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Abstract We have designed a chimeric protein by connecting a
circular permutant of the a-spectrin SH3 domain to the proline-
rich decapeptidle APSYSPPPPP with a three-residue link. Our
aim was to obtain a single-chain protein with a tertiary fold that
would mimic the binding between SH3 domains and proline-rich
peptides. A comparison of the circular-dichroism and fluores-
cence spectra of the purified chimera and the SH3 circular
permutant showed that the proline-rich sequence occupies the
putative SH3 binding site in a similar conformation and with
comparable interactions to those found in complexes between
SH3 and proline-rich peptides. Differential scanning calorimetry
indicated that the interactions in the binding motif interface are
highly cooperative with the rest of the structure and thus the
protein unfolds in a two-state process. The chimera is more
stable than the circular permutant SH3 by 6-8 kJ mol~! at
25°C and the difference in their unfolding enthalpy is approx-
imately 32 kJ mol~!, which coincides with the values found for
the binding of proline-rich peptides to SH3 domains. This type
of chimeric protein may be useful in designing SH3 peptide
ligands with improved affinity and specificity.

© 2003 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction

Src-homology region 3 (SH3) domains are probably the
most widely known modules for molecular recognition [1],
which has resulted in their becoming important targets for
ligand design. They interact with proline-rich sequences,
with a preserved PxxP binding motif, adopting a poly-proline
IT (PPII) helical conformation. The binding site of SH3 do-
mains consists of a hydrophobic surface containing three shal-
low pockets defined by preserved aromatic residues [2]. Two
of the pockets accommodate each of the prolines, accompa-
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Abbreviations: SH3, Src-homology region 3; p4l, decapeptide of se-
quence APSYSPPPPP; S19P20s, circular permutant of the o-spectrin
SH3 domain cut between positions S19 and P20 with its N- and C-
ends linked; SPCp41, chimeric SI9P20s elongated from its C-terminus
with a three-residue link of sequence DGN plus the p4l sequence;
DSC, differential scanning calorimetry; CD, circular dichroism

nied by a hydrophobic residue in the PxxP motif. The third
pocket, known as the ‘specificity pocket’, is flanked by the RT
and n-src loops, which play an important role in both the
affinity and the specificity of the interaction [1].

An understanding of the thermodynamic determinants of
the affinity and specificity of the SH3 domains is of particular
importance in being able to predict ligands for proteins of
particular interest and, in some cases, to design ligands for
the specific inhibition of interactions in vivo. The thermo-
dynamic dissection of protein-ligand interactions involves
laborious titration experiments with systematically modified
ligands, usually carried out by isothermal titration calorimetry
(ITC) [3]. In the case of SH3 domains this implies the use of
considerable quantities of protein and expensive synthetic
peptides, which may explain why only a few calorimetric stud-
ies into the binding between SH3 domains and proline-rich
peptides have been undertaken [4-7].

The folding properties of SH3 domains are also well char-
acterised both by experimental [§-14] and computational
methods [15-18]. Although the folding kinetics of this family
of small domains appears to be mainly determined by the
chain topology of the native state [14,15,19,20], it has been
shown that this topology can be changed in the SH3 domain
of a-spectrin by circular permutation without affecting the
overall fold [19,21]. The RT-loop of one of the circular per-
mutants, S19P20s, is open (cf. Fig. 1A) and the new C-termi-
nus is quite close to the binding site for proline-rich peptides,
adjacent to the specificity pocket. This topology allows us to
engineer chimeric variants of this circular permutant with an
extended chain sequence that mimics in its fold the interac-
tions with proline-rich peptides. On the basis of this approach
it should be possible to design new interactions at the do-
main-ligand interface by simple site-directed mutagenesis in
these chimeras and to characterise the effects produced by
studying the thermodynamics of their folding—unfolding.

We describe here the design, isolation and characterisation
of a chimeric protein obtained by connecting the circular per-
mutant S19P20s of the SH3 domain of o-spectrin to the se-
quence of a proline-rich ligand designed previously for the
ADbI-SH3 domain [22]. The results highlight the common ther-
modynamic features between protein-ligand binding and pro-
tein folding.

2. Materials and methods

The gene encoding the chimeric proteins was obtained by polymer-
ase chain reaction (PCR) [23], extending the 3’-end DNA sequence of
the circular permutant SI9P20s to obtain the following amino acid
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sequence: MGPREVTMKKGDILTLLNSTNKDWWKVEVNDRQ-
GFVPAAYVKKLDSGTGKELVLALYDYQEKSxxxAPSYSPPPPP,
where the underlined residues are the new amino acids added to the
C-terminus of the original SI9P20s sequence and xxx represents a
two- or three-residue connection of variable composition. The DNA
fragments were cloned into a pPBAT4 plasmid [24] and expressed into
Escherichia coli BL21/DE3 (Novagen). The proteins were purified as
described elsewhere [25].

