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Abstract CD2 associated protein (CD2AP) is an adaptor

protein that plays an important role in cell to cell union

needed for the kidney function. It contains three N-terminal

SH3 domains that are able to interact among others with

CD2, ALIX, c-Cbl and Ubiquitin. To understand the role of

the individual SH3 domains of this adaptor protein we have

performed a complete structural, thermodynamic and

dynamic characterization of the separate domains using

NMR and DSC. The energetic contributions to the stability

and the backbone dynamics have been related to the

structural features of each domain using the structure-based

FoldX algorithm. We have found that the N-terminal SH3

domain of both adaptor proteins CD2AP and CIN85 are the

most stable SH3 domains that have been studied until now.

This high stability is driven by a more extensive network of

intra-molecular interactions. We believe that this increased

stabilization of N-terminal SH3 domains in adaptor pro-

teins is crucial to maintain the necessary conformation to

establish the proper interactions critical for the recruitment

of their natural targets.

Keywords Adaptor protein � CD2AP � NMR � Protein
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Abbreviations

CD2AP CD2 associated protein

DLS Dynamic light scattering

NMR Nuclear magnetic resonance

NOESY Nuclear overhauser enhancement spectroscopy

RDC Residual dipolar coupling

RMSD Root mean square deviation

SH3 Src-homology domain 3

DSC Differential scanning calorimetry

TOCSY Total correlation spectroscopy

Introduction

SH3 domains are probably the most common molecular

recognition modules in the proteome (Mayer 2001; Li

2005). All SH3 domains share the same three-dimensional

structure that consists of two orthogonal sheets of three

anti-parallel beta-strands. A considerable amount of work

has been carried out to characterize these domains in terms

of their stability, folding thermodynamics and kinetics,

three-dimensional structure, backbone and side chain

dynamics and interactions with artificial ligands and natu-

ral targets (Filimonov et al. 1999; Guijarro et al. 1998;

Plaxco et al. 1998; Viguera et al. 1994). Kinetic and

equilibrium studies indicate that the folding-unfolding of

these domains is a simple two-state process, without sig-

nificantly populated intermediates. More recent results
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suggest that the SH3 domain shows an elevated, but not full

structural cooperativity and therefore the conformational

fluctuations of the different structural elements are partially

coupled (Casares et al. 2007). Such structural cooperativity

implies that any local energetic change or interaction gets

transmitted efficiently to the rest of the structure.

The majority of these studies have focussed on single

SH3 containing proteins. In many proteins, however, SH3

domains occur in tandems of two or three units separated

by short or long stretches of linking residues. Some of these

proteins, such as those of the CIN85/CMS (Cbl-Interacting

protein of 85 kDa/Cas ligand with Multiple SH3 domains)

adaptor protein family, show high homology among their

SH3 domains suggesting similar specificities in ligand

binding (Dikic 2002). It has been reported previously that

different domains are able to transmit information along a

protein via conformational changes (Bendsen et al. 2009;

Calvete 2004) or the modification of internal dynamics

(Lenaerts et al. 2008).

CD2 associated protein (CD2AP) is an adaptor protein

that belongs to the CIN85/CMS adaptor proteins family.

CD2AP knockout mice exhibit nephrotic syndrome char-

acterized by defects in podocyte foot processes, suggesting

that CD2AP plays an essential role in cell-to-cell union

needed for the kidney function (Shih et al. 1999; Li et al.

2000). CD2AP is a cytosolic protein of 641 amino acids.

The amino terminus consists of three SH3 domains (SH3

A, B and C) and a proline rich region, which is followed by

a globular domain and a coiled-coil structure.

As a first step toward understanding the role of the three

CD2AP SH3 domains, we have carried out a complete

structural, dynamic and thermodynamic characterization of

the isolated domains. The thermal stability of each indi-

vidual domain has been studied by Differential Scanning

Calorimetry (DSC), allowing a systematic comparison

between the stabilities of the different SH3 domains. The

three dimensional solution structure of each individual

domain was determined under identical experimental

conditions, permitting a structure-based explanation for the

differences in stability found between the different SH3

domains. Moreover, the contribution of each residue to the

global folding was studied by NMR Hydrogen Deuterium

(H/D) exchange, and its relationship with backbone

dynamics was evaluated with the information extracted

from 15N relaxation experiments.

Our results on the CD2AP SH3 domains reveal signifi-

cant differences in the global folding parameters and the

backbone dynamics of the three domains, as well as dif-

ferences compared to diverse SH3 domains found in the

literature and predictions based on the structures of SH3

domains of the homologous adaptor protein CIN85. These

differences are explained in terms of individual energetic

contributions arising from their sequence and three-

dimensional structures, and rationalized in term of their

biological role in the context of the adaptor proteins.

Materials and methods

Protein expression and purification

Unlabelled CD2AP SH3-A was obtained as described

(Moncalian et al. 2006). 15N-labeled and 13C, 15N-labeled

CD2AP SH3-A and SH3-C were obtained as described

(Ortega Roldan et al. 2007). CD2AP SH3-B and SH3-C

gene, originally cloned in the plasmid pGEX 4T1 with

BamH-I and Xho-I, were sub-cloned in a pGAT-2 plasmid

with Nco-I and Hind-III covalently linked to a N-terminal

6xHis tag, a GST tag and a Thrombin cleavage site.

Unlabelled SH3-B and C were produced by growing on TB

medium at 27�C till an OD600 of 0.7. Protein expression

was induced with 1 mM IPTG at 27�C and cells were

grown overnight. Both proteins were purified as described

in (Ortega Roldan et al. 2007). Sample concentration was

determined spectrophotometrically using extinction coef-

ficients of 9,970, 12,490 and 14,980 M-1 cm-1 for SH3-A,

B and C, respectively, determined using the ProtParam tool

(Expasy).

