking buffer 

(1:10.000) was added and incubated for 1 h at room temperature. After 

washing three times with the same buffer for 15 min, the freshly mixed ECL 

detection solutions (Thermo Scientific PierceTM) were applied for 1 min. 

Excess liquid from the membrane was drained with filter papers. Light 

produced by oxidation of luminol in the detection solution, catalysed by 

antibody-coupled horse radish peroxidase, was detected by autoradiography 

on X-ray films or an imaging system (Fusion FX7TM). 
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2.2.4.3 Silver Staining of SDS-Gels 

Proteins were separated by SDS-PAGE. The gel was fixed by shaking for 20 

min in 50% (v/v) methanol with 5% (v/v) acetic acid, then washed for 10 min in 

50% methanol, and a further 10 min in H2O. The gel was then incubated for 1 

min in 0.02% (w/v) sodium thiosulphate and afterwards thoroughly washed for 

1 min under a running water tap. Silver was bound by incubation of the gel in 

0.1% (w/v) silver nitrate solution for 20 min. It was then washed again for 2 x 1 

min by shaking rapidly with H2O. Proteins were detected by developing in 

0.04% (v/v) formaldehyde with 2% NaHCO3. To stop the reaction, the gel was 

immersed for 10 min in 5% (v/v) acetic acid and stored in 1% acetic acid. 

2.2.4.4 Gel filtration chromatography separation of S100 subcellular 

fraction 

The S100 fraction was prepared as described in section 2.2.2.7. Nine 175cm2 

flasks were used, which were ca. 95-100% confluent. The obtained S100 lysate 

was loaded onto a HiLoadTM 16/60 SuperdexTM S200 column (GE 

Healthcare). The column was run at 1 ml/min with a modified buffer (10 mM 

Tris pH 7.5, 150 mM NaCl, PBS, 50 mM EDTA pH 8, 0.7 ɛg/ml pepstatin A, 

0.5 ɛg/ml leupeptin, 0.1 mM PMSF, 5 ɛg/ml antipain, 1 mM sodium 

orthovanadate, 1 mM sodium molybdate). 

2.2.4.5 Ammonium sulphate precipitation 

Precipitation or 'salting out' of proteins is caused by the formation of protein 

aggregates due to neutralization of protein surface charges by addition of salt. 

A number of salts can be used for this process, but ammonium sulphate is 

one of the most widely used protein precipitants. Since proteins differ in their 

size, shape and surface properties, they will precipitate at different salt 
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concentrations. This allows fractionation of proteins according to their 

solubility and precipitability (Englard et al. 1990). 

The protein mixture (GST-tag, GST-SH3-[1+2], SH3-[1+2]) was fractionated 

by the addition of solid ammonium sulphate at 4oC. Fractions were collected 

at concentrations of 30, 40, 50, 60 and 80% ammonium sulphate. For the 

collection of each fraction, the required amount of solid ammonium sulphate 

was added to the protein solution with stirring for 1 h to allow the equilibration 

of the protein mixture. The mixture was then centrifuged at 10.000 x g for 15 

min. The resulting pellet was dissolved in 20 mM Tris pH 7.5, 150 mM NaCl 

and 2 mM ɓ-ME. More solid ammonium sulphate was added to the 

supernatant to achieve the next higher concentration, while the stirring, and 

centrifugation steps were repeated as before. The proteins of each fraction 

were identified by SDS-PAGE and Coomassie Blue staining. 

2.2.5 Isothermal titration calorimetry 

2.2.5.1 Overview 

Isothermal titration calorimetry (ITC) is a method that enables the direct 

measurement of heat associated with complex formation at constant 

temperature. This allows the simultaneous determination of changes in the 

thermodynamic parameters, such as free energy of binding (ȹG), enthalpy 

(ȹH) and entropy (ȹS). Therefore, ITC has many applications and is used to 

study enzyme kinetics and to characterize the interactions between 

macromolecules, such as proteins, DNA and lipids (Doyle 1997). 
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2.2.5.2 Instrumentation and ITC data calculation 

In the ITC experiment, typically a ligand is injected in aliquots into a solution 

containing the macromolecule of interest and the heat released (exothermic 

reaction) or absorbed (endothermic reaction) is detected by measuring the 

power required to maintain constant temperature between the sample and a 

reference solution (Figure 2.3A). The syringe that contains the ligand has a 

stirrer, which is rotated continuously, and ensures that the contents of the 

sample cell are quickly and evenly mixed. The heat released or absorbed 

upon each addition of ligand into the sample cell corresponds to the area 

under the signal-versus-time curve (Figure 2.3B, top panel) and relates to the 

amount of complex formed. In an ideal case (i.e. macromolecule and ligand 

are soluble and bind with moderate to high affinity) with excess ligand, the 

injections of ligand lead to the saturation of the binding sites, which causes 

the heat of reaction to tend to zero (Figure 2.3B). At the end of the reaction a 

residual heat may be observed which can be attributed among others to buffer 

dilution effects and mechanical heat of stirring of the syringe. These 

contributions must be determined by performing control experiments and 

substracted from the total heats to derive the true heat of complex formation. 

The resulting binding isotherm is a plot of heat absorbed or released per 

injection versus the molar ratio of the ligand to macromolecule of interest 

(Figure 2.3B, bottom panel). By assuming the interaction occurs under 

equilibrium conditions, the binding isotherm enables the determination of the 

binding enthalpy ȹH, the equilibrium binding affinity K and the stoichiometry N 

(i.e. number of binding sites per mole of macromolecule) (Figure 2.3B, bottom 

panel).  
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Figure 2.3 

A, Illustration of an isothermal titration calorimetry instrument. The sample and 
reference cells and the syringe are depicted. B, Raw ITC data (upper panel) and 
the resulting binding isotherm (bottom panel). 

The solid line represents the nonlinear best fit to the data assuming a single-site 
binding model. It is also depicted how the parameters ȹH, N and Kd are derived from 
the isotherm. 

 

It is possible to calculate the N value because the macromolecule and ligand 

concentrations are known and thus it is determined by the molar ratio of 

interacting species at the equivalence point. This leads to the determination of 

the Gibbs free energy of binding ȹG, the change in entropy ȹS and the 

dissociation constant Kd from the following equations: 

ЎὋ ὙὝÌÎὑ  

ЎὋ ЎὌ ὝЎὛ  

ὑὨ   

As shown above, affinity is quantified by ȹG. ȹH and ȹS provide additional 

information, which were already described in section 1.4. In general, ITC 
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measurements are able to calculate disassociation constant values between 

approximately 10 nM and 100 ɛM (Perozzo et al 2004, Ladbury 2010, Ghai et 

al 2012). 

2.2.5.3 ITC experiments 

ITC was performed with a VP-ITC MicroCalorimeter (MicroCal). Peptides 

were dissolved at 0.75 mM in ITC buffer, clarified by centrifugation for 10 min 

at 20.000 x g and degassed prior to use. Clarified and degassed protein 

solutions (1.43 ml in total) comprising 0.05 mM CD2AP SH3-1, SH3-2 or 

SH3-3 domains in ITC buffer were placed in the sample chamber. Upon 

reaching the equilibrium temperature of 25 ÁC, peptide solutions were titrated 

into the sample chamber by an initial injection of 4 ɛl followed by 18 injections 

of 15 ɛl. Resulting peaks of measured deviations from the equilibrium 

temperature were integrated to yield the quantity of heat generated. Data 

were obtained using ɢ2 minimization on a model assuming a single set of 

sites to calculate the binding affinity Kd. All data analysis steps were 

performed using the manufacturerôs ORIGIN (V5.0) software. The reported 

standard error was computed by the calorimeter. 

2.2.5.4 Peptide Synthesis for ITC and Crystallography 

A list of the peptides' sequences can be found in section 2.1.2. The ALIX- and 

RIN3-derived peptides were provided by Dr Nicola Oô Reilly (Peptide 

Synthesis Laboratory, Cancer Research UK, London). Briefly the peptides 

were synthesized using 9-fluorenylmethyloxylcarbonyl for temporary Ŭ-amino 

group protection, cleaved from the resin, deprotected, freeze-dried, purified on 

a C8 RP column, and analyzed for purity and mass on an Agilent 1100 LC-
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MS. The ARAP1-, DAB1- and MLK3-derived peptides were provided by the 

peptide synthesis facility at the WIMM (Oxford, UK). 

2.2.6 X-ray crystallography - Theory 

2.2.6.1 Overview 

Molecular models generated by X-ray crystallography are used as tools to 

study the molecular details of biological processes. A number of steps are 

followed for the determination of a protein structure. (Rhodes, 2010) has been 

used as a reference to describe these steps in the following sections. 

2.2.6.2 Protein Crystallization 

For protein crystal growth, purified protein is dissolved in aqueous buffer 

solution under non-denaturing conditions. The buffer solution contains a 

precipitant, such as polyethylene glycol or salts, at a concentration below that 

necessary to precipitate the protein. Controlled evaporation of water causes 

an increase in protein and precipitant concentrations, which results in slow 

precipitation. This may occasionally give rise to the growth of either small 

crystals or crystals that are large enough for the X-ray diffraction experiments. 

Small crystals of good quality might be used for the production of 

appropriately large crystals. This method is called microseeding. The 

experimental set-up is the same as before, except that the protein solution is 

seeded with the small crystals, providing a nucleus around which larger 

crystals may grow. 

For crystals to grow, it is important to find the best crystal growth conditions. 

Several factors are important for crystal growth, including protein and 

precipitant concentration and purity, pH and temperature. 
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A useful way of choosing the appropriate starting concentration for the 

crystallization screens is the pre-crystallization test (PCT). Various protein 

concentrations are tested which should yield clear drops or varying degrees of 

precipitation with selected reagents (Hampton Research, US). The protein 

concentration giving rise to moderate precipitation is considered a suitable 

starting point. 

The crystals described in this thesis were formed by the sitting-drop vapour 

diffusion method. In this method, the protein/precipitant solution is placed on a 

support and equilibrated with a larger precipitant reservoir in a closed 

container. 

2.2.6.3 Collection of X-ray Diffraction Data 

For X-ray data collection, the crystal is mounted onto a goniometer.  The 

goniometer allows the rotation of the crystal between an X-ray source and an 

X-ray detector, while being centered in the beam. The diffraction by the crystal 

of the X-ray beam results in the production of a diffraction pattern of X-ray 

reflections (spots in Figure 2.4) on the detector. The intensity of each 

reflection and their coordinates (or indices) in the reciprocal lattice, which is 

the inverse of the real (or crystalline) lattice, are directly measurable.  