Prior to the experiments the samples were thoroughly dialysed
against the appropriate buffers. Protein concentration was measured
using extinction coefficients determined by Gill and von Hippel’s
method [26].

Differential scanning calorimetry (DSC) experiments were per-
formed in a VP-DSC microcalorimeter (Microcal) at a scan rate of
90°C/h. The protein concentration in all DSC experiments was
~1 mg/ml. The temperature dependence of the molar partial heat
capacity (Cp) of SH3 was calculated from the DSC data and analysed
using Origin 6.1 (OriginLab). C, curves were fitted by a non-linear
least-squares method using the two-state unfolding model as described
elsewhere [19].

Titration experiments following the change in intensity of trypto-
phan fluorescence were carried out to monitor the binding of decap-
eptide p4l to the SH3 variants. Protein samples were thermostatised
at 25°C in the cuvette of the fluorimeter at a concentration of =25
UM. Fluorescence spectra were recorded between 305 and 400 nm at
different p41 concentrations from 0 to =1 mM. The excitation wave-
length was 298 nm. The titration curves were analysed as described
elsewhere [22].

Circular dichroism (CD) measurements were made in a tempera-
ture-controlled Jasco J-715 spectropolarimeter. Far-UV and near-UV
CD spectra were recorded at 25°C in 20 mM glycine at pH 3.0 using
cuvettes of 1 and 5 mm path length, respectively. Sample concentra-
tions were =0.2-0.25 mg/ml for the far-UV and =2-2.5 mg/ml for
the near-UV spectra. Baseline spectra obtained with pure buffer were
subtracted for all spectra. The CD signal was expressed as molar
ellipticity for the sake of comparison.

The thermal unfolding of S19P20s and SPCp41 was followed by
recording the CD signal in both the far-UV (234 nm) and near-UV
(295 nm) ranges at different temperatures between 5 and 95°C. The
thermal profiles were corrected by subtracting the profiles obtained
with pure buffers under identical conditions. The unfolding profiles
were analysed according to the two-state model as reported elsewhere
[27].

Computer analysis, structural alignment and modelling of protein
structures were performed with the programme Swiss PDB viewer
[28].

3. Results and discussion

The aim of this work was to design a single-chain chimeric
protein that would mimic in its tertiary fold the typical inter-
actions between proline-rich peptides and SH3 domains. Our
first step was to make a computer model of this chimera using
the crystal structure of the complex between the Abl-SH3
domain and the decapeptide p41 as a template [29]. Initially,
we aligned the crystal structures of the Abl-SH3 domain in its
complex with p41 (PDB: 1BBZ) and the circular permutant
S19P20s (PDB: 1TUC) [21]. The root mean square deviation
(RMSD) for all the backbone atoms was 1.37 A. The main
side chains in the consensus binding site of the SH3 domains
were well conserved between AbI-SH3 and S19P20s (Tyr7,
Phe9, Trp36, Trp47, Pro49 and Tyr52 for Abl-SH3, versus
Tyr57, Tyr59, Trp24, Phe35, Pro37 and Tyr40 in S19P20s)
and the spatial arrangement of the side chains was very sim-
ilar for all of them (Fig. 1B). Subsequently we made a model
of the complex between p4l and S19P20s by replacing the
Abl-SH3 domain with S19P20s and finally we connected the
S19P20s and p41 main chains with a short link of two to three
residues, as illustrated in Fig. 1B. No clashes in the model
were found. We did not attempt to model any additional
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Fig. 1. A: Schematic view of the backbone chains in the alignment
between the crystal structures of the Abl-SH3 domain in its complex
with the decapeptide p41 (cyan) (PDB: 1BBZ) [29] and the circular
permutant S19P20s (green) (PDB: 1TUC) [21]. The side chains
forming the SH3 binding site have been highlighted for both do-
mains (Abl-SH3 in red and S19P20s in blue). The arrow indicates
the location of the C-terminal end in S19P20s. B: Schematic view
showing a model of the structure of the chimeric domain SPCp4l.
The chain sequence corresponding to S19P20s is represented with
ribbons. The decapeptide p41 and the backbone of the three-residue
link connecting it with the S19P20s chain are coloured red and or-
ange, respectively. The side chains of residues in the SH3 domain
interacting with the p41 sequence are shown in blue.

interactions involving the two to three residues link. For
this link we tried several sequences. The designed chimeras
were cloned and expressed in E. coli and purified to homoge-
neity as stated in Section 2.