Differential scanning calorimetry and dynamic light

scattering

Temperature scans were performed as described in (Varela

et al. 2009) at a concentration of 1 mg/mL in a VP-DSC

microcalorimeter (Microcal, Northampton, MA, USA).

Unfolding experiments were carried out in 20 mM Gly-

cine, 20 mM Sodium Acetate or 20 mM Sodium Phosphate

buffers at different pH values from 2.0 to 7.4 Calorimetric

data was analysed as described in (Varela et al. 2009).

Dynamic light scattering (DLS) measurements were car-

ried out on a DynaPro MS-X instrument (Wyatt Technol-

ogy Corporation, Santa Barbara, CA, USA) as described in

(Varela et al. 2009). Unfolding and DLS experiments were

carried out in 20 mM Glycine, 20 mM Sodium Acetate or

20 mM Sodium Phosphate buffers at different pH values

from 2.0 to 7.4.

NMR spectroscopy

Assignment

15N-labeled and 13C, 15N-labeled samples of CD2AP SH3-

A and C and unlabelled samples of SH3-B were prepared

for NMR experiments at 1 mM in 92% H2O/8% D2O,

50 mM NaPi pH 6.0. 1 mM DTT was added to SH3-B and

C samples. NMR spectra were recorded on a Varian NMR
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Direct-Drive Systems 600 MHz spectrometer (1H fre-

quency of 600.25 MHz). Assignment of SH3-A and C

domains was carried out as previously described (Ortega

Roldan et al. 2007). Due to the high tendency to aggregate

of SH3-B (less than 2 days), we used the homonuclear

assignment method (Wuthrich 1986) by recording two-

dimensional NOESY and TOCSY spectra on an unlabelled

sample of SH3-B with mixing times of 125 and 70 ms,

respectively. Water was suppressed using the excitation

sculpting method (Hwang and Shaka 1998). All NMR data

were processed using NMRPipe (Delaglio et al. 1995) and

analyzed by NMRView (Johnson 2004) or Sparky (God-

dard and Kneller 1993).

Measurement of residual dipolar couplings

Residual dipolar couplings (RDCs) were measured in

samples partially aligned in a liquid-crystalline medium

consisting of a mixture of 5% penta-ethyleneglycol

monododecyl ether (C12E5) and hexanol (Ruckert and Ot-

ting 2000). 1DNH RDCs were measured in the SH3-A

domain from a pair of spin-state-selected 1H-15N correla-

tion spectra recorded using an DIPSAP filter (Brutscher

2001) for J-mismatch compensated spin-state selection,

and the BEST concept for longitudinal relaxation and

sensitivity enhancement (Lescop et al. 2007; Schanda et al.

2006) on a Varian NMR Direct-Drive Systems 600 MHz

spectrometer. 1DNH, 1DCaC, 2DHNC’ and 1DCaHa RDCs were

measured in the SH3-C domain as described (Ortega-Rol-

dan et al. 2009).

RDC refinement of the SH3-A and C domains of CD2AP

The refinement of the structures of SH3-A was carried out

using the program SCULPTOR (Hus et al. 2000), which

runs under CNS (Brunger et al. 1998). The protocol

involves a restrained MD calculation using the standard

CNS force field. The solution structure of SH3-A was

obtained by refining two different initial X-ray structures of

the domain determined in the absence and presence of CD2

peptide (PDB 2J6 K and 2J6O, respectively) (Moncalian

et al. 2006). The backbone conformation is initially

restricted to its X-ray coordinates using a harmonic

potential and a distance restraint file calculated from all Ha-

HN distances lower than 10 Å in the SH3-A free X-ray

structure and refined using 1DNH RDCs. The SH3-C

structure was obtained from the refinement of the SH3-C

pH 2.0 NMR structure (PDB entry 2JTE) using 1DNH,
1DCaC’,

2DHN C’ and 1DCaHa RDCs measured in a PEG/n-

hexanol mixture with the program SCULPTOR (Hus et al.

2000). The backbone conformation was restricted in this

calculation using the NOe restraints obtained at pH 2.0.

The five lowest-energy structures of each set of refined

SH3-A domain and the ten lowest-energy structures of

SH3-C domain were used for the final analysis.

Structure calculation of the SH3-B domain of CD2AP

All 1H except for labile side-chain protons were assigned

from 600 MHz 2D TOCSY and NOESY spectra. NOe

cross peaks were obtained by automatic peak picking in the

2D NOESY followed by manual removal of diagonal peaks

and peaks arising from artefacts (e.g. residual water). NOes

were assigned using the automated NOe assignment pro-

cedure of CYANA version 2.1 (Guntert et al. 1997; Herr-

mann et al. 2002). The standard protocol was used with

seven cycles of combined automated NOe assignment and

structure calculation of 100 conformers in each cycle.

Unambiguously assigned restraints were used for a final

structure refinement in explicit solvent using the RECO-

ORD protocol, which runs under CNS (Nederveen et al.

2005). The ten lowest-energy structures were used for final

analysis.

Amide hydrogen deuterium exchange

Seventy microliters of concentrated samples (3,5 mM) of

CD2AP 15N labeled SH3-A and C were dissolved in 500

lL of 2H2O at pH 6.0. 15N 2D SOFAST-HMQCs (Schanda

et al. 2005; Schanda and Brutscher 2006) were acquired at

25�C at different times until a decay of approximately 90%

of the slowest exchanging proton for SH3-A and C

respectively. Spectra of 1024*32 complex points were

recorded using a relaxation delay of 500 ms resulting in a

total experimental time of 5’ 36’’ and 5’ 47’’ for SH3-A

and C. Hydrogen exchange rates and the Gibbs free energy

DGex per residue were calculated as described in (Casares

et al. 2007).