The real lattice is composed of unit cells. The unit cell is the minimum 

repeatable translational unit from which the volume of the crystal may be built 

in three dimensions. The dimensions of the unit cell can be calculated 

because the spacing of unit cells in the real lattice is inversely proportional to 

the spacing of reflections in the reciprocal lattice on the X-ray diffraction 

pattern (Figure 2.4). The content of the unit cell (i.e. the structure of the 

protein) is determined by the spot intensity and the phases. As it will be 
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described in section 2.2.6.4, the phases are not measurable, but are initially 

estimated by various methods. 

 

Figure 2.4: X-ray diffraction pattern. 

 

The unit cell may contain a few identical molecules arranged in a symmetric 

way. The largest group of such molecules that do not possess symmetry 

elements is called the asymmetric unit. The symmetry of the contents of a unit 

cell is described by its spacegroup. The spacegroup is referred to by the 

lattice type, such as C, and the symmetry directions, such as [121]. There are 

230 spacegroups, but due to chirality, only 65 spacegroups are possible for 

proteins.  

2.2.6.4 Electron Density Computation 

Software, which is described in section 2.2.7.2, is used to compute the 

electron density map within the unit cell from the indexed intensities. This map 

leads to an image of the molecule. Electron density ɟ(x, y, z) is a periodic 

function that is represented by the following Fourier sum: 

”ὼȟώȟᾀ
ρ

ὠ
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where h, k and l are the indices of reflection hkl, V is the volume of the unit 

cell,|Fhkl| is the structure factor amplitude and Ŭ the phase of this reflection. 

The structure factor Fhkl is described by frequency, amplitude and phase. The 

amplitude is derived from the intensity of the reflection, while the frequency is 

derived from the indices h, k and l. However, the phase of each reflection Ŭhkl 

is not measurable in the X-ray diffraction experiment and this problem is 

known as the phase problem. A number of methods can be used to calculate 

initial estimates of Ŭhkl: isomorphous replacement, anomalous scattering and 

molecular replacement. The calculation of Ŭhkl for the structures solved in this 

thesis was done by molecular replacement. 

2.2.6.5 Molecular Replacement  

In molecular replacement, the phases from structure factors of a known 

protein, which is called a phasing model, are used as initial estimates of 

phases for the target protein by positioning a model of the known protein in 

the unit cell of the target protein. This is easier when the target protein is 

identical to a component of the phasing model, as in the case of crystals 

soaked with a ligand (isomorphous phasing model). Another possibility is to 

use molecular replacement when the target protein and the phasing model 

exhibit high sequence homology (nonisomorphous phasing model). In this 

case, calculating Ŭhkl might still be feasible, but more challenging.  

When the phasing model and target protein are isomorphous, the electron 

density is described by the following Fourier sum: 

”ὼȟώȟᾀ
ρ

ὠ
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where the structure factor amplitude of each reflection |Fhkl| is derived from 

the intensities of the reflections of the target protein, while the phases Ŭhkl are 

those of the phasing model. 

When the phasing model and target protein are nonisomorphous, the optimal 

location and orientation of the phasing model have to be found in the unit cell 

of the target protein so that the phasing model is superimposed on the target 

model. The unit cell dimensions and symmetry are computed by the data of 

the target protein as described above. This allows the calculation of Ŭhkl  for 

the appropriately oriented phasing model, which will be used as initial 

estimates of Ŭhkl for the target protein. The search for the optimal orientation of 

the phasing model is done by the Patterson function. The Patterson function 

is a Fourier sum. However, it has no phases. If the Patterson maps (i.e. maps 

of Patterson function) of the phasing model and the target protein are similar, 

then this optimal orientation of the phasing model is used to search for its 

optimal location. The search for the optimal location is done by computing the 

structure factors of the phasing model (Fcalc) for various model locations and 

comparing their amplitudes with the calculated amplitudes of the structure 

factors of our target protein (Ftarget). The optimal location is the one where 

there is the best match between Fcalc and Ftarget. 

After computation of the initial estimates of Ŭhkl, the phase estimates are 

improved by refining the initial estimated model. This leads to an improvement 

of the electron density maps, which results in a structural model that is in 

closer agreement with the data of our target protein.  



 

96 
 

2.2.6.6 Assessment of the Molecular Model 

The Rwork and Rfree factors are used to assess the refined model. Their values 

are expected to decrease during each refinement cycle. The Rwork factor is 

derived when the structure factor amplitude of the resulting model is 

compared to the calculated structure factor amplitude of the target protein's 

data: 

Ὑ
ВȿȿὊ ȿ ȿὊ ȿȿ

ВȿὊ ȿ
 

Rwork values are between 0 and 1. Zero signifies that the structure factors 

between the model and the data are in complete agreement. In practice, Rwork 

values for the final model are around 0.2. The Rfree factor is computed based 

on a set of intensities that are randomly chosen prior to refinement and not 

used. Thus, the Rfree value is a way of measuring how well the resulting model 

can predict the values, which were set aside.  

An additional way of assessing the model at late stages of refinement is 

through a Ramachandran diagram. The diagram shows the pair of torsional 

angles (ū, Ɋ) for each residue and whether this pair is within conformationally 

allowed regions. The torsional angle ū is the one around the N ð CŬ bond, 

while the torsional angle Ɋ is around the CŬ ð C bond. Therefore, the 

Ramachandran diagram enables the determination of any conformationally 

unrealistic parts of the model, which have to be further refined.  

Finally the temperature factor Bj of each atom j or B-factor reflects the 

uncertainty in determining the exact atom positions in our model. It describes 

whether an atom oscillates more (high B-factor) or less (low B-factor) around 

its given position. The contribution of thermal motion is included within the 

B-factor. Therefore, the B-factor is a useful tool to compare the flexibility of 
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different parts of our model. However, one should keep in mind that other 

contributions, such as static disorder, is included in this parameter. Therefore, 

data analysis based on B-factors should be performed with caution.  

 

2.2.7 X-ray Crystallography - Experimental work 

2.2.7.1 Pre-crystallisation test protocol 

A pre-crystallisation test (PCT) was used to determine the appropriate starting 

concentrations of CD2AP SH3-1 and SH3-2 domains for the crystallization 

screens. The test was set up by the hanging-drop vapour diffusion method in 

96-well plates. The reagents and tested concentrations are found in Table 2.1.  

Table 2.1: Pre-crystallisation test reagents and tested concentrations. 

Reagents 

A1 0.1 M Tris HCl pH 8.5, 2.0 M Ammonium Sulphate 

A2 
0.1 M Tris HCl pH 8.5, 0.2 M Magnesium Chloride, 

30% (w/v) PEG 8000 

A3 0.1 M Tris HCl pH 8.5, 30% isopropanol 

Concentration (mg/ml) 

SH3 
domains 

no 
peptide 

RIN3e1 RIN3e2 

SH3-1 36.7 19.7 18.3 

SH3-2 28.2 16.9 15.5 

 

In the crystallisation trials of the SH3 domains in complex with the RIN3 

peptides, the complexes were pre-formed just before the PCT test at a ratio of 

1:3.5 (SH3 domain:RIN3e1 peptide) and 1:3 (SH3 domain:RIN3e2 peptide) 

respectively. These ratios were tested based upon the ITC results. 

Crystallisation trials were set up at 22 ÁC from a 1:1 ratio of mother liquor 

(Reagent A1-A3) to protein solution. The total volume of each drop and 

reservoir solution was 1 and 150 ɛl, respectively. The drop was placed 

underneath a cover slip, which was sealed on top of the reservoir well with 
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vacuum grease silicone. The drops were assessed after 24 h of setting up the 

experiment. 

2.2.7.2 Software 

The theoretical background of molecular model generation by protein X-ray 

crystallography was described in the section 2.2.6. A number of programs are 

used in practice to achieve this.  

 

Figure 2.5 

Data processing and refinement workflow.  

The program name is written in italics and a description of its use is described in the 
bulleted list. 
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These programs and the general workflow are summarized in Figure 2.5, and 

will also be mentioned in sections 3.6.2.1 and 6.8.2.1. 

2.2.7.3 Crystallization, data collection and analysis of CD2AP SH3 

domains with the RIN3- and ARAP1-derived peptides 

Trials were set up by the vapour diffusion method in a sitting nanodrop (total 

volume of 150 nl) in 96-well plates using the following crystal screens: HCS, 

HIN, JCSG, LFS. The screen condition are found in section 2.1.5. The starting 

concentrations for CD2AP SH3-1 and SH3-2 were chosen according to the 

pre-crystallisation test.  

CD2AP SH3-2/RIN3e2 complex: Crystals were grown at 20 ÁC from a 2:1 

ratio of mother liquor (0.1 M HEPES pH 7.5, 1.4 M tri-sodium citrate 

dehydrate) to CD2AP SH3-2 protein solution (16.7 mg/ml). Dr Philip Simister 

harvested the crystal and solved the structure. A single, thin square plate 

(~180 mm in length/width), which grew after 3 weeks, was first transferred to 

cryoprotectant (mother liquor supplemented with 10% glycerol) before being 

snap-frozen in liquid nitrogen. 

Data were collected to 1.11 ¡ngstrom on beamline I03 at the Diamond 

synchrotron (Harwell, UK). Data reduction was carried out with the XDS 

package (Kabsch et al 2010). Data was incomplete in most resolution shells 

(spacegroup C2), so an additional dataset was later collected using the same 

crystal but reorienting it in the beam (Diamond beamline I04-1). The two 

datasets were merged with XSCALE before being converted to CCP4 mtz 

format. Molecular replacement was performed with Phaser (McCoy et al 

2005) using an ensemble of SH3 models homologous to CD2AP SH3-2 (PDB 

codes: 2G6F, 1OEB, 2AK5, 2FEI, 3IQL). The single, correct solution was 
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subjected to automatic model building with the AutoBuild program in the 

PHENIX suite (Zwart et al 2008) and later refinement with REFMAC 5 

(Murshudov et al 1997). Additional manual model building was done with Coot 

(Emshley et al 2004). Anisotropic B-factors and several alternative 

conformations were modelled. The final model was deposited in the PDB with 

accession code 3U23. Data collection, processing and refinement data are 

depicted in Table 2.2. 

Table 2.2: Data collection, processing and refinement data. 

Values in parentheses represent the highest resolution shell: 1.14 ï 1.11 ¡. 

 

 

CD2AP SH3-1/RIN3e1 and CD2AP SH3-2/ARAP1e1 complexes: Information 

on the crystallisation, data processing and refinement data are found in 

sections 3.6.2.1 and 6.8.2.1. The final models were deposited in the PDB with 

accession codes 4WCI (SH3-1/RIN3e1) and 4X1V (SH3-2/ARAP1e1). 
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The figures of the crystal structures of this thesis were generated using the 

PyMOLTM Molecular Graphics System software (The PyMOL Molecular 

Graphics System, Version 1.5.0.4 Schrºdinger, LLC). The colouring of the 

crystal structures as a function of B-factors following a gradient of colours was 

generated using the color_b script in PyMOLTM 

(http://pldserver1.biochem.queensu.ca/~rlc/work/pymol/), which was written by 

Robert L. Campbell and James Stroud. The structures were coloured with the 

Blue-White-Red gradient in 30 colours of equal numbers of atoms in each 

colour. 

