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ABSTRACT:. SH3 (src homology domain 3) domains are small protein modules that interact with proline-
rich peptides. The structure of the N-terminal SH3 domain from growth factor receptor-binding protein

2 (Grb2), an adapter protein in the intracellular signaling pathway to Ras, was investigated by circular
dichroic (CD) spectroscopy. The compact natB#arrel conformation, previously elucidated by NMR
spectroscopy, was largely predominant at $Ht.8, in the absence of salt. From the structural changes
induced by varying pH, ionic strength, temperature, or hydrophobicity of the environment, evidence for
the existence of distinct nonnative conformations was obtained in the far- and near-UV domains. Along
the free energy scale, these appear to distribute into two conformational ensembles, depending on the
extent of structural and thermodynamic differences compared to the native conformation. The first ensemble
consists of non-native conformations with a nativelike secondary structure, and the second is composed
of partially unfolded conformations having sharthelical fragments or turnlike motifs in their nonnative
secondary structure. Most of the observed nonnative conformations exist in mild or nondenaturing
conditions. They probably have distinct compactness of their inner structure, depending on the strength
of nonlocal interactions, but only the native glleonformation possesses a condensed protein exterior,
appropriate for the binding to the VPPPVPPRRR decapeptide from Sos. Upon binding, the native
conformation undergoes a local tertiary structure change in a hydrophobic pocket at the binding site. This
is accompanied by the PP-II helix folding of the proline-rich peptide. Interestingly, in the near-UV domain,

a significant change in the spectral contribution of an aromatic exciton was observed, thus allowing
guantitative tracking of the binding process.

The growth factor receptor-binding protein 2 (GrbR)a growth factor (EGF) receptor is able to directly or indirectly
ubiquitously expressed triple-domain protein, consisting of (via Shc, another tyrosine-phosphorylated protein responding
a single SH2 domain (Src homology domain 2) flanked by to cell stimulation) recruit the Grb2/Sos complex near the
two SH3 domains. Grb2 is an adapter protein that binds to plasma membrane. The kinase cascade in the Ras/MAP
a proline-rich region of the C-terminal tail of Sos (Son of signaling pathway then relays the signal to the nucleus,
sevenless), the guanine nucleotide exchange factor of Raghereby allowing control of cell growth and differentiation
(1), via both SH3 domains. As well, by its SH2 domain, (2).

Grb2 recognizes phosphotyrosine residues of stimulated SH3 domains are small protein modules (approximately
receptors. Thus, upon activation and subsequent autophosgo amino acids) first identified in Sr&) and spectrin4).
phorylation of specific tyrosine residues, the epidermal |nvestigation of several SH3 domains has revealed the
conserved structural features of these single-domain protein
T This work was supported by the Ligue Nationale Contre le Cancer modules (see re% for a review)_ The SH3 fold consists of
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67 40 11; e-mail bousquet@pharma.u-strasbg.fr. in a sandwich form. A set of conserved residues on the
zUn!verS!t}aLouis Pasteur. protein surface binds to ligands containing proline-rich
UniversiteRenieDescartes. regions (PxxP motifs)d), allowing SH3 domains to mediate

1 Abbreviations: Grb2, growth factor receptor-binding protein 2; | . . . e K A
SH3,src homology domain 3; Sos, guanine nucleotide exchange factor; CYtOPlasmic proteifrprotein recognition in eukaryotic sig-

CD, circular dichroism; NOE, nuclear Overhauser enhancement; C32S,naling pathway 1) or in interactions involving cytoskeletal
single mutant of the growth factor receptor-binding protein 2 N-terminal proteins 8).