Backbone dynamics from 15N relaxation data

The relaxation parameters 15N R1, R2, and 1H-15N steady-

state NOe were measured at 600.25 MHz and 25�C of

CD2AP SH3-A and C. Relaxation values were obtained

from series of 2D experiments with coherence selection

achieved by pulse field gradients using the experiments

described previously (Farrow et al. 1994) on 15N-labelled

SH3-A and C. The 1H-15N heteronuclear NOes were

determined from the ratio of peak intensities (Ion/Ioff) with

and without the saturation of the amide protons for 3 s. 15N

R1 and 15N R2 relaxation rates were measured from spectra

with different relaxation delays: 10, 100, 200, 300, 400,

500, 700, 900, 1200 and 1500 ms for R1 and 10, 30, 50, 70,

90, 110, 150, 190 and 250 ms for R2. Relaxation parame-

ters and their corresponding errors were extracted with the

program NMRView. Reduced spectral density mapping
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was applied following published procedures (Markus et al.

1996).

Results

The solution structures of the three SH3 domains

of CD2AP

In order to rationalize the stabilities of each of the three

SH3 domains of CD2AP in terms of their structure, we

have determined the high-resolution solution structures of

each individual domain under the same experimental

conditions at pH 6.0. All backbone resonances of SH3-A

and C were assigned from 3D HNCACB, CBCA(CO)NH,

HNCO and HBHA(CO)NH experiments (BMRB accession

numbers 16643 and 16641, respectively). All proton reso-

nances of SH3-B, except for the labile side-chain hydrogen

atoms, were assigned from homonuclear 2D TOCSY and

2D NOESY 1H NMR spectra (BMRB accession number

16642).

SH3-A

Imposing 56 NH RDCs measured in a PEG/n-hexanol

mixture on the two crystal structures resolved at 2.3 and 2.0

Å resolution respectively, lead to the same unique structure

(Deposited in the Protein Data Bank with accession num-

ber 2KRM) (Fig. 1a) that shows satisfactory agreement

with the experimental RDCs as observed in Fig. 2b; the

backbone RMSD for residues 3-56 between the lowest-

energy structure of each set is 0.32 Å, the same as the

variation within each structural set (RMSD of 0.25 Å and

0.32 Å, respectively; see Table 1), confirming the effec-

tiveness of the protocol used. Figure 2a shows that the

calculated RDCs from the respective X-ray structures dif-

fer from the experimental determined RDCs in a similar

manner.

SH3-B

The solution structure of the SH3-B domain was obtained

using unambiguously assigned NOes from the automatic

NOe assignment protocol in CYANA (Guntert 1997;

Guntert et al. 1997) in a subsequent water-refinement with

RECOORD (Nederveen et al. 2005) (Deposited in the

Protein Data Bank with accession number 2KRN). Even

though the structure is obtained from only distance

Fig. 1 a Stereo ribbon representation of the ensemble of the ten

lowest energy solution structures of CD2AP SH3-A. Structures

resulting from 2J6K refinement are coloured blue, structures from

2J6O refinement red. For comparison, the X-ray structures of CMS

SH3-A in the free (PDB entry 2J6K) and CD2-bound form (PDB

entry 2J6O) are shown in green and magenta, respectively. Structures

were superimposed on the backbone atoms of residues 3-58. b Stereo

ribbon representation of the ensemble of the ten lowest energy

structures of CD2AP SH3-B (blue) and CMS SH3-B (PDB entry

2FEI, red) superimposed on the backbone atoms of residues 6-60 (3-

57 in CMS SH3-B). c Stereo ribbon representation of the ensemble of

the ten lowest energy structures of CD2AP SH3-C at pH 2 (red) and

the RDC-refined at pH 6 (blue) superimposed on the backbone atoms

of residues 6-64 d Cartoon representation of the lowest energy

structure of CD2AP SH3-A (blue), SH3-B (green) and SH3-C

(yellow). The residues involved in polyproline binding are presented

in red sticks

c
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restraints derived from homonuclear NOe spectra, the

ensemble shows very good Ramachandran statistics while

fulfilling the experimental data (Table 1), reflecting the

high quality of the 3D structures. The average backbone

RMSD for residues 6-58 is 0.77 ± 0.10 Å, which is similar

to the 0.75 ± 0.14 Å found for the same residues in the

ensemble of 10 lowest-energy NMR structures of the

highly homologous SH3-B from the human equivalent

CMS (PDB entry 2FEI; see Fig. 1b), which was obtained

from heteronuclear NMR data. Moreover, these two SH3-B

structures are similar with a backbone RMSD of 1.09 Å for

the same residues between the lowest-energy structures of

the two NMR ensembles.

SH3-C

The SH3-C structure was obtained from the refinement of

the SH3-C pH 2.0 NMR structure (PDB entry 2JTE) using

1DNH, 1DCaC’,
2DHN C’ and 1DCaHa RDCs measured in a

PEG/n-hexanol mixture with the program SCULPTOR

(Hus et al. 2000) (Deposited in the Protein Data Bank with

accession number 2KRO). The ensemble fulfils the

experimental data (Table 1, Fig. 1c) with excellent Ra-

machandran statistics, reflecting the high quality of the 3D

structures. A significant improvement in the correlation of

the back-calculated and the experimental RDCs is clearly

observed in Fig. 2c and d. The average backbone RMSD

for residues 8-62 is 0.61 ± 0.10 Å, which is slightly higher

than the 0.49 ± 0.09 Å found for the same residues in the

ensemble of 10 lowest-energy NMR structures determined

at pH 2 from only NOes (PDB entry 2JTE; see Fig. 1c).