2.2.8 Peptide arrays 

2.2.8.1 Overview 

Peptide arrays enable the study of protein-peptide interactions. They are 

particularly useful for studying the binding of protein interaction domains, 

which often recognise short linear motifs. As a result, they have a variety of 

applications such as: mapping of binding epitopes, elucidation of binding 

determinants and specificities, and identification of interaction partners 

(Volkmer et al. 2012).  

2.2.8.2 Synthesis of peptide arrays 

The RIN3 peptide permutation arrays were kindly provided by Dr Rudolf 

Volkmer (Charite, Institute of Medical Immunology, Berlin, Germany). Apart 

from the RIN3 peptide permutation arrays, all arrays were synthesized by Dr 

Nicola Oô Reilly (Peptide Synthesis Laboratory, Cancer Research UK, 

London). Details on the synthesis are found in Appendix C.1. 
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2.2.8.3 Probing of peptide arrays  

2.2.8.3.1 RIN3 - Permutation array 

Two 17 aa sequence regions from RIN3 (AKKNLPTAPPRRRVSER and 

TAKQPPVPPPRKKRISR) that bind to CD2AP SH3 domains were permutated 

in 15 single positions (underlined) to all 20 other residues, and spot-

synthesised in single rows. Membranes were briefly pre-wetted in ethanol, 

then washed with RIPA 100 for 3 x 10 min and blocked in RIPA 100 with 2% 

(w/v) ovalbumin (Sigma Aldrich) for 4 h at room temperature. The membrane 

was then incubated with 0.1 ɛM (2.6 Õg/ml) purified GST in blocking buffer 

overnight at 4 ÁC to detect any background signals elicited by the GST-tag. 

After washing 3 times in RIPA 100 for 10 min, the membrane was probed with 

an anti-GST mAb, washed as before with TBST and incubated with HRP-

coupled secondary (anti-Ig) antibody. After washing, the membrane was re-

blocked for 4 h and probed with 0.1 ɛM (3.6 Õg/ml) GST-CD2AP SH3 domain 

overnight at 4 ÁC. Bound GST-CD2AP SH3 fusion protein was detected as 

described for GST. No background GST signal could be detected after 2 

mins, whereas the signal from GST-SH3 appeared after 1 sec.  

The arrays were stripped by incubation for 5 x 20 min at 50 ÁC in pre-warmed 

blot stripping buffer, with gentle shaking. Afterwards, the membrane was 

rinsed 3 x 15 min in RIPA-100, then re-blocked for 2 h. The stripping 

efficiency was tested by probing the arrays with 0.1 ɛM GST overnight and 

following the already described protocol to detect any signals. Next, the arrays 

were re-probed with the GST-SH3 domains but with blocking buffer 

supplemented with 2 mM DTT. As will be explained in section 3.4, this was 
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done to prevent disulphide bond formation between the cysteine-rich GST-tag 

and the peptides. 

2.2.8.3.2 CD2AP proline-rich region scanning array 

The CD2AP proline-rich region (aa 330-520) was spot-synthesised as partially 

overlapping 27 aa peptides, sliding 3 aa with each step. The arrays were 

probed as described above (section 2.2.8.3.1) but with different blocking 

buffer (TBST, 5% [w/v] non-fat dry milk) and incubation time (1 h) with the 

blocking buffer prior to GST or GST-SH3 addition. 

2.2.8.3.3 RIN3 scanning array 

For RIN3 antibody epitope mapping, the RIN3 scanning array was probed as 

described in section 2.2.8.3.2 but with the RIN3 antibody (1:100 dilution) 

rather than GST. Next, the array was stripped as described in section 

2.2.8.3.1. The stripping efficiency was tested by overnight incubation with 

secondary antibody and detection of any signals. Then, the array was 

re-probed with a different RIN3 antibody. 

2.2.8.3.4 Proteome-wide search for novel putative CD2AP SH3 binding 

partners 

The P - {FGHWY} - P/A - {D} - {FGHWY} - R - {P} motif (residues that are not 

tolerated are shown within curly brackets), which was found to be the 

dominant linear recognition motif for the three CD2AP SH3 domains, was 

used as a search sequence for scanning the human proteome with 

ScanProsite (de Castro et al. 2006). This search resulted in 11963 hits. A 

parallel search with the PrePPI database (Zhang et al. 2012) resulted in 1472 

potential CD2AP interaction partners. The results from ScanProsite and 
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PrePPI had 386 proteins in common. From 386 hits, a subset of 300 potential 

binding sites in proteins was selected. The selection criteria are described in 

section 6.2. These selected CD2AP SH3 binding sequences were then 

spot-synthesized on a microarray as 16-aa peptides, in duplicate, for 

validation of their in-vitro binding ability. The arrays were probed as described 

in section 2.2.8.3.2 but with different blocking buffer (TBST, 3% ovalbumin, 2 

mM DTT). 

2.2.8 Dynamic Light Scattering (DLS) 

2.2.8.1 Overview 

Dynamic light scattering (DLS) is a fast method of determining the size of 

biomolecules in solution. The time-dependent alteration of the light scattering 

intensity is measured at a constant specified temperature and solvent 

composition. This enables the calculation of the hydrodynamic radius due to 

the Brownian motion of molecules in solution. Therefore, DLS can be used to 

calculate molecular weights and to distinguish between monodispersed and 

aggregated samples (Ruf et al. 1989). 

2.2.8.2 DLS experiment 

Dynamic light scattering data were collected with a Viscotek 802 DLS 

instrument (Malvern Instruments). 15 ɛl of SH3-1 or SH3-2 domains (2 mg/ml) 

in 5 mM Tris pH 7.5 and 2 mM ɓ-ME in the presence or absence of peptide 

were clarified by centrifugation for 10 min at 20.000 x g and loaded into the 

quartz cell. Control measurements with peptide and buffer alone were also 

performed. OmniSIZETM software (Malvern Instruments) were used to 

determine the molecular weights of the protein samples. 
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Chapter 3: Structural and biochemical investigation of the 

CD2AP SH3 interaction with RIN3 and ALIX using individual 

SH3 domains 

3.1 Overview  

One of the aims of this project was to explore the binding properties and 

specificity of the three CD2AP SH3 domains by investigating their interactions 

with different binding partners. The three CD2AP SH3 domains are referred to 

as SH3-1, -2 and -3 throughout this thesis. The SH3 domains were expressed 

and purified individually and their interactions with different partners were 

analysed by peptide scanning arrays, isothermal titration calorimetry (ITC) 

and X-ray crystallography. These three techniques complement each other, 

which allows us to have a more detailed and reliable view of the 

SH3-mediated interactions. The chosen interaction partners were RIN3 and 

ALIX.  

Regarding the CD2AP-RIN3 interaction, the previous analysis by peptide 

arrays had revealed that the three SH3 domains bind to two RIN3 epitopes 

(aa 378-393 and aa 452-467) (Dr Melanie Janning, section 1.6.4). The two 

RIN3 epitopes will be referred to as RIN3e1 and RIN3e2, respectively, 

throughout this thesis. Corresponding peptides were synthesised (Nicola 

O'Reilly et al., Peptide Synthesis Laboratory, Cancer Research UK, London). 

Preliminary ITC measurements determined that 16 amino acid peptides are 

sufficient to bind to the SH3 domains without affinity loss (Dr Melanie Janning, 

unpublished data). This initial work was followed up by analyzing the 

CD2AP/RIN3 interaction by the three above mentioned techniques. Two high 
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resolution structures of the SH3-1 and SH3-2 domains in complex with 

RIN3e1 and RIN3e2 respectively provided a structural view of this interaction. 

Regarding the CD2AP/ALIX interaction, peptide permutation arrays of the 

ALIX epitope had revealed that the first two SH3 domains have a similar 

recognition pattern and that the SH3-3 domain recognises a more extensive 

region in ALIX compared to the first two SH3 domains (Dr Tassos 

Konstantinou, section 1.6.3). ITC and crystallisation trials between the SH3 

domains and the ALIX epitope were performed. Unfortunately, these 

crystallisation trials were unsuccessful. Therefore, the study focused on a 

complete structural and biochemical characterization of the CD2AP/RIN3 

interaction. 

Finally, it was investigated whether the boundaries of the SH3-3 domain are 

critical for its activity. Recent work concerning the SH3-3 domain of CIN85, 

which is a CD2AP homologue, has shown that the SH3 domain boundary 

residues might be critical for domain stability, at least in some cases. 

Therefore, two SH3-3 domain constructs with differential boundaries (aa 

263-334 and aa 270-331) were purified and their properties were compared 

by performing isothermal titration calorimetry experiments with the two RIN3 

epitopes. These constructs will be referred to as SH3-3-S (aa 270-331) and 

SH3-3-L (aa 263-334) throughout this thesis. The boundaries of the CD2AP 

SH3-3-L construct were equivalent to the boundaries of the CIN85 SH3-3 

domain analysed by Philippe et al. (2011). 
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3.2 Purification of individual CD2AP SH3 domains 

Individual SH3 domains were expressed as GST-tagged proteins in E.coli and 

affinity-purified. The GST-tagged proteins were used as probes in peptide 

scanning array experiments. For ITC experiments and crystallization screens, 

the GST-tag was removed by proteolysis and proteins were further purified by 

size exclusion chromatography (SEC) (section 2.2.1). Figure 3.1 represents a 

summary of the workflow.  

 

Figure 3.1 

General workflow of bacterial expression and purification of the individual 
CD2AP SH3 domains. 

 

The samples were estimated to be more than 95% pure at the end of the 

purification process (Figures 3.2-3.5). The final yields of the four SH3 domain 

construct expressions were 4-5 mg SH3-1/l culture, 1.5-2.5 mg SH3-2/l 

culture, 0.8-2 mg SH3-3-S/l culture and 3-4 mg SH3-3-L/l culture. 



 

108 
 

3.2.1 CD2AP SH3-1 and SH3-2 

Residues corresponding to SH3-1 (aa 1-60) and SH3-2 (aa 109-168) domains 

were cloned into pGEX6-P1 vectors (Dr Kathrin Kirsch et al., Boston 

University, USA). The vectors were expressed in E. coli and the integrity and 

purity of the protein were tested at various stages of the purification process 

(Figures 3.2, 3.3). A PrescissionTM protease cleavage test was performed with 

GST-SH3-1 so that the optimum amount of PrescissionTM protease can be 

calculated for a complete cleavage overnight at 4 ÁC. This ratio was found to 

be 1:250 PrescissionTM protease to GST-fusion protein and it was adopted for 

the GST cleavage of the other constructs too. 