We made preliminary tests of the thermal stability of all the
chimeric proteins compared to S19P20s by running single
DSC experiments in 20 mM glycine at pH 3.5. All the chime-
ras were more stable than S19P20s by 5-10°C, suggesting the
formation of stabilising interactions between the SH3 domain
and the extended sequence. The most stable chimera con-
tained the link GDN and the deletion of K62, close to the
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C-terminus in the S19P20s sequence. This deletion was in-
tended to release any possible constraints produced by
charge-charge interactions in the region of the link. We
named this chimera SPCp41.

To characterise the conformation of the extended chain se-
quence within SPCp4l we measured the CD spectra of
SPCp41, S19P20s and the isolated p41 peptide at pH 3.0
and 25°C (Fig. 2) in both the far-UV (panel A) and near-
UV (panel B) wavelength ranges, and calculated the difference
spectra between SPCp41 and S19P20s. The far-UV CD spec-
trum of S19P20s is very similar to that of the wild-type
o-spectrin SH3 domain [8], which accords with the similarity
in their structures [21,30], whilst the spectrum of SPCp41 has
a larger negative ellipticity. The far-UV CD spectrum of iso-
lated p41 is quite similar to those reported elsewhere for other

Molar ellipticity - 10'5(mdeg.cm2.dmol")

190 200 210 220 230 240 250
Wavelength (nm)

B 2
£ 15
wg' 12
> 9
g 6
"’e 3;
> 0
S
2 -3
T 6
g s s s . ‘ ‘
S 250 260 270 280 290 300 310 320
Wavelength (nm)
C

Fluorescence intensity

300 320 340 360 380 400
Wavelenght (nm)

Fig. 2. A: Far-UV CD spectra of SPCp4l (squares), S19P20s
(circles) and the isolated p41 decapeptide (triangles) in 20 mM gly-
cine buffer, pH 3.0, 25°C. The dashed line represents the difference
spectra between SPCp4l and S19P20s. B: Near-UV CD spectra for
the same protein systems and conditions as those in panel A. Sym-
bols and lines are also the same. C: Fluorescence spectra of
SPCp41 (solid line), S19P20s (dashed line) and S19P20s in the pres-
ence of 1.5 mM of p4l (dotted line) under the same conditions as
those of panels A and B. Excitation wavelength =298 nm.
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Fig. 3. A: Temperature dependence of the partial molar heat ca-
pacity, Cp,, of SPCp4l at several pH values, as indicated in the plot.
The experimental data are represented by open symbols. The solid
lines represent the non-linear least-squares fitting to the whole set of
C, curves using the two-state unfolding model, in which the heat
capacity functions for the native and the unfolded states (dashed
lines) and the enthalpy change upon unfolding are considered to be
independent of pH. B: Plot of the increase in enthalpy upon un-
folding, AH,,, versus the unfolding temperature, Tp,, for SPCp4l
(circles) and S19P20s (squares). Open squares correspond to the
data reported elsewhere for SI19P20s [19]. The dashed lines represent
the temperature dependence of the unfolding enthalpy obtained di-
rectly from the overall fittings using the two-state model.

proline-rich peptides in solution [31], compatible with a par-
tial propensity to adopt a PPII helical conformation. In con-
trast, the difference spectrum between SPCp41 and S19P20s,
which mainly characterises the backbone conformation of the
chain extension, shows both in shape and intensity the typical
characteristics of the CD spectrum of a PPII helix, with a
positive band at 228 nm and a negative band at 204 nm
[32,33]. This is consistent with the conformation usually ob-
served for proline-rich peptides bound to SH3 domains and
also found in the conformation of p41l in complex with Abl-
SH3 [29].

The near-UV CD spectrum of SPCp41 has a clearly greater
positive ellipticity than that of S19P20s. This difference is
most pronounced at around 278 nm, which indicates the im-
mobilisation of the tyrosine side chains in SPCp41 within the
binding pocket of the SH3 motif due to contacts with the 13-
residue extension, which accords well with the interactions
observed between p41 and several aromatic residues of Abl-
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SH3 in the crystal structure of the complex [29]. An addition-
al, though smaller, difference in CD occurs at around 294 nm,
indicating changes in the environment of a tryptophan side
chain, most probably Trp24.