The higher RMSD found for the RDC refined structure at

pH 6.0 is caused by the increased backbone dynamics

present in the RT and n-Src loop and the C-terminus at this

pH compared to pH 2.0 (Ortega Roldan et al. 2007). The

structural differences between the two sets are small with a

Fig. 2 Experimental versus back-calculated RDCs plots. a Experi-

mental 1DNH RDCs measured versus back-calculated RDCs from

PDB 2J6O (circles) and 2J6 K (open squares). b Experimental 1DNH

RDCs measured versus back-calculated RDCs from the lowest energy

RDC-refined SH3-A structure. c Experimental 1DNH, 1DCaC’,
2DHN C’

and 1DCaHa RDCs measured for SH3-C versus back-calculated RDCs

from the NMR structure of SH3-C at pH 2 (PDB 2JTE). d Experi-

mental 1DNH, 1DCaC’,
2DHN C’ and 1DCaHa RDCs measured for SH3-C

versus back-calculated RDCs from the lowest energy RDC-refined

SH3-C structure
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backbone RMSD of 0.94 Å for the same residues between

the lowest-energy structures of the two NMR ensembles.

Comparison between the three SH3 domains of CD2AP

The three SH3 domains of CD2AP studied here are highly

homologous (Fig. 3). Sequence alignment shows highest

similarity between the SH3-A and C domains, with 53.2%

of identity, followed by a 51% identity between SH3-B and

C and a 46.2% identity between SH3-A and B. They share

the typical aromatic residues involved in binding to proline

rich sequences, but differ in the length of the n-Src loop

where SH3-C has one or two additional residues compared

to the A and B domain, respectively. The CD2AP SH3

domains do not only show high sequence identity among

themselves, but sequence alignment with other SH3

domains (Fig. 3) reveals high homology with the SH3

domains of the adaptor protein CIN85, suggesting targeting

of similar natural partners (Dikic 2002).

The three CD2AP SH3 domains show the five b-strands

and the 310 helix that are common in the family of SH3

domains (Fig. 1d). They also contain all the features that

are typically found in other SH3 domains, including the

canonical binding site residues for the recognition of

polyproline sequences that consist of a hydrophobic surface

with three shallow pockets defined by the side chains of

Table 1 Structural statistics for the 10 lowest energy structures of CD2AP SH3 A, B and C domains

SH3-A SH3-B SH3-C

Distance restraints

Short range (i–j = 0) – 225 237

Medium range (1 B |i–j| B 4) – 304 403

Long range (|ii–j| C 5) – 312 394

Orientation restraints

Residual dipolar couplings 56 0 227

Restraint statistics

NOE violations [ 0.5 Å – 0 0

RDC violations [ 3 Hz 1 – 1

RDC violations [ 5 Hz 0 – 0

RMSD from average (Å) Residues 3–56 Residues 6–58 Residues 8–62

Backbone N, CA, C0 0.28 ± 0.06 0.77 ± 0.10 0.61 ± 0.10

Heavy atoms 1.62 ± 0.14 1.48 ± 0.10 1.29 ± 0.16

Ramachandran plot

Most favored regions (%) 86.5 84.9 86.5

Additional allowed regions (%) 13.5 13.1 11.5

Generously allowed regions (%) 0.0 1.2 0.0

Disallowed regions (%) 0.0 0.8 1.9

Flexible N- and C-terminal residues were omitted from the RMSD analysis. NOe violations and Ramachandran statistics obtained from

PROCHECK-NMR analysis over all residues

Fig. 3 Sequence alignment of the CD2AP SH3 domains with other related and non-related SH3 domains. Residues involved in binding to

proline-rich sequences are shown in red
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preserved aromatic residues that are indicated in Figs. 1d

and 3. The high sequence similarity is reflected in sub-

stantial structural homology, with backbone RMSD of 1.36

Å and 1.20 Å for residues 3-32 and 37-56 in SH3-A and

residues 6-35 and 39-58 in SH3-B compared to the

equivalent residues 8-37 and 43-62 in SH3-C, and 1.29 Å

between SH3-A and SH3-B for the same residues. The

flexible N and C-termini, as well as the n-Src loop were

excluded in this analysis, the latter due to its different

length in the three CD2AP SH3 domains.

Figure 4 shows the surface-charge distribution of the

three SH3 domains. A large polar surface area is found in

each domain. SH3-A and SH3-B share a very similar

electrostatic distribution with positive and negative charges

distributed similarly over the whole structural surface. In

the polyproline binding area (highlighted with a white

circle) a mainly non-polar surface is found in SH3-A and

SH3-B, flanked by positively and negatively charged resi-

dues. In contrast SH3-C displays a different electrostatic

distribution in this area, presenting a highly negatively

charged surface. The rest of the domain shows a similar

charge distribution as in the other two domains.

In order to relate the structural features of the three

domains with their thermodynamic behaviour, the optimal

hydrogen bonding network and salt bridges were calculated

for each structure using the Whatif WEB interface (Hooft

et al. 1996). Table 2 shows the pairs of amino-acids

Fig. 4 Surface representation in 180� rotated orientations of CD2AP

SH3-A (a and b), SH3-B (c and d) and SH3-C (e and f) domains,

showing the surface-charge distribution. The electrostatic surface

representation of the three structures was drawn using Pymol

(www.pymol.org) using a Poisson-Boltzman electrostatics calcula-

tion (Dolinsky et al. 2004). Orientations in a, c and e are similar than

in Fig. 1d. The polyproline binding pocket is indicated by a circle in

each domain

Table 2 Pairs of amino-acids involved in salt bridges in CD2AP

SH3-A, B and C

SH3-A SH3-B SH3-C

D3–R27 E18–K47 E7–K36

E7–K55 E22–K47 E27–R10

D9–R21 E58–R5 E47–H32

D16–H14 E52–K45

D16–R45

E17–H14

E29–R21

E39–R46

E41–R27

E41–R46

D51–K31

E56–K58
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involved in salt bridges. In particular SH3-A exploits a