Figure 3.2 depicts how the purity of GST-SH3-1 and SH3-1 improves through 

the different purification steps: GSH titration test (Figure 3.2A); elution with 

reduced glutathione (Figure 3.2B); GST-tag cleavage with PrescissionTM 

protease (Figure 3.2C); separation of the GST-tag and SH3-1 with size 

exclusion chromatography (Figures 3.2D and E). Figure 3.2E shows the 

integrity and purity of purified SH3-1. In figures 3.2B - 3.2E, a band of roughly 

50 kDa is observed. This band could correspond to a GST dimer and was 

separated from SH3-1 by SEC. When GST-SH3-1 was purified, the GSH 

titration test and elution steps (Figures 3.2A, B) were followed. The fractions 

containing GST-SH3-1 were then pooled and dialysed against the final 

desired buffer. As shown in Figure 3.2, the bands corresponding to 

GST-SH3-1 and SH3-1 have the expected molecular weights of 33 kDa and 

7.5 kDa respectively.  
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Figure 3.2 

CD2AP SH3-1 purification. 

All samples were resolved by SDS-PAGE and the gels were stained with Coomassie 
blue. Arrows on the left of each gel show the position of the markers. A, GSH bead 
titration test was performed by incubating specified amounts of supernatant of 
bacterial lysate with 15 ɛl GSH beads (12% resolving gel). B, GST-SH3-1 was eluted 
from the GSH beads and collected into fractions with reduced glutathione (12% 
resolving gel). C, The GST-tag was cleaved off from the SH3-1 domain by overnight 
incubation with PrescissionTM protease (16% resolving gel). D and E, The GST-tag 
and SH3-1 were separated by SEC (16% resolving gel). The integrity and purity of 
the cleaved protein was verified by SDS-PAGE. 
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Similarly, Figure 3.3 depicts the purification steps of GST-SH3-2 and the 

SH3-2: GSH titration test (Figure 3.3A); elution with reduced glutathione 

(Figure 3.3B); GST-tag cleavage with PrescissionTM protease (Figure 3.3C); 

separation of the GST-tag and SH3-2 with SEC (Figure 3.3D). Figure 3.3D 

shows also the integrity and purity of final SH3-2. When GST-SH3-2 was 

purified, the same process was followed as described for GST-SH3-1. As 

shown in Figure 3.3, the bands corresponding to GST-SH3-2 and SH3-2 have 

the expected molecular weights (33 kDa and 7.4 kDa respectively).  

3.2.2 Two different constructs of CD2AP SH3-3 

Two different constructs of the third domain were tested following a recent 

paper on the SH3-3 domain of CIN85, which is 54% identical to the CD2AP 

SH3-3 domain (Philippe et al. 2011). The authors suggest that a construct 

with extended N- and C-terminal boundaries of CIN85 SH3-3 increases 

solubility and thermostability. According to their NMR structure (PDB code: 

2K9G), this is due to a 90o bend of the C-terminus over the N-terminus. 

Residues corresponding to SH3-3-S (aa 270-331) and SH3-3-L (aa 263-334) 

domains were cloned into pGEX6-P1 and pGEX-KN vectors respectively. The 

boundaries of the CD2AP SH3-3-L construct were chosen according to the 

boundaries of the CIN85 SH3-3 domain construct (Philippe et al. 2011). The 

pGEX-KN vector was used to minimise any amino acid overhang. 

The vectors were expressed in E. coli and the integrity and purity of the 

protein was tested at various stages of the purification process (Figures 3.4 

and 3.5). Both constructs were soluble, which suggests that the boundaries of 

the CD2AP SH3-3 constructs do not affect its solubility in a major way. 
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Figure 3.3 

Purification of CD2AP SH3-2. 

The same steps described in Figure 3.2 were performed. All samples were resolved 
by SDS-PAGE and the gels were stained with Coomassie blue. Arrows on the left of 
each gel show the position of the markers. A, GSH bead titration test (12% resolving 
gel). B, GST-SH3-2 elution with reduced glutathione (12% resolving gel). C, GST-tag 
cleavage with PrescissionTM protease (16% resolving gel). D, The GST-tag and 
SH3-2 were separated by SEC (16% resolving gel) The integrity and purity of the 
cleaved protein was verified by SDS-PAGE.  
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Similar purification steps compared to SH3-1 and SH3-2 domains were 

followed for SH3-3-S (Figure 3.4) by incubating GST-SH3-3-S with 

PrescissionTM protease to cleave off the GST-tag overnight at 4 ÁC. The 

expected molecular weights of GST-SH3-3-S and SH3-3-S are 33 and 7.5 

kDa respectively and are in accordance with the migration positions of the 

visualised bands. 

The purification steps of GST-SH3-3-L do not differ from the ones already 

described (Figures 3.5A-B). Its corresponding protein band migrates at its 

expected molecular weight (34 kDa). Thrombin protease was used to cleave 

off the GST-tag from SH3-3-L (domain cloned into pGEX-KN). As shown in 

Figure 3.5C, the GST-tag cleavage was still incomplete after 48 h of 

incubation with thrombin protease (1:100 ratio of thrombin to GST-fusion 

protein in ɛg). This process was optimised and a complete GST-tag cleavage 

was achieved after 60 h with the protease at 4 ÁC at the above-mentioned 

ratio of thrombin to GST-fusion protein (data not shown). The expected 

molecular weight of SH3-3-L is 8.2 kDa, which corresponds to the band below 

the 12 kDa marker (Figure 3.5D). 
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Figure 3.4 

Purification of CD2AP SH3-3-S. 

The same steps described in Figure 3.2 were performed. All samples were resolved 
by SDS-PAGE and the gels were stained with Coomassie blue. Arrows on the left of 
each gel show the position of the markers. A, GST-SH3-3-S elution with reduced 
glutathione (12% resolving gel). B, GST-tag cleavage with PrescissionTM protease 
(16% resolving gel). C, The GST-tag and SH3-3-S were separated by SEC (16% 
resolving gel). The integrity and purity of the cleaved protein was verified by 
SDS-PAGE.  
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Figure 3.5 

Purification of CD2AP SH3-3-L. 

All samples were resolved by SDS-PAGE and the gels were stained with Coomassie 
blue. Arrows on the left of each gel show the position of the markers. A, GSH bead 
titration test (12% resolving gel). B, GST-SH3-3-L elution with reduced glutathione 
(12% resolving gel). C, Incomplete GST-tag cleavage with thrombin protease after 
48h at 4 oC (16% resolving gel). The GST-SH3-3-L, GST-tag and SH3-3-L were 
separated by SEC (16% resolving gel). The integrity and purity of the cleaved protein 
was verified by SDS-PAGE.  
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3.3 Mass Spectrometry of CD2AP SH3-1, -2 and -3-3-S 

Electrospray Ionization Mass Spectrometry (ESI-MS) was performed to 

confirm that the purified SH3 domains (SH3-1, SH3-2 and SH3-3-S) had the 

expected mass (Georgina Berridge, Structural Genomics Consortium Oxford, 

UK). Figure 3.6 depicts the graph of the counts versus deconvoluted mass of 

the ESI scans for the SH3 domains. A single peak was observed for each 

SH3 domain. Additionally, small peaks were present, whose distance from the 

main peak was similar for each domain. These peaks might represent salt 

ions. The theoretical molecular weight calculated with the ProtParam tool 

(Gasteiger et al. 2005), and the experimentally obtained molecular weight 

were almost identical (Table 3.1). 

Table 3.1 Accuracy of the molecular weight (MW) data for the CD2AP SH3 
domains. MWactual, molecular weight determined by the ESI-MS experiment; 
MWtheoretical, molecular weight computed by the ProtParam tool (Gasteiger et al. 
2005). 

 

CD2AP SH3 domains MWactual MWtheoretical 

SH3-1 7584.67 7583.5 

SH3-2 7438.28 7437.4 

SH3-3-S 7507.24 7506.23 
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Figure 3.6 

ESI-MS data for the CD2AP SH3 domains (SH3-1, SH3-2, SH3-3-S). 
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3.4 Analysis of the CD2AP SH3 interaction with RIN3 epitopes 

using peptide arrays 

Peptide spot arrays are a useful tool for the characterization of the short linear 

motifs, recognised by protein interaction domains (Volkmer et al. 2012). They 

allow to understand better the binding mode and specificity of the CD2AP 

SH3 domains. Therefore, synthesised RIN3 permutation arrays of both RIN3 

epitopes were probed with the SH3 domains (SH3-1, SH3-2 and SH3-3-S). 

These were kindly provided by Dr Rudolf Volkmer (Charite, Institute of 

Medical Immunology, Berlin, Germany). In the peptide permutation arrays, 

each residue of each RIN3 epitope was mutated against all other naturally 

occurring amino acids. Therefore, the arrays inform on the preferred as well 

as the negatively selected residues in specific positions. We found that the 

choice of the appropriate blocking buffer is critical to avoid non-specific 

binding. Different buffer conditions were tested and 2% ovalbumin in RIPA 

100 was determined to be the best (Appendix C.3). Initially, the arrays were 

probed with GST. No background signal was detected (data not shown). 

When the RIN3e1 peptide permutation array was probed with SH3-3, the 

substitutions of P382, A384 and R387 to Cys appeared to partially preserve the 

interaction (data not shown). This result could have been an artifact due to 

disulphide bond formation between the cysteine-rich GST-tag and the 

peptides. Therefore, the membranes were re-probed with the three SH3 

domains in the presence of the reducing agent DTT. In this case, the 

previously observed spots due to Cys substitutions did not appear. Therefore, 

the arrays re-probed in the presence of DTT are depicted (Figure 3.7).   
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Figure 3.7  

All three CD2AP SH3 domains recognise the atypical P-x-P/A-x-p-R motif in 
RIN3.  

The two RIN3 binding regions were spot-synthesized as 17 aa peptides 
(AKKNLPTAPPRRRVSER and TAKQPPVPPPRKKRISR) and permutated in 15 
single positions (underlined) against all 20 natural residues. Three array copies were 
initially probed with GST and then with GST-SH3-1, -SH3-2 or -SH3-3-S. The 
positions permutated within the peptides are indicated on the left side of each array, 
and the individual substitutions are listed across the top. Peptide spots with 
substantially restricted residues are boxed in red. The amino acid preferences at 
these positions are listed on the right side of each array (red font: most strongly 
binding amino acids; smaller black font: tolerated amino acids). Blue arrows indicate 
the wild-type residues, whose substitution to Ala appears to result in tighter binding. 