src homology domain 3, in which Cys32 was replaced by Ser; Y7V/ . .
C32S, double mutant in which Tyr7 residue was additionally replaced 1 ne structure of the SH3 domain from the N-terminal part

by Val. of Grb2 (56 amino acids) has been elucidated by NMR (
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11). The folded conformation at acidic pH is formed from Thus, to get an estimate of irregular structures such as
six f-strands distributed in two orthogonal antiparallel g-turns, the Johnson variable selection method was applied
fB-sheets. Thesg-sheets are three-stranded, sharing a bent (15), with a wavelength interval of 0.5 nm for scanning
B-strand, that yields #-barrel-like structure. The overall  spectra. Units of molecular ellipticity (degn?-dmol?) are
structure is stabilized by numerous hydrophobic interactions. per backbone amide in the far-UV range and per aromatic
The conserved aromatic residues gather on the top edge ofesidue in the near-UV range. For denaturation measure-
the protein, forming a smooth platform bordered by loops ments, samples were allowed to equilibrate for 15 min with
containing acidic residues. This external region constitutes the denaturant before spectra were recorded. As the molecular
most of the peptide binding site and has two hydrophobic ellipticity of the native and completely unfolded states were
pockets that interact with the protruding side chains in the found to not significantly depend on denaturant concentration
proline-rich motif. in the pre- and posttransition regions, no correction for curve
We report here a CD investigation, in the far- and near- Sloping was applied. In heating experiments, the enthalpy at
UV domains, of the native conformation of Ser-32-Grb2- the midpoint temperaturéyH(Tw), was calculated from the
N-SH3, an oxidation-resistant mutant of the N-terminal SH3 van't Hoff equation: d InK/dT = AH/RT.
domain of Grb2. The results were first satisfactorily com-  Correction for the Binding Affinity Measuremeits the
pared to those obtained previous|y by NMR Spectroscopy_ blndlng of the native alB conformation for the prOline-riCh
Then, different experimental conditions were used, with pH, Peptide was evaluated in conditions where the native
ionic strength, temperature, or hydrophobicity of the environ- conformation is mainly exchanging with thef conforma-
ment being varied, as well as by use of denaturing agents.tion, the measured binding constant is an apparent one.
Evidence for distinct nonnative interconverting conformations Moreover, the binding of the proline-rich peptide is expected
of the SH3 domain was obtained. Fina”y, we also ana|yzed to induce a substantial shift of the involved equilibrium:
the structural changes in both the SH3 domain and the K K
proline-rich VPPPVPPRRR decapeptide upon binding. CD |=N+P=C (1)
spectroscopy proved to be useful for readily bringing out
information about the overall and local structural features Where | and N are the free/§ and native allg conforma-

of the SH3 domain, either isolated or complexed. tions, respectively, while P is the free decapeptide and C is
the complex formed from the bound decapeptide and the SH3
MATERIALS AND METHODS domain.K; is the equilibrium constant in solution, aikd is

_ o the binding affinity of the all3 conformation for the
Materials Ser-32-Grb2-N-SH3 and the proline-rich deca- decapeptide. In this respect, the relationship betviegand

peptide VPPPVPPRRR were prepared by solid-phase syn-the measured affinityKap, can be expressed as
thesis, as previously reporte®) (All chemicals were reagent-

grade. Urea and guanidine hydrochloride were from Serva, Ka= Kgpd1 + Kp/K; 2
and trifluoroethanol and sodium dodecyl sulfate were from
Sigma. Phosphate buffers (10 mM), at a given pH, were For example, at neutral pH, where the concentrations of the
prepared from a mixture of monopotassium phosphate andnative all8 and thea/8 conformations are nearly equi,
disodium phosphate (Merck), the final pH value being ~ 2Kapp
adjusted with diluted HCI solutions.

RESULTS

Circular Dichroism CD spectra were recorded on a Jobin-
Yvon CD VI nitrogen-flushed dichrograph fitted with a Effect of pH on CD Structurél'he secondary structure of
thermostated cell holder interfaced with a temperature- the mutant Ser-32-Grb2-N-SH3 was analyzed by circular
controlled water bath. Protein concentration of the samplesdichroism spectroscopy for pH values between 2 and 12, in
ranged between & 107 and 5x 106 M for measurements  the absence of salt. Significant changes in the entire far-uv
in the far-UV domain and was (& 0.5) x 10°° M for profile of the SH3 domain were observed as a function of
measurements in the near-UV domain. Cell path lengths of pH. The normalized amplitudes of molecular ellipticity were
0.02, 0.1, or 0.2 cm were used in the far-UV domain and a plotted versus pH, at various critical wavelengths