high number of salt bridges, which is the result of the

uniform distribution of positively and negatively charged

residues over the whole structure as visualized in Fig. 4. At

the same time a different number of hydrogen bonds are

found in the three domains, varying from 35 in SH3-A, 39

in SH3-B and 33 in SH3-C. The stabilization of the

C-terminus of SH3-C is particularly remarkable due to

hydrogen bonding and salt bridge network via the b-sheet

formed by the b1, b2 and b5 strands. Such a network is

absent in SH3-A, while direct interactions between the

C- and N- terminus are present in SH3-B.

Thermal stability studied by DSC

The global stability of the three SH3 domains of CD2AP

was measured by DSC at different pH values in order to

explore, in combination with the NMR-detected H/D

exchange, the nature of the native state conformational

ensemble of the three domains. Prior to the DSC experi-

ments the association state of every sample was analyzed

with Dynamic Light Scattering (DLS) at 25�C. A hydro-

dynamic radius of 1.6 nm was obtained for all CD2AP SH3

domains, a value typical for a globular monomeric protein

of this size (Wilkins et al. 1999; Varela et al. 2009; Morel

et al. 2006). For the SH3-B domain, however, a small

fraction of higher-order associated states was found.

SH3-A

DSC experiments of the CD2AP SH3-A domain were carried

out at pH values 2.0, 3.0, 6.0, and 7.0. For the pH range

between 2.0 and 3.0 and between 6.0 and 7.0 the unfolding

thermal transitions are consistent with a two-state criteria

(Viguera et al. 1994). Table 3 summarizes the thermody-

namic data at all pH values studied. Both the enthalpy and

Gibbs energy of unfolding reach a maximum at pH 6.

SH3-B

DSC experiments were performed at pH 5.5, 6.5 and 7.4.

Due to massive aggregation in the dialysis tube, no calo-

rimetric study was possible in the pH range 2.0 to 4.0. Only

at pH 5.5 the unfolding thermal transitions were partially

reversible and show a unique transition with a Tm centred

at 53.7�C. The reheating experiment shows two transitions,

one centred at the same Tm as the one observed in the first

scan, corresponding to the unfolding of the monomeric

domain, and a high temperature second transition centred

at 85�C. The latter transition can be explained as the

unfolding of high molecular species observed by DLS (data

not shown). No concentration or scan rate effect is present

on the first transition of the sample, and the molar heat

capacity curves accounted very well by the two-state

unfolding model. At pH 6.0 and 7.4 the unfolding thermal

transitions were completely irreversible. In this case, no

reversible thermodynamic model can be applied and the

calorimetric DH was estimated by integrating the area

under the unfolding thermal transition and Tm was deter-

mined from its maximum.

SH3-C

DSC experiments were carried out at pH 2.0, 2.5, 3.0, 4.0,

6.0 and 7.0. In the pH range between 2.0 and 4.0 all

unfolding thermal transitions were mostly reversible and

independent of concentration and scan rate, although the

reversibility is pH dependent, and decreases upon

increasing the pH to values close to the theoretical iso-

electric point (pI 4.6). However, the reversibility in this pH

range is always higher than 80%. For these conditions the

molar heat capacity curves were fitted using a two-state

unfolding model (Fig. 5a). All calorimetric data are sum-

marized in Table 3. An increase in stability is found when

raising the pH from 2.0 to 4.0. At pH values higher than 4

the thermal unfolding is partially reversible. At pH 6.0,

thermal transitions halted a few degrees after the Tm were

Table 3 Thermodynamic data obtained from DSC experiments for

CD2AP SH3 domains at different pH values

pH Tm (�C) DH

(kJ/mol)

DG (25�C)

(kJ/mol)

DCp
a

(kJ/mol molK)

SH3-A

2.0 42.2 ± 0.8 168 ± 3 7.7 ± 0.5 3.5 ± 0.1

3.0 55.4 ± 0.8 211 ± 3 14.5 ± 0.6

6.0 68.1 ± 0.8 256 ± 3 22.4 ± 0.8

7.0 66.5 ± 0.8 253 ± 3 21.7 ± 0.7

SH3-B

5.5 53.7 ± 0.9 176 ± 4 12 ± 2.2 2.3 ± 0.2

6.5 53.2 ± 1 154 ± 10b

7.0 53.4 ± 1 194 ± 10b

7.4 51.8 ± 1 207 ± 10b

SH3-C

2.0 47.2 ± 0.9 190 ± 4 11.7 ± 0.7 1.9 ± 0.2

2.5 48.6 ± 0.9 194 ± 4 12.6 ± 0.7

3.0 52.5 ± 0.9 204 ± 4 15,0 ± 0.8

3.5 57.0 ± 0.9 208 ± 4 17,1 ± 0.8

4.0 58.7 ± 0.9 213 ± 4 18,3 ± 0.9

6.0 54.6 ± 0.9 220 ± 10c 16.0 ± 1.3

7.0 50.4 ± 0.9 173 ± 10c 13.6 ± 1.1

a DCp of unfolding calculated from the slope of DH versus Tm. All

other DH values were obtained from a two-state unfolding model
b DH estimated by integrating the area under the unfolding thermal

transition
c DH estimated from the plot of DH versus Tm
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highly reversible and the Tm is not affected by the irre-

versible process that appears at higher temperature.