 

For all three SH3 domains, Pro and Arg are the single residues in the first and 

last positions of the motif in both RIN3 epitopes that give strong binding 
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signals (Figure 3.7); all others prevent or weaken binding. Thus, these two 

residues are essential for the interaction. SH3-1 recognises the P-x-A-x-x-R 

motif in RIN3e1 (Figure 3.7, upper left panel). In motif position 3, Pro and Val 

give similar binding levels with SH3-1 to native Ala in RIN3e1. SH3-1 

recognises the P-x-P-x-p-R motif in RIN3e2 (Figure 3.7, upper right panel). In 

position 3, a Pro459 to Ala substitution preserved the interaction. 

SH3-2 recognises the P-x-A-x-p-R motif in RIN3e1. In position 3, Pro gives 

similar binding levels to native Ala in RIN3e1. SH3-2 recognises the 

P-x-P-x-x-R motif in RIN3e2. In position 3, a Pro459 to Ala substitution does 

not affect signal strength. Motif position 5 is not as selective in RIN3e2 

compared to RIN3e1 for SH3-2 binding, as any residue can be 

accommodated in this position.  

According to the RIN3e1 permutation array, SH3-3 recognises a P-t-A-x-p-R 

motif in RIN3e1 (Figure 3.7, bottom left panel). In motif position 3, the same 

tolerance as for SH3-1 is present (Ala, Pro, Val). In position 5, the same 

tolerance as for SH3-2 is present (Pro). Unlike the first two SH3 domains, 

there is an increased SH3-3 selectivity for other residues in position 2. A T383 

to Val, Ile, Met or Cys substitution preserved the interaction with SH3-3, but 

any other residue greatly affected the signal strength. SH3-3 recognises a 

P-x-P-x-p-R motif in RIN3e2 (Figure 3.7, bottom right panel). In motif position 

3, Ala and Val can replace Pro without a reduction in signal. Unlike the SH3-3 

selectivity in position 2 of RIN3e1, any residue can replace the native Val in 

RIN3e2. As a speculative note, hypothetical motif variants based on 

P-T/V/I/M/C-P/A/V-x-P-R, should they exist in proteins, may also allow SH3-3 

binding. 
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Furthermore, it appears that P385A (RIN3e1) and P460A (RIN3e2) lead to 

tighter binding between the SH3 domains and the two RIN3 epitopes (Figure 

3.7, blue arrow). This is particularly obvious for the SH3-3 domain.  

As mentioned above, Arg is the only residue in the last position of the motif 

that allows an interaction between the three SH3 domains and the two RIN3 

epitopes. However, there may be a Arg462 to Val or Ile substitution, which 

reduces the affinity of the interaction with the first two SH3 domains. 

3.5 ITC analysis of the three CD2AP SH3 domains with one ALIX 

and two RIN3 epitopes 

The generation of high purity protein material enabled ITC measurements with 

the SH3 domains to investigate binding of the ALIX- and RIN3-derived 

peptides. As described in section 2.2.5, ITC informs on the affinity, 

stoichiometry (N) and thermodynamic signature of an interaction (Doyle 

1997).  

In section 3.5.1, the ITC data on affinity and N will be discussed. Table 3.2 

shows the dissociation constant and stoichiometry values. Examples of ITC 

curves are found in Figure A.1 (Appendix A). In section 3.5.2, the 

thermodynamic parameters (changes in free energy ȹG, enthalpy ȹH and 

entropy ȹS) will be presented. 

3.5.1 Affinity and stoichiometry 

3.5.1.1 Wild-type ALIX and RIN3 peptides 

Initially ITC measurements were performed with the SH3 domains and an 

ALIX peptide (Table 3.2, first row). The first two SH3 domains exhibited 
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similar affinities in the low micromolar range while SH3-3 bound 5 to 7-fold 

more weakly. Next, 16 residue RIN3e1 and RIN3e2 peptides were tested with 

the SH3 domains. As shown in Table 3.2 (second and third rows), the first two 

SH3 domains bind ca. 4 times more strongly to RIN3e1 compared to SH3-3-S 

and SH3-3-L. SH3-1, SH3-2 and SH3-3-S binds approximately 2-fold, 5-fold 

and 6 to 10-fold stronger to RIN3e2 than to RIN3e1. No major difference in 

the affinity of SH3-3-S and SH3-3-L for the RIN3 epitopes was observed. 

These results show that the SH3 domains bind to ALIX- and RIN3-derived 

peptides in the low micromolar range, and the first two SH3 domains bind 

tighter to ALIX and RIN3e1 compared to the SH3-3. 

Subsequently, the SH3 domain binding to a truncated 11 residue RIN3e2 

peptide with the already described P-x-P-x-p-R motif present was tested. The 

first two SH3 domains bind the truncated peptide 2.5- and 7-fold weaker, 

respectively, while the peptide binds 9-fold more weakly to the third SH3 

domain. This result is not in agreement with the peptide permutation data, 

which showed that point mutations of the N- and C-terminal RIN3e2 residues 

against all other amino acids did not affect binding to the SH3 domains 

(Figure 3.7). However, It could be that flanking residues may be needed to 

stabilise a conformation, which allows RIN3e2 binding to the SH3 domains.  

The stoichiometry values for the SH3s were usually close to 1 with the 16 

residue and truncated RIN3e2. The N values for SH3-1 and SH3-3-L reached 

1 with RIN3e1, and were close to 1 for the first two SH3 domains and the 

ALIX epitope. 

 



 

 
 

1
2

2 

Table 3.2 Isothermal titration calorimetric measurements of CD2AP SH3 domain interactions with ALIX- and RIN3-derived peptides: 
Dissociation constant and stoichiometry values. The critical mutations, which lead to at least 8-fold reduction in affinity compared to the 
wild-type peptide, are coloured red. SE = standard error; ND= not done; TLQ = affinity too low for accurate quantification by ITC; -am indicates 
C-terminal amidation. 
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These experimentally observed stoichiometry values indicate that a number of 

issues need to be considered when analyzing the interactions between the 

SH3 domains and these synthetic RIN3 epitopes. As was described in section 

1.4, the binding equilibrium may involve a conformation manifold (i.e. multiple 

conformations) of the peptides. Therefore, only a subset of the peptides may 

employ the PPII conformation to enable binding at any given time at the 

hydrophobic grooves and acidic pocket of the SH3 domains (Stollar et al. 

2012, Krieger et al. 2014). Another possibility would be that the protein and/or 

ligand concentration were incorrect. Measuring the peptide concentration 

correctly is important for the calculation of N, ȹH and association constant KA, 

while the accuracy of the cell concentration measurement is critical for the 

calculation of N (Myszka et al 2003). As described in sections 2.2.1.5, 2.2.1.6 

and 2.2.1.9, the SH3 domain concentration was calculated by measuring the 

absorbance at 280nm. These measurements were repeated and the results 

were consistent. Unfortunately, the peptide concentrations could not to be 

calculated with this method because they lacked aromatic residues.  

Stoichiometry can also be ascertained for the crystallography experiments. As 

described below (sections 3.6.2 and 3.6.3), two crystal structures of 

SH3-1/RIN3e1 and SH3-2/RIN3e2 were solved. These structures showed 1:1 

binding of peptide to the SH3 domains.   

Lastly, the N value of the SH3-2 complex with RIN3e1 was further 

investigated by performing dynamic light scattering (DLS). No robust results 

were obtained due to high background noise (data not shown). Also, size 

exclusion chromatography and multi-angle static light scattering (SEC-MALS) 

experiments were attempted, but complex dissociation was observed during 
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the course of the SEC run, preventing interpretation (Dr Yin Dong & 

Anna-Maria Tessitore, Structural Genomics Consortium Oxford, UK; data not 

shown).  Therefore, these experimental methods were not pursued further.  

3.5.1.2 RIN3e2-derived mutant peptides 

According to the peptide permutation array analysis, the SH3 domains 

recognise three critical residues in RIN3e1 (P382, A384, R387) and RIN3e2 (P457, 

A459 and R462) (section 3.4). However, further analysis should be performed to 

verify the importance of these residues. Therefore, ITC experiments using the 

SH3 domains (SH3-1, SH3-2, SH3-3-S, SH3-3-L) and point mutant 16 residue 

RIN3e2 peptides were conducted. The above-mentioned key RIN3e2 

residues (i.e. P457, P459, R462) were point-mutated to Ala, and R462 was 

mutated additionally to Leu, Val and IIe. An R462L mutant peptide was also 

included to determine if the hydrophobic part of the R462 side chain contributes 

to binding. Furthermore, R462V and R462I peptides were tested, because the 

peptide permutation arrays showed that these mutations might weaken 

binding with the SH3 domains. Lastly, a P460A peptide was tested, because 

the RIN3 permutation arrays suggested that this mutation may lead to 

increased affinity to the SH3 domains (section 3.4). Table 3.2 (5th to 11th row) 

summarizes the dissociation constant and stoichiometry values.  

As shown in Table 3.2, the R462 point mutations usually abolished the 

interaction with the three SH3 domains, except for a 20-fold reduction in 

affinity of the SH3-2 interaction with R462V and R462I mutant peptides. 

Compared to the wild-type RIN3e2, P457A weakened the interaction with 

SH3-1 ca. 30-fold and with the SH3-2 and SH3-3 domains 10-fold. Even 

though P459A did not affect the SH3-1 and SH3-3 binding significantly, it 
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caused a 3.5-fold reduction in affinity to SH3-2 compared to wild-type. The 

latter is comparable to the affinity of SH3-2 for RIN3e1. Therefore, P457 and 

R462 are the most critical residues for the SH3 interaction with RIN3e2. Also, 

P459A preserves the interaction between the SH3 domains and RIN3 epitopes. 

These results confirm that the SH3 domains recognise the P-x-P/A-x-p-R 

motif in RIN3. 

When P460 was mutated to Ala, the SH3 domains bound 2-fold more strongly 

to the peptide. Thus, P460A does not lead to significantly tighter binding to the 

SH3 domains as the RIN3 permutation arrays suggested (section 3.4). 

Lastly, the SH3-1 stoichiometry values in complex with the mutated RIN3e2 

peptides reach 1.5, except the N value of 1 with the P459A peptide. The N 

values of SH3-2, SH3-3-S and SH3-3-L domains with the same peptides 

range between 1.3-1.5, 0.7-1.1 and 1.1-1.6 respectively. Therefore, the SH3 

domains form largely binary complexes with the RIN3e2-derived mutant 

peptides. 

3.5.2 Thermodynamics 

As mentioned in sections 1.5 and 2.2.5, the affinity is quantified by the change 

in free energy (ȹG) upon complex formation. ȹG is associated with changes 

in enthalpy (ȹH) and entropy (ȹS) (ȹG = ȹH - TȹS). Therefore, ȹH and ȹS 

provide additional information on binding events. ȹH is relative to the net 

change in the number of formed and broken noncovalent bonds between the 

uncomplexed and complexed states. For instance, increased hydrogen bond 

formation will result in a favourable (i.e. negative) ȹH. ȹS informs on the 

change in the degrees of freedom of the system. For example, hydrophobic 
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contacts due to complex formation leads to the displacement of water 

molecules from the binding interface. This would result in favourable (i.e. 

negative -TȹS) changes in entropy (Doyle 1997, Ladbury 2010).  