Titration of S19P20s with p41 monitored by tryptophan
fluorescence produced a clear increase in intensity and a
blue shift at the fluorescence spectrum’s maximum, which
was undoubtedly caused by the binding of p41 to the SH3
binding site (data not shown), as observed elsewhere for the
Abl-SH3 domain [22]. This indicates that S19P20s is capable
of binding the decapeptide p41, although with quite low af-
finity (Kp=160%34 puM). The fluorescence spectrum of
SPCp41, on the other hand, was completely unaffected by
the addition of increasing amounts of p4l, suggesting that
the binding site was occupied by the extended sequence in
the chimera. The fluorescence spectrum of SPCp41 was very
similar to that of S19P20s saturated with p41 (Fig. 2C), in-
dicating that the environments of Trp24 in the chimera
SPCp41 and in the SI9P20s—p41 complex are very similar.

We made a more detailed characterisation of the thermal
unfolding of SPCp41 by DSC. Fig. 3A shows the heat-ca-
pacity profiles, C,, obtained at different pH values between
2.0 and 7.0. The curves were fitted using the two-state unfold-
ing model with the same method employed previously for the
analysis of the DSC curves of the circular permutant SI9P20s
[19]. The quality of the fitting indicates that SPCp41 unfolds
in a two-state process under all the conditions investigated.
This result also reveals that the interactions between the SH3
motif and the p4l sequence are highly cooperative with the
rest of the domain’s structure.

For comparison, we made additional DSC experiments with
S19P20s under the same conditions used for SPCp41. Table 1
shows the thermodynamic parameters of the unfolding of
these two proteins at different pH values. The unfolding pa-
rameters for S19P20s are similar to those found in a previous
work [19]. Fig. 3B shows the correlation between the unfold-
ing enthalpy, AH,,, and the transition temperature, Tp,, for
both proteins. It is clear from the plot that the unfolding
processes of the two proteins have quite different enthalpy
functions, the unfolding enthalpy of the chimeric protein
being significantly higher than that of S19P20s. The difference
in enthalpy between the two correlations was about 32 kJ
mol~! at 50°C and hardly changed with temperature (Fig.
3B). This difference with opposite sign would account for
the net enthalpy balance of the interactions between the p4l

Table 1

Thermodynamic parameters for the unfolding of SPCp4l and
S19P20s deriving from an analysis of the DSC curves according to
the two-state unfolding model

pH Protein T AHy, AGy (25°C)
(°C) (kJ mol™1) (kJ mol™!)
2.0  SI9P20s - - -
SPCp41l 45.5+0.1 160+ 1 8.5+0.6
2.5 SI9P20s 32.740.6 88+3 1.940.3
SPCp4l 47.7+0.1 175%1 10.2+0.7
3.0  SI9P20s 45.7+0.3 13142 6.3%0.7
SPCp4l 55.8%0.1 197+1 146+1.2
3.5  SI9P20s 55.14£0.3 154+2 9.6+1.2
SPCp4l 62.7%0.1 207+1 17.5+1.7
7.0 SI9P20s 59.240.2 178 +2 12514
SPCp4l 64.4%0.1 213%1 18.6+1.8
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sequence and the SH3 binding site. This enthalpy is of similar
magnitude and sign to the enthalpy of binding of the isolated
p41 decapeptide to the wild-type o-spectrin SH3 domain mea-
sured directly by ITC (results not shown) and is also similar
to the enthalpies found for the binding of other proline-rich
peptides to different SH3 domains [6,7], which implies that the
contribution of new interactions involving the cross-link se-
quence to the enthalpy of unfolding of SPCp41 is negligible.

The thermal unfolding of SPCp41 and S19P20s was also
followed by CD both in the far-UV and near-UV wavelength
ranges at pH 3.0 (results not shown). All the unfolding pro-
files are very well described by the two-state model with equal
enthalpy and Ty, values in the two wavelength ranges and also
very similar to those found by DSC, which confirms the two-
state character of the unfolding of both proteins.

Table 1 includes the calculated Gibbs energy of unfolding
for SPCp41 and S19P20s at 25°C. The difference in stability at
25°C between both species varies between 6.1 and 8.3 kJ
mol™!, depending upon the pH. This would in principle be
related to the Gibbs energy balance upon the severing of the
interactions between the extended sequence and the binding
motif in SPCp41.