Therefore, the enthalpy can be estimated from the Tm of

this transition using the plot of DH vs Tm (Fig. 5b). DLS

experiments were performed at different temperatures to

check the presence of associated states at high and low

temperatures. At pH 2.0 no aggregates are present at any

temperature (Fig. 5c), consistent with the high reversibility

of the thermal unfolding transition measured by DSC. The

shift of the peak centred at 1.6 nm when raising the tem-

perature to 2.1 nm is typical for denaturation of globular

monomers into an unfolded polypeptide chain of this size

(Wilkins et al. 1999; Morel et al. 2006). At pH 4.0 the

thermal unfolding followed by DLS shows the appearance

of states with higher hydrodynamic radius when raising the

temperature above 45�C, consistent with the decrease in

reversibility found at this pH observed by DSC (Fig. 5d).

Comparison of the thermodynamic properties of the

three domains indicates a different behaviour of SH3-B

compared with SH3-A and C caused by its higher tendency

to aggregate. At pH values below the pI SH3-A and C show

unfolding thermal transitions that can be fitted to a two-

state unfolding model and present a similar increase in

stability and decrease in reversibility upon increasing the

pH. At pH values above the pI, a small decrease in stability

is found in SH3-C, with DG values of 16.0 and 13.6 kJ/mol

at pH 6.0 and 7.0, coupled with a lost of reversibility in the

thermal unfolding, while SH3-A shows a reversible ther-

mal unfolding and much higher stability reflected in DG

values of 22.4 and 21.7 kJ/mol at pH 6.0 and 7.0 (Table 3).

Conformational flexibility and backbone dynamics

from hydrogen/deuterium (H/D) exchange and 15N

relaxation data

H/D experiments were performed in order to relate the

global unfolding parameters obtained from DSC with the

structural features of CD2AP SH3-A and C domains. No

data could be extracted for SH3-B due to aggregation

during the preparation of the sample.

H/D exchange rates have been measured at pH 6.0 for

SH3-A and C. Reliable data could be extracted for 37

Fig. 5 a DSC thermograms of CD2AP SH3-C at pH 2.0 (black), 3.0

(blue), 3.5 (green) and 4.0 (red). Solid lines show best fits using a

two-state unfolding model. b DH versus Tm plot and linear fittings for

SH3-A (filled diamond and solid line), SH3-C (filled circle and dotted
line) and DH versus Tm at pH 5.5 for SH3-B (filled square). c Size

distribution obtained by DLS at different temperatures for SH3-C at

pH 2.0. Vertical line centred at a hydrodynamic radius of 1.6 nm.

d Size distribution obtained by DLS at different temperatures for

SH3-C at pH 4.0. Vertical line centred at a hydrodynamic radius of

1.6 nm
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residues out of 62 in SH3-A and 38 out of 64 residues in

SH3-C. In all cases the exchange shows first-order kinetics

and allows an accurate determination of the exchange rate

constants, kex, assuming an EX2 mechanism. The experi-

mental DGex per residue are shown in Fig. 6c. In both SH3

domains, protected residues are grouped mainly in six

regions of the protein sequence, corresponding to different

elements of secondary structure.

In the case of SH3-A, the RT and distal loop show

measurable protection, including histidine 14, located at

the edge of the RT loop. In contrast, the n-Src loop does not

show measurable protection. One non-observable proline

residue is present in position 50. Comparison of the pro-

tection pattern between the different secondary structure

elements shows high and similar DGex values except for

the C-terminal region (residues 51-57), including the 310

helix and the fifth b-sheet. The core of the protein is

therefore constituted by the b1, b3 and b4 strands and the

two arms of the RT loop, as they present individual DGex of

the same order as the DG obtained by DSC. On the other

hand, lower DGex values are found in b2 and b5 strands and

the 310 helix indicating a higher flexibility of these areas

(Fig. 6a).

In the case of the SH3-C domain, similarly to SH3-A,

the n-Src loop does not show measurable protection. In

contrast, RT and distal loops show much lower protection

to exchange in SH3-C. For this domain, all secondary

structure elements show comparable DGex values which are

similar to the DG obtained by DSC and thus form the

cooperative core of the protein (Fig. 6b).
15N relaxation measurements give information on the ps

to ns and ls to ms timescale of the backbone dynamics,

complementing the ms to second timescale dynamics pro-

vided by the H/D exchange. The molecular rotational

correlation time sc was calculated for SH3-A and SH3-C

using the program TENSOR2 (Dosset et al. 2000) from

selected R2/R1 values of residues that are not affected by

extensive disorder on a ps time scale (low NOe) or

chemical exchange on a ls-ms time scale (elevated R2/R1

ratio), corresponding to residues 4-10, 26, 28-30, 44-49,

55-56 in SH3-A and residues 9-12, 28-33, 45-47, 52, 56,

60-62 in SH3-C. Molecular rotational correlation times of

4.24 and 3.55 ns were obtained for SH3-A and C respec-

tively, corresponding to a radius of hydration of 17.1 Å and

16.1 Å, values expected for globular monomeric molecules

of this size (Wilkins et al. 1999; Morel et al. 2006; Varela

et al. 2009). Moreover, these values are in good agreement

with the hydrodynamic radius obtained with DLS at much

lower concentrations, indicating no association phenomena

in this range of concentrations. The relaxation data are

Fig. 6 Plot of the cooperative

core and the flexible regions

undergoing partial unfolding on

the structures of CD2AP SH3-A

(a) and SH3-C (b). Residues

with DGex higher than the DG

obtained by DSC minus three

standard deviations (3std) are

represented in blue. Residues

with DGex \DG-3std are

represented in red. Residues

exchanging within the dead time

of the experiment are

represented in grey. c DGex

calculated from H/D exchange

for SH3-A (red) and SH3-C

(blue), superimposed on the

SH3-C sequence. Black lines
indicate the DG obtained by

DSC for SH3-A and C domains

(Upper and lower line,

respectively)
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shown in the form of reduced spectral density mapping for