3.5.2.1 Wild-type peptides 

Figure 3.8 depicts the thermodynamic parameters (changes in free energy 

ȹG, enthalpy ȹH and entropy ȹS) associated with the interaction between the 

SH3 domains and the ALIX and RIN3 peptides. The values are found in the 

bottom panel, while their graphic representation is found in the upper panel of 

Figure 3.8. As described before, negative ȹH and -TȹS values describe 

favourable changes. 

The first two SH3 domains behave similarly upon binding to ALIX and 

RIN3e1. Dominant favourable ȹH is observed, which suggests that polar 

contacts drive the interaction. Small unfavourable ȹS is also observed. The 

SH3-3-S binding to ALIX and RIN3e1 is characterised by major favourable 

enthalpic changes. Small favourable entropic changes are observed upon 

SH3-3-S/ALIX complex formation. This implies that even though polar 

interactions drive the SH3-3 interaction with ALIX and RIN3e1, hydrophobic 

interactions and/or displacement of solvent molecules from the binding 

interface might contribute partially upon SH3-3 binding to ALIX. 

The SH3-2 and SH3-3-S binding to RIN3e2 is characterised by similar 

favourable ȹH and ȹS. This suggests that polar and hydrophobic interactions 

contribute to their interaction with RIN3e2. The favourable entropy could also 

be attributed to the liberation of solvent molecules from the SH3 surface upon 

docking of RIN3e2. 
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      Figure 3.8 

      Thermodynamic parameters of binding of the ALIX and RIN3 epitopes to the CD2AP SH3 domains.  

      RIN3e2 truncated refers to the 11 aa peptide. 
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The SH3-1 binding to RIN3e2 leads to major favourable ȹH and small 

favourable ȹS. Based on the ȹS values, hydrophobic interactions contribute 

less to the SH3-1/RIN3e2 compared to SH3-2/RIN3e2 and SH3-3/RIN3e2 

interactions. 

Moreover, SH3-3-S and SH3-3-L behave in a similar way, because they bind 

to the RIN3 epitopes with similar affinities and exhibit a similar thermodynamic 

signature.  

The truncated form of RIN3e2 includes the SH3 recognition motif, which was 

found by the peptide permutation arrays (section 3.4). We would expect that 

the truncated RIN3e2 would exhibit higher ȹH compared to the 16 residue 

RIN3e2 peptide due to higher solvent accessibility. Also, more unfavourable 

(i.e. positive) or less favourable (i.e. negative) ȹS compared to wild-type 

would be observed due to lower degrees of freedom upon binding. As shown 

in Figure 3.8, this was observed for SH3-1 and SH3-3-S. However, SH3-2 

binding in the truncated form of RIN3e2 leads to decreased ȹH and 

unchanged ȹS. This indicates a reduction in polar interactions and no 

changes in the flexibility of the system. 

Obtaining a structural view through protein crystallography may help to 

understand these values better and they will be further discussed in the 

section 3.6.4.3. 
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         Figure 3.9 

         Thermodynamic parameters of binding of the RIN3e2-derived P457A, R462V and R462I peptides to the CD2AP SH3 domains. 

 

       Figure 3.10 

       Thermodynamic parameters upon binding of the RIN3e2-derived P459A and P460A peptides to the CD2AP SH3 domains.
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3.5.2.2 RIN3e2 mutant peptides 

The thermodynamic parameters of the P457A, R462V and R462I interactions with 

the SH3 domains are depicted in Figure 3.9, while the parameters for P459A 

and P460A are shown in Figure 3.10.  

For the peptides, whose affinity was reduced compared to wild-type peptide 

(i.e. SH3 binding to P457A, SH3-2 binding to P459A, R462V and R462I), it would 

be expected that the lost contact points would cause a reduction in ȹH, and 

the increase of the degrees of freedom of the system would lead to an 

increase in ȹS. This signature is only observed when SH3-3-S binds to P457A. 

For SH3-1/P457A, SH3-2/P459A, SH3-2/R462V and SH3-2/R462I, increased 

favourable ȹH is observed. ȹH might be increased due to an increase of 

solvent-mediated hydrogen and ionic bonds. For SH3-2/P457A, ȹH remained 

unchanged, possibly due to rearrangement of the bonds. The reduction in 

affinity and hence ȹG was due to unfavourable ȹS for SH3-1/P457A, SH3-

2/R462V and SH3-2/R462I, and reduced favourable ȹS for SH3-2/P457A. As 

mentioned in section 1.4, less favourable or unfavourable ȹS indicates loss of 

flexibility of the system. This could be due to the restraining of the peptide in 

certain conformations, such as PPII. Similarly, the above mentioned ȹS 

values (i.e. SH3-1/P457A, SH3-2/P457A, SH3-2/R462V and SH3-2/R462I) suggest 

that the mutant peptides adopted restrained conformations. In this case, the 

adopted conformations of the mutant peptides did not enable as tight binding 

compared to the wild-type peptides. 

The opposite effects are expected upon an increase in affinity due to the 

peptide docking onto the SH3 domains i.e. increase in ȹH and decrease in 

ȹS. This is observed for all domains binding to P460A, and for SH3-1 binding 
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to P459A. Even though the affinity and hence the ȹG of SH3-3-S for P459A did 

not change, ȹH reduced and ȹS increased, which indicates more hydrophobic 

and less polar interactions between SH3-3-S and P459A. A reduction in ȹH 

and an increase in ȹS was observed for SH3-3-L/P459A, which resulted in a 

slight reduction in the free energy (ȹȹG = 0.3 kcal/mol). This indicates that 

there are small differences in the recognition of P459A by SH3-3-S and 

SH3-3-L. However, this does not affect the binding affinity of the interaction. 

The thermodynamic parameters of SH3-3-L compared to SH3-3-S were 

similar for the rest peptides.  

In summary, the ITC data of the mutant RIN3e2 peptides are consistent with 

the peptide permutation array results. The three SH3 domains recognise the 

P-x-P/A-x-p-R motif in the two RIN3 epitopes. 

Having determined the binding affinity between the SH3 domains and the 

ALIX and RIN3 epitopes, crystallisations of the SH3/peptide complexes were 

attempted. In preparation for this, the saturation point (i.e. ratio of SH3 domain 

to peptide, which is sufficient for the saturation of SH3 binding sites) was 

identified by ITC. The ratios of SH3 domains and peptides are found in Table 

3.3.  

Table 3.3 SH3 domain/RIN3 epitope ratio to ensure that all binding sites are 
saturated. 

Protein epitopes 
Ratio 

SH3-1 SH3-2 SH3-3-S 

ALIX 1:3 1:3.5 1:5 

RIN3e1 1:3.5 1:3.5 1:5 

RIN3e2 1:3 1:3 1:3 
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3.6 Analysis of the CD2AP SH3/RIN3 interactions by protein X-ray 

crystallography 

3.6.1 Crystallisation trials with CD2AP SH3 domain constructs and 

RIN3-derived peptides 

A pre-crystallization test (PCT) was used to determine the appropriate protein 

concentration for the crystallization screens. The first two SH3 domains 

uncomplexed or in complex with the RIN3 epitopes were tested. The reagents 

and protein concentrations are found in section 2.2.7.1 and the results are 

summarized in Table 3.4. Colour annotation is used to show whether 

precipitates occurred. The production of precipitates with reagent A2 indicates 

that polyethylene glycol and salt (reagent A2) appear to be more appropriate 

chemicals compared to ammonium sulphate and alcohol (reagents A1 and 

A3). Also, these findings suggest that the tested concentrations of 15.5 to 

36.7 mg/ml are a reasonable starting range for the crystallization screens. 

Table 3.4 Pre-crystallization test. 

Results for the first two SH3 domains alone or in complex with the two RIN3 
epitopes. 

Result for SH3-1 

Reagents no peptide RIN3e1 RIN3e2 

A1 clear clear clear 

A2 light light heavy 

A3 clear clear phase separation 

Result for SH3-2 

Reagents no peptide RIN3e1 RIN3e2 

A1 light clear clear 

A2 heavy medium medium 

A3 clear clear clear 

Drop annotation 

  clear 

  light granular precipitate 

  medium granular precipitate 

  heavy granular precipitate 
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The aim of the crystallography experiments was to obtain, if possible, a high 

resolution structural view of each RIN3 and ALIX epitope in complex with one 

or more SH3 domains. Since it was not predictable which complexes would 

crystallise, most SH3/peptide combinations were tested, apart from the 

SH3-3/RIN3e1, since only a low affinity interaction was observed by ITC. 

Crystal formation was attempted by extensive sparse matrix sampling. The 

crystallisation screens used were: Hampton Research Index (HIN) screen, 

Hampton Research Crystal (HCS) screen, Joint Centre for Structural 

Genomics (JCSG) core screen and Ligand Friendly Screen (LFS). The results 

obtained are summarized in Table 3.5. Examples of crystals that were formed 

can be found in Figure 3.11. Crystal structures were solved for SH3-1 in 

complex with RIN3e1 and SH3-2 in complex with RIN3e2. Lastly, the high 

affinity of the SH3-3 domains with the P460A mutant peptide prompted us to try 

to crystallise this complex. However, the crystallisation trials were 

unsuccessful. 

 
Figure 3.11 

Examples of SH3/RIN3 crystals.  

A, Crystals of the complex of SH3-1 with RIN3e1 that diffracted to 3.2 ¡. B, Crystals 
of SH3-2 in complex with RIN3e1 that diffracted poorly. 
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Table 3.5 Crystallization trial results.  

SH3 domains alone (blue boxes); SH3 in complex with RIN3e1 (purple boxes), 
RIN3e2 (red boxes) or ALIX (green boxes) peptides. The boxes with a red outline 
indicate the successful crystallizations, which led to the generation of a structure. 
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3.6.2 Crystal structure of CD2AP SH3-1 domain in complex with RIN3e1 

3.6.2.1 Crystallisation, data collection, processing and refinement of the 

CD2AP SH3-1/RIN3e1 complex 

Initial crystals grew as a cluster of needles at 20 ÁC from a 1:1 ratio of mother 

liquor (0.1 M acetate pH 4.5, 0.2 M Li2SO4 and 30% PEG 10000) to CD2AP 

SH3-1 protein solution (25 mg/ml) (Figure 3.11A). These crystals diffracted to 

3.2 ¡ngstrom (¡) on beamline I04 at Diamond synchrotron (Harwell, UK; data 

were collected by Structural Genomics Consortium Oxford members).  