From the Gibbs energy of folding of S19P20s
(AGY, g sp3 = —6.4%0.7 kJ mol™") and the standard Gibbs en-
ergy of binding of p41 to S19P20s (AGgind=*21.7iO.5 kJ
mol™!), both at pH 3.0 and 25°C, the Gibbs energy of folding
and docking of the S19P20s-p41 complex at 1 M standard
state can be estimated as: AGY, - =AGY | 43 TAGY, 4, Which
is equal to —28.1+1.2 kJ mol~'. Compared to this, and
assuming the absence of enthalpy effects produced by cross-
linking, as referred to above, the Gibbs energy of folding
of SPCp4l (—14.6%1.2 kJ mol™') can be expressed as:
AGimera = AGlyq st3 FAGY g — TASY, - where the last quantity
is the contribution to the stability of the system arising from
the change in configurational entropy upon the insertion of
the three-residue link between the two polypeptide chains. The
subtraction of these two Gibbs energy values allows us to
estimate —7TAS) ., which is equal to 13.5%2.4 kJ mol™!. Ac-
cording to this calculation, the introduction of the cross-link
would add a large unfavourable entropic term to the stability
of the chimera SPCp41l compared to that of the complex
between S19P20s and p41. The entropic contribution of intro-
ducing a six-residue cross-link in a dimeric system of two
associating helices has recently been calculated theoretically
[34]. The authors also report a similar entropic destabilisation
(13.4 kJ mol™!) upon cross-linking the helices at 1 M standard
state and 300 K. This paradoxical result appears to arise from
the fact that these magnitudes correspond to the 1 M standard
state concentration, which is unrealistically high for macro-
molecules. For a more realistic reference state (1 uM concen-
tration of reagents) the entropic contribution deriving from
cross-linking the helices becomes strongly stabilising (—21 kJ
mol~!), as might be expected.

In our system, using as reference state a concentration of
reactants of 50 uM, similar to that of the titration experi-
ments, the Gibbs energy of binding between p4l and
S19P20s, AGping, is 2.8+ 1.2 kJ mol™!, indicating that at this
reference concentration the complex is intrinsically unstable.
Under these conditions, —TASj,k 1s calculated as —11.0x2.4
kJ mol™!, which is comparable to the values reported theo-
retically and experimentally for other systems [34]. Therefore,
the cross-link adds extra stability to the interactions at the
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binding interface within the chimera SPCp41, which in turn
behaves as a two-state unfolding protein.

In spite of this two-state behaviour, the thermodynamic
magnitudes of unfolding of SPCp4l are strongly biased by
the thermodynamics of the interactions between the SH3 mo-
tif and the p41 sequence, as can be seen in Table 1. Therefore,
with all other factors constant, changes in these interactions
will be reflected in changes in the thermodynamic parameters
of unfolding of the chimera, quantifiable by DSC.

We conclude that the chimeric protein described in this
work mimics the structural and energetic features of the bind-
ing process between the SH3 domain and the ligand p41, with
a PPII helix conformation for the p4l sequence, a similar
immobilisation of aromatic residues at the binding interface
and an interaction enthalpy at the interface analogous to that
reported for the binding of proline-rich peptides to other SH3
domains.

There are two comparable examples in the literature of the
intra-molecular binding of a proline-rich sequence to an ad-
jacent SH3 domain, one being part of the natural regulatory
mechanism of the T-cell-specific kinase ITK [35] and the other
an artificial fusion between the Hck-SH3 domain and a pro-
line-rich sequence of human GAP [36]. In these proteins, how-
ever, the proline-rich sequences were connected by a long
polypeptide segment to the N- and C-terminus of the SH3
motif, respectively. The SPCp41 chimera, on the other hand,
has a novel topology and a very short link of three residues,
as a result of using a circular permutant of the SH3 domain,
thus bringing its C-terminus very close to the binding site. In
all cases the ligand sequence occupies intra-molecularly the
binding site favoured by the removal of configurational en-
tropy for the bi-molecular binding reaction. One of the rea-
sons for the high unfolding cooperativity of SPCp41 may be
the shortness of the link, which would result in a relatively
small conformational entropy loss upon the immobilisation of
the extended sequence at the binding site. Consequently, the
thermal unfolding of this chimera agrees with a simple two-
state process, which is easy to characterise energetically by
typical unfolding experiments such as DSC.

In addition to a general interest in the design of these chi-
meric constructions in protein folding, the possibility also ex-
ists of their being used as tools to optimise interactions at the
binding site of SH3 by site-directed mutagenesis and simple
stability measurements. This may short-cut the traditionally
inefficient and expensive procedures used until now to design
peptides with improved affinity and specificity for SH3 do-
mains.
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