both domains in Fig. 7. High-frequency motions, on the ps-

sub nanosecond timescale are similar for both domains

(J(xH)), while pronounced increases in J(0) and to a lesser

extent J(xN), are indicative of an increase in low frequency

motions for SH3A. Average R2 values for SH3-A and SH3-

C are 7.0 ± 0.8 s-1 and 5.6 ± 0.6 s-1 in the secondary

structural elements, while average R1 values are 2.4 ±

0.1 s-1 and 2.3 ± 0.1 s-1. We prefer to present the data in

this format, rather than using a standard Lipari-Szabo type

model-free analysis, because of the difficulty of separating

contributions from overall rotational diffusion and internal

motion when significant nanosecond motions appear to be

present. This kind of problem is particularly acute for small

molecules, where the overall rotational correlation coeffi-

cient is less then 5 ns.

Discussion and conclusions

SH3 domains are small modular domains involved in

protein–protein interactions. The sequence identity

Fig. 7 Backbone dynamics of

CD2AP SH3-A (blue) and SH3-

C (red) measured at

600.25 MHz and 25�C,

expressed in terms of reduced

spectral density mapping (top
J(0), middle J(xN) bottom
J(0.87xH)

J Biomol NMR (2011) 50:103–117 113

123



between different SH3 domains is low, ranging from 15 to

45% (Larson and Davidson 2000), although all SH3

domains adopt a similar five-stranded b-barrel structure. In

the present work, we have determined the three dimen-

sional solution structures of the three SH3 domains of

CD2AP at pH 6.0. A high sequence homology is found

between the domains, and with other related adaptor pro-

teins, such as CIN85, what is translated into a high struc-

tural homology (Figs. 1d and 3). Moreover, the aromatic

residues that are involved in recognition of polyproline

sequences (Fig. 1d) are similarly positioned in the three

CD2AP SH3 domains. A similar electrostatic distribution

is found on the surface around the polyproline binding

pocket in SH3-A and B, dominated by a large negative area

in the specificity pocket and a non-polar surface in the

hydrophobic pockets surrounded by positively and nega-

tively charged residues, consistent with the overlapping

specificities suggested elsewhere (Dikic 2002). However,

SH3-C presents a higher negatively charged surface around

the hydrophobic pockets. Interestingly, differences are

found between CIN85 SH3-C and CD2AP SH3-C in this

area. CIN85 SH3-C displays a more positively charged

region around the hydrophobic pockets, similar to the A

and B domains of both CIN85 and CD2AP, indicating

possible differences in binding affinities and specificity to

natural targets.

Despite of the similarity between the three dimensional

structures of the CD2AP SH3 domains, except for the n-Src

loop orientation, differences are found in the number and

distribution of intra-molecular interactions. A computa-

tional structure based energy calculation using the program

FoldX (Guerois et al. 2002) has been carried out in order to

relate the contribution of the interactions to the stability

with the experimental thermodynamic parameters obtained

by DSC. The contribution of these intra-molecular inter-

actions to the unfolding DG is reflected in the enthalpy

change of unfolding (DH). This value is dominated by two

terms: a positive contribution due to the disruption of

internal interactions (hydrogen bonds, van der Waals, salt

bridges, etc.) and a negative term resulting from the sol-

vation of groups that are buried in the native state (Sadqi

et al. 1999). FoldX predicts a higher enthalpy value for

SH3-A domain driven by a 1 kJ/residue higher hydrogen

bond energy than SH3-C and a 0.7 to 1.57 kJ/res higher van

der Waals energy than SH3-B and C as no significant dif-

ferences are found in this term due to the solvation of polar

and hydrophobic groups. Nevertheless, similar hydrogen

bond energy contribution to the DH is found in SH3-B. This

result is consistent with the higher number of hydrogen

bonds predicted by Whatif for SH3-A and B. On the other

hand, the experimental enthalpy values obtained for SH3-B

are lower than the predicted ones, probably due to inaccu-

racy in the experimental value caused by the presence of

high molecular weight species even at room temperature

and neutral pH that were observed in the DLS experiments.

As no major differences are found in the entropy term

calculated from thermodynamic data for the three CD2AP

SH3 domains, the 0.2 kJ/res higher stability of SH3-A at

25�C is assumed to be driven by the enthalpic term.

The global unfolding data obtained by DSC has been

compared with local unfolding information obtained by

NMR detected amide H/D exchange in SH3-A and C

domains. No information could be extracted for SH3-B due

to its high tendency to aggregate. The stable cores of both

SH3 domains, defined as those regions where individual

DGex are of the same order than the DG obtained by DSC,

comprise most of the secondary structural elements, except

for the C-terminal part of SH3-A where lower DGex values

are found. The amide exchange of these core residues thus

occurs primarily via a global unfolding reaction, while in

the b5 strand and the C-terminus in SH3-A, H/D exchange

takes place via local or subglobal unfolding processes. This

indicates a higher flexibility of this region of the protein.

This effect is also appreciable on a different timescale from

the higher J(0) contribution derived from 15N relaxation

values of residues in this region, indicating that this area is

affected by low frequency motions. The increased mobility

in the C-terminus of the SH3-A domain allows a higher

flexibility in the junction with the rest of CD2AP that may

permit regulation of interactions of the SH3-B or C

domains or other regions of the protein with natural targets.