An optimization screen was set up around this condition and crystals were 

grown at 20 ÁC from a 1:1 ratio of mother liquor (Ca(ac) pH 4.2, 0.2 M Li2SO4 

and 25% PEG 10000) to SH3-1 protein solution (19 mg/ml). A cluster of 

needles (~160 mm long), which grew after 2 weeks, was first broken into 

separate pieces and then transferred to cryoprotectant (mother liquor 

supplemented with 25% glycerol) before being snap-frozen in liquid nitrogen. 

Data were collected to 1.6 ¡ on beamline I04 at Diamond synchrotron (by 

Structural Genomics Consortium Oxford members). Data reduction was 

carried out with the XDS package (Kabsch et al. 2010). The output file was 

loaded into Pointless (Collaborative Computational Project 1994), which is a 

program that identifies the possible space groups and scores them based on 

their probability of occurrence. Pointless suggested that the most probable 

space group was C2 (probability of 0.92), while another possible space group 

was P221 (probability of 0.06). Next, the dataset was converted to CCP4 mtz 

format and scaled with SCALA (Evans 2006); data were truncated to 1.65 ¡, 

giving a signal-to-noise ratio (I/sigma[I]) in the last resolution shell of 2.4, 
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rather than below 2.0. The cell content was analysed with the Matthews_coef 

program (Collaborative Computational Project 1994) and it was found that the 

complex crystallised as a trimer (i.e. three SH3-1 domains [chains A-C] and 

three RIN3 peptides [chains D-F]). Molecular replacement was performed with 

Phaser (McCoy et al. 2005) using as a search model the SH3 domain alone 

from a reported binary complex of CD2AP SH3-1 / CBL-B peptide (PDB code: 

2J6F). The single, correct solution was refined with REFMAC 5 (Murshudov et 

al. 1997). Additional manual model building was done with Coot (Emsley et al. 

2004). The RIN3e1 peptide was initially modelled by superimposing the 

SH3-2 domain from the complex of CD2AP SH3-2/RIN3e2 peptide (PDB 

code: 3U23, section 3.6.3) on the three SH3-1 domains of this model and by 

exchanging the RIN3e2 residues to those present in RIN3e1.  

Manual model building, a rigid body refinement cycle and several cycles of 

restrained refinement improved the model (i.e. reduction of the Rwork and Rfree 

values as shown in Figure 3.12). Non-crystallographic symmetry (NCS) 

restraints were applied to the three NCS copies of the SH3/peptide complex 

and the model was further improved (Figure 3.12). One SH3-1 copy (chain A, 

excluding residues 32-34) was used to restrain tightly the second SH3-1 copy 

(chain B) and restrain tightly the main chain of the third SH3-1 copy (chain C), 

with medium restraints applied to its side chains. One RIN3e1 copy (chain E) 

was used to restrain tightly the other two RIN3e1 copies (chains D and F). 

TLS (torsion, libration, screw) restraints were included for 6 groups, one for 

each chain in the asymmetric unit (i.e. three SH3-1 domains and three RIN3 

peptides). However, the model improved marginally with one cycle of TLS 

restraint (Figure 3.12). 
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Figure 3.12 

Reduction of Rwork and Rfree values during the SH3-1/RIN3e1 complex model 

refinement.  

The different stages of model refinement are represented along the x-axis. 

 

The final model was obtained after additional cycles of NCS restraints and 

manual model building. The data collection, processing and refinement data 

of the final model are found in Figure 3.13A. The Ramachandran plot (Lovell 

et al 2003) for the final model is found in Figure 3.13B. As depicted in Figure 

3.13B, the model has good geometry. The residues are found in either 

favoured or allowed regions. The final model was deposited in the PDB with 

accession code 4WCI. 
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Figure 3.13 

Quality of the final model of the SH3-1/RIN3e1 complex.  

A, Data collection, processing and refinement parameters. Values in parentheses 
represent the highest resolution shell: 1.69 ï 1.65 ¡. B, Ramachandran plot. The x-
axis represents the phi value, while the y-axis represents the psi value for each 
residue. The allowed regions are shown in dark blue and the favoured regions are re-
presented in light blue. 



 

139 
 

3.6.2.2 CD2AP SH3-1/RIN3e1 complex characteristics 

The SH3-1 domain M1-K58 and nine of the 16 RIN3e1 residues (N381-R389) 

were visible. The main chains of R390 and K380 were also visible in some 

peptide chains. GST-tag derived residues, water molecules, acetate ions and 

sulphate ions were also modelled. The structure suggests that the 

electrostatic interactions between the ions, water molecules, SH3-1 domains 

and the GST-tag derived residues assist trimer formation. This did not affect 

complex formation between the SH3-1 domain and RIN3e1 (cyan and orange 

ribbons in Figure 3.14, respectively) and the stoichiometry of the complex was 

one RIN3e1 peptide per SH3-1 domain. This was in accordance with the ITC 

measurements (Table 3.2).  

 
Figure 3.14 

Asymmetric unit contents of the SH3-1 domain in complex with RIN3e1.  

SH3-1 domain: cyan ribbon; RIN3e1: orange ribbon; GST-tag derived residues: 
yellow ribbon; SO42-: red sticks; CH3COO-: green sticks; waters: blue spheres. 
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When the three SH3-1 molecules were superimposed according to the 

orientation of their secondary structure elements, they were almost identical 

(r.m.s.d ranging from 0.073 to 0.075 ¡). In Figure 3.15, the high similarity of 

the electron density maps of the SH3-1 domain chains is shown for 

Asp15-Ile20. Therefore, chains A (i.e. one copy of SH3-1 domain) and D (i.e. 

one copy of RIN3e1 peptide) were used for further analysis. 

 
Figure 3.15 

The three complexes in the asymmetric unit are almost identical (depicted for 
Asp15-Ile20).  

Refined 2Fo-Fc electron density maps (grey mesh) of the SH3-1 domain chains of 
the asymmetric unit (residues Asp15-Ile20 modelled as orange sticks). The map is at 
1.65 ¡ resolution contoured at 2.0 electron/¡3: A, Chain A; B, Chain B; C, Chain C. 

 

As depicted in Figure 3.16, the SH3-1 domain had the typical SH3 domain 

fold that was described in section 1.5. The five anti-parallel ɓ-strands were 

formed by Tyr4-Val6, Ile25-Lys30, Trp37-Leu42, Arg45-Pro50 and Val54-Glu56. 

Asp51-Phe53 formed a 310 helix. DSSP (Dictionary of Secondary Structure of 

Proteins) program (Kabsch et al. 1983, Joosten et al. 2010) was used for the 
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secondary structure assignment. This program assigns secondary structure 

elements based on the proteins' three dimensional structure. RIN3e1 docks 

onto SH3-1 in class II orientation and the domain's 310 helix, RT and N-Src 

loops are positioned close to the peptide (Figure 3.16).  

 
Figure 3.16 

Surface representation of RIN3e1 bound to the ɓ-barrel of the CD2AP SH3-1 
domain.  

SH3-1: cyan ribbon with the loops and 310 helix being labelled; RIN3e1; orange 
surface. 

 

SH3-1 and RIN3e1 are represented as surface and sticks respectively (Figure 

3.17). RIN3e1 adopts a poly-proline type II (PPII) helical conformation and 

P382, A384 and R387 were identified as its interaction points with SH3-1. 

According to the electrostatic potential surface representation, P382 and A384 

slot into hydrophobic grooves (grey areas in Figure 3.17), while R387 is 

accommodated in a negatively charged groove (red area in Figure 3.17). In 

detail, P382 interacts with Y8 and F53, A384 interacts with Y10, P50 and F53, while 

R387 interacts with D16, E17, E34, W37 and a peptide main chain atom. Also, N52 
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contacts a peptide main chain atom (Figure 3.18). Therefore, the crystal 

structure confirms that SH3-1 recognises the P-x-A-x-x-R motif in RIN3e1.  

 
Figure 3.17 

Electrostatic potential surface representation of the CD2AP SH3-1 domain in 
complex with bound RIN3e1.  

The RIN3 peptide is shown in stick representation and coloured by element (carbon; 
white; nitrogen: blue; oxygen: red). The key residues that form contacts with the SH3 
surfaces are labelled: A, General view and B, Close-up view of the docking positions 
of RIN3e1 peptide on the SH3-1 domain. These two views were generated by 
rotating the positions shown in A by -30o around the y axis and 20o around the x axis.  

 

 
For further insight, it is sometimes informative to analyse the B-factors. In 

Figure 3.18, SH3-1 and RIN3e1 were coloured according to their B-factors. 

The blue and red represent low and high B-factor values respectively, and 

white is the intermediate colour. Low B-factor values indicate that a residue 

shows less thermal motion and is less flexible. Based on the B-factor values, 
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the SH3-1 domain core, ɓ-strands and 310 helix show less thermal motion 

than the loops. Similarly, the RIN3e1 residues contacting the SH3-1 surface 

show less thermal motion than the N- and C- termini. E34 and the side chain of 

Y8 in SH3-1 are more flexible compared to the other SH3-1 critical residues as 

expected due to their position at the edge of the domain. This indicates that 

they were contributing less to the interaction with RIN3e1. 

 

Figure 3.18 

B-factors and points of contact between SH3-1 and RIN3e1.   

The RIN3 peptide and the SH3-1 residues are shown in stick and secondary 
structure representation respectively and coloured according to their B-factor (blue to 
white to red). Blue signifies less thermal motion, and red signifies more thermal 
motion. Key SH3-1 residues that form contacts with RIN3e1 are depicted as sticks. 
Key RIN3e1 and SH3-1 residues that form contacts are labelled. The colour coding 
of individual amino acids is in accordance with previous figures: SH3-1 residues: 
cyan; RIN3e1 residues: orange. 
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As mentioned in section 1.5.5, the SH3-1 binding properties were studied by 

different groups. SH3-1 was studied by crystallography and reported to 

recognise the P-x-P-x-x-R motif and form trimers, which consist of two 

domains binding to the same CBL-B- or CD2-derived peptide in class I and II 

orientations (Moncalian et al. 2006). Another group studied the same 

interaction in solution and found that SH3-1 forms heterodimers in class I or II 

orientation with a CBL-B-derived peptide, and heterodimers in class II 

orientation with a CD2-derived peptide (Ceregido et al. 2013). When we 

compared the SH3-1 residues that contributed to the class II binding 

orientation to CBL-B, CD2 or RIN3e1 peptides, most key residues were 

identical (Y8, D16, E17, E34, W37, P50, N52, F53). However, there were additional 

SH3-1 contacts to RIN3e1 (Y10), CBL-B (E35, G36) and CD2 (E35). Ceregido et 

al. (2013) showed that an Arg in -2 position upstream of the SH3-1 recognition 

motif in CBL-B enabled binding to class I orientation. The lack of an 

equivalent Arg in RIN3e1 might explain the SH3-1 binding to RIN3e1 in class 

II orientation.  

3.6.3 Crystal structure of CD2AP SH3-2 with RIN3e2 

The structure of the SH3-2 domain in complex with RIN3e2 was solved by Dr 

Philip Simister at 1.1 ¡ resolution. The asymmetric unit contains one complex. 

The electron density of R111-E166 of SH3-2 and Q455 main chain to S467 of 

RIN3e2 is visible. As illustrated in Figure 3.19, the SH3-2 also has the typical 

ɓ-barrel SH3 architecture. The ɓ-barrel is formed by five anti-parallel ɓ-

strands, which consist of residues Q112-V115, I134-V141, W145-L150, K153-P158 and 

V162-E164, and a 310 helix, which is formed by residues S159-F161. The 310 helix 

and RT and N-Src loops are positioned close to RIN3e2.  
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Figure 3.19 

Surface representation of RIN3e2 docking onto the ɓ-barrel of the CD2AP 
SH3-2 domain.  

SH3-2: magenta ribbon with the loops and 310 helix are labelled; RIN3e2: blue 
surface. 

 

The peptide docks in a poly-proline type II (PPII) helical conformation onto the 

SH3-2 domain. Looking more closely at the structure, the following RIN3e2 

residues form bonds with SH3-2: P457, P459, R462 and I466 (Figure 3.20): P457, 

P459 and P460 and I466 are accommodated in three hydrophobic pockets and 

R462 in a negatively charged specificity pocket of the SH3-2 domain. The 

hydrophobic pocket, in which I466 sits, is more shallow than the two 

hydrophobic pockets, onto which P457 and P459 are docked. Thus, the crystal 

structure suggests that the SH3-2 domain might recognise an 

P-x-P-x-x-R-x-x-x-I motif in RIN3e2. 
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Figure 3.20 

Electrostatic potential surface representation of the CD2AP SH3-2 domain in 
complex with RIN3e2.  

RIN3e2 is shown in stick representation and coloured by element (carbon: white; 
nitrogen: blue; oxygen: red). The key residues that form contacts with the SH3 
surfaces are labelled: A, General view (2 views rotated by 90o) and B, Close-up view 
of the docking positions of RIN3e2 peptide on the SH3-2 domain. This view was 
generated by rotating the position shown in A (left panel) by -30o around the y axis 
and 20o around the x axis. An alternative conformation of R462 is not shown for 
clarity. 

 

As illustrated in Figure 3.21, the SH3-2 contact points with RIN3e2 are F117, 

Y119, D125, E126, W145, V141, L154, L156, N160 and F161. F117 and F161 make 

hydrophobic contacts with P457, while P459 interacts with F161 and Y119. D125, 

E126, W145 and K464 main chain atom contact R462. R462 employs two alternative 

conformations. I466 forms hydrophobic bonds with V141, L154 and L156. N160 

contacts the main chain of V458. SH3-2 and RIN3e2 are coloured according to 

their B-factors in Figure 3.21.  
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Figure 3.21 

B-factors and points of contact between SH3-2 and RIN3e2.  

The RIN3e2 peptide and the SH3-2 residues are shown in stick and secondary 
structure representation, respectively, and coloured according to their B-factor. Key 
SH3-2 residues that form contacts with RIN3e2 are also depicted as sticks. The key 
RIN3e2 and SH3-2 residues that form contacts are labelled. The colour coding of 
individual amino acids is in accordance with previous figures: SH3-2 residues: 
magenta; RIN3e1 residues: blue. 

 

According to the B-factor values, the SH3-2 domain core, ɓ-strands and 310 

helix are less flexible than the loops. As expected, P457, P459 and R462 are also 

more thermo stable than the N- and C-termini. I466 (RIN3e2) and F161 (SH3-2) 

appear more flexible compared to the other residues critical for binding, which 

might indicate that they contributed less to their interaction. 

According to the peptide permutation arrays, I466 is not critical for the SH3-2 

binding to RIN32, because its point mutation against the other amino acids 
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does not affect binding (Figure 3.4). An ITC experiment was done to validate 

this using a point-mutant 16 residue RIN3e2 peptide (I466A). The affinity of the 

interaction with SH3-2 and SH3-3 domains was similar to wild-type, while a 

2-fold increase was observed for SH3-1. This clearly shows that this position 

is not critical for the SH3 interaction with RIN3e2.  

However, RIN3e2 truncation (Table 3.2) decreased the peptide affinity to the 

three SH3 domains. It may be that the main chain atoms of the peptide 

contribute to the SH3-2/RIN3e2 interaction. This would explain how the 

truncation of the peptide rather than the mutation of a side chain affected the 

affinity of the interaction. When we looked closer at the structure, a 

water-mediated interaction was formed between a I466 main chain atom of the 

peptide and D125 of SH3-2 (Appendix B, Figure B.2). 

3.6.4 Discussion 

3.6.4.1 Comparison of CD2AP SH3-1 uncomplexed and complexed with 

RIN3e1  

The uncomplexed SH3-1 crystal structure was solved by another group (PDB 

code: 2J6K). When our complexed and the uncomplexed SH3-1 domains are 

superimposed, the N-Src and some RT loop residues are the only SH3 

regions that do not align well (r.m.s.d=0.35 ¡) (Figure 3.22). These regions 

moved towards the SH3 domain core in the complexed structure so that the 

peptide remains docked onto the SH3 surface. 
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Figure 3.22 

Comparison between the uncomplexed and complexed SH3-1 domains.  

The uncomplexed SH3-1 is coloured grey (PDB code: 2J6K) and the complexed 
SH3-1 is coloured cyan. The N-Src and RT-loops are labelled.  

 

The uncomplexed SH3-1 domain was coloured according to its B-factors 

(Figure 3.23A). When the uncomplexed SH3-1 B-factors were compared to 

the SH3-1 B-factors upon RIN3e1 binding (Figure 2.23), the SH3-1 core and 

the key SH3-1 binding residues, apart from Y8, are more thermo stable upon 

RIN3e1 docking. Y8 might be more flexible, because it is positioned at the 

edge of the SH3-1 and RIN3e1 interface. 



 

150 
 

 
Figure 3.23 

B-factors of uncomplexed (A) and complexed with RIN3e1 (B) SH3-1 domain 
(PDB: 2J6K).  

A, The SH3-1 is represented by its secondary structure elements and coloured 
according to its B-factor (blue to white to red). Key SH3-1 residues that form contacts 
with RIN3e1 are depicted in sticks and are labelled cyan. Labelling in B is the same 
as for Figure 3.19. 
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3.6.4.2 Comparison of the CD2AP SH3-2 complexed with RIN3e2 and its 

unbound solution structure 

 
Figure 3.24 

Comparison between the uncomplexed and complexed SH3-2 domains.  

The uncomplexed SH3-2 is coloured yellow (PDB code: 2FEI) and the complexed 
SH3-2 is coloured magenta. The N-Src and RT-loops are labelled. 

 

The unbound SH3-2 domain solution structure has been solved by Yao et al 

(2006) (PDB code: 2FEI), but the SH3-2 domain in complex with RIN3e2 

presented here is the first crystal structure of this domain. Superimposition 

shows that the N-Src and RT loops and the 310 helix move to the SH3-2 

surface to accommodate RIN3e2 (r.m.s.d=0.98 ¡) (Figure 3.24). Differences 

are found at the N- and C-termini, while the ɓ-strands are almost identical.  

3.6.4.3 Comparison of the CD2AP SH3-1 and SH3-2 complexed with the 

two RIN3-derived peptides 

When overlaying the SH3-1/RIN3e1 and SH3-2/RIN3e2 complexes (Figure 

3.25), the positioning of the RIN3-derived peptides in the two hydrophobic and 

the negatively charged groove (Figure 3.25A) are almost identical. The only 

major difference is the presence of A384 in RIN3e1. RIN3e2 has a Pro (P459). 

Note that the overlay in Figure 3.25A is manually adjusted by moving the side 
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chain of A384 above P459. This was done to show more clearly A384. The 

unmodified overlay is depicted in Figure 3.25B.  The N- and C- termini of both 

peptides (Figure 3.25B) do not align as well. Unlike I466 in RIN3e2, there is no 

visible density in an equivalent position in RIN3e1. The lack of density 

suggests that the N- and C-termini of the RIN3e1 peptide are still disordered 

upon RIN3e1 binding and do not make additional contacts with SH3-1. 

As shown in Figure 3.25B, the first two SH3 domains fold similarly. Their 

loops and secondary structure elements largely overlap. The majority of the 

SH3 residues, critical for interaction with the RIN3-derived peptides are 

conserved within the first two SH3 domains, apart from F117 and E124. The 

latter are conserved between SH3-2 and SH3-3, while SH3-1 has residues of 

similar charge (Y8 and D15). There are two bonds that seemed to contribute to 

the SH3-1 interaction with RIN3e1, which were not present equivalently in the 

SH3-2 interaction with RIN3e2: E34-R387 and P50-A384. Conversely, the V141, 

L154 and L156 SH3-2 residues interacted with I466 of RIN3e2.  

According to the RIN3 permutation arrays, position 5 in the P-x-P/A-x-p-R is 

not critical for the interaction between the SH3 domains and the two RIN3 

epitopes (Figure 3.7). The SH3-1/RIN3e1 and SH3-2/RIN3e2 structures 

revealed that P386 in RIN3e1 and P461 in RIN3e2 (i.e. motif position 5) do not 

contact the SH3 surface (Figure 3.25). These results confirm that this position 

is not critical for the SH3 binding to the two RIN3 epitopes. As described in 

section 1.4, residues within a motif, which do not contact the SH3 binding 

interface, may still play a role by assisting the ligand to employ a PPII 

conformation (Ferreon et al. 2004, Krieger et al. 2014). It could be that a Pro 

in motif position 5 favours the PPII conformation. 
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Figure 3.25 

Overlay of SH3-1/RIN3e1 and SH3-2/RIN3e2 complexes. 

RIN3e1: shown in orange stick representation; RIN3e2: blue sticks A, Superposition 
of the two RIN3 peptides on the SH3-2 domain (white surface). The residues critical 
for the interaction are indicated. To note: A384 is slightly distorted for better clarity 
(the undistorted overlay is found in 3.25B.) B, SH3-1 and SH3-2 in complex with 
RIN3e1 and RIN3e2 respectively. RIN3 peptides and the already described critical 
SH3-1 and SH3-2 residues for the interaction are shown in stick representation. The 
secondary structure elements of SH3-1 and SH3-2 are also depicted. Area in A 
represented in B is enclosed within red dashed lines. SH3-1: cyan; SH3-2 magenta. 

 

The presence of two hydrophobic grooves, which appear to contribute to the 

SH3-1 and SH3-2 interactions with RIN3e1 and RIN3e2, respectively, is 

expected to cause a dominant favourable ȹS due to the liberation of surface 
































































































































































