The higher number of hydrogen bonds and salt-bridges

present in SH3-A compared to SH3-C not only results in a

higher stability at 25�C but also affects the backbone

flexibility via the different distribution of the intra-molec-

ular interactions along the sequence. Lower amplitude

contributions to J(xN) are found for the RT, n-Src and

Distal loops in SH3-A, consistent with a higher number of

hydrogen bonds and salt-bridges calculated in these regions

from the structure. This extended hydrogen bonding net-

work is confirmed by H/D exchange data, where measur-

able protection is found for His 14 in the RT loop, Val 29

and Lys 30 in the n-Src loop, and Gly 44 in the Distal loop

of SH3-A. The lower flexibility exhibited in these loops in

SH3-A is in contrast to that observed in SH3-C and other

SH3 domains, where increased flexibility is generally

found for RT, n-Src and Distal loops (Ferreon et al. 2003;

Wang et al. 2001; Horita et al. 2000). Thus the lower

flexibility of the backbone of CD2AP SH3-A domain is

related with the higher overall stability resulting from the

more extended intramolecular interaction network along

the structure. Furthermore, comparison of R2/R1 values for

SH3-C measured at pH 2.0 and 6.0 reveals similar motions

for SH3-C at low pH as SH3-A at pH 6.0, in agreement

with the similar thermal stability observed at low pH values

for SH3-A and C. These results suggest that the backbone
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flexibility of the SH3 domains closely correlates with the

overall thermal stability as observed for other systems

(Jarymowycz and Stone 2006).

The stability of the CD2AP SH3 domains has been

compared with the thermal stability of other non-related

SH3 domains of Abl, Fyn, Itk, Btk and Tec (Filimonov

et al. 1999; Knapp et al. 1998). While CD2AP SH3-B and

C show experimental DG values from DSC in the same

order than the compared SH3 domains, SH3-A shows an

average 0.20 kJ/res higher experimental stability. No major

differences in charge distributions are observed between

the CD2AP SH3 domains and the Fyn, Abl, Itk, Btk and

Tec SH3 domains, indicating that differences in thermal

stability do not arise from differences in the electrostatic

distribution in the surface of the domains. CD2AP SH3-A

displays up to 1.5 kJ/res higher experimental DH than Fyn,

Abl, Itk, Btk and Tec SH3 domains. In order to explain

these enthalpy differences, each individual contribution to

DH have been calculated from the structure using the

program FoldX. For all non-related SH3 domains an

average 1.07 kJ/res lower hydrogen bond energy term is

found, providing a possible explanation for the experi-

mental DH differences. Differences in the experimental

values of DCp are also found. CD2AP SH3 domains display

up to 0.8 kJ/K mol lower values than the mean DCp found

in literature for SH3 domains. DCp differences arise from

the different changes in average polar and non-polar sur-

face accessibilities between the folded and the extended

unfolded state. The difference in total, non-polar and polar

surface accessibility is bigger in the Fyn, Abl, Itk, Tec and

Btk SH3 domains than in the CD2AP SH3 domains,

resulting in lower predicted DCp values for the CD2AP

SH3 domains, thus in agreement with the experimental

results (Luque and Freire 1998). The higher thermal sta-

bility shown by the CD2AP SH3-A compared to non-

related SH3 domains can be explained then by a higher DH

caused by a more extensive intramolecular interaction

network as observed by H/D exchange and 15N relaxation

measurements.

No experimental thermodynamic data can been found in

literature for adaptor proteins containing multiple SH3

domains in tandem. In order to compare the thermody-

namic data obtained for CD2AP with other adaptor pro-

teins with similar domain structure, the SH3 domains of the

related CIN85 were analyzed using FoldX. We used the

structures of the three CIN85 SH3 domains determined by

either NMR or X-ray (PDB entries 2BZ8, 2O6O and 2K9G

for SH3-A, B and C, respectively). CIN85 shows a very

high sequence homology with CD2AP, ranging from

68.4% of homology for both N-terminal SH3 domains to

67.3% of homology between central SH3 domains and

58.2% of homology between the C-terminal SH3 domains

(see Fig. 3). In both proteins, the N-terminal SH3 domain

displays very similar hydrogen bonding, van der Waals and

solvation energies, suggesting closely similar enthalpy

values. Moreover, similar enthalpy values are predicted for

the second and third SH3 domains despite the differences

in energy contributions, with higher hydrogen bond ener-

gies but lower solvation energies. This analysis suggests

that such an elevated stability for an N-terminal SH3

domain might be a general characteristic of multiple

domain containing proteins. As stated previously, the

CD2AP SH3-A domain displays an average 0.20 kJ/res

higher experimental DG than Abl, Fyn, Brk, Itk and Tec

SH3 domains at physiological pH values. All these

domains are located in the middle of the sequence of their

full-length proteins, and in some cases, like Abl SH3

domain, the presence of a N-terminal domain is required to

maintain its three dimensional structure (Chen et al. 2008).

The high DG observed in CD2AP SH3-A and predicted for

CIN85 SH3-A suggest that N-terminal SH3 domains need a

very high stability in order to maintain a correctly folded

conformation to establish the proper interactions crucial for

the recruitment of their natural targets. On the other hand,

SH3-B and C show similar DG values per residue to the

other RTK SH3 domains, indicating that SH3 domains

located away from the N-terminus do not need such sta-

bilization. Indeed, binding studies performed in our group

confirm that all three SH3 domains bind to CD2, but with a

significant higher affinity to the N-terminal domain

(unpublished data).

We have shown the relationship between sequence,

three dimensional structure, stability, and dynamics of

single SH3 domains and rationalized it in terms of their

function inside the adaptor proteins. The work presented

here will form the basis for a better understanding on how

interactions of each individual domain to their natural

targets are affected by the presence of the others. Work on

different CD2AP SH3 domain tandems is in progress in our

group to address this question.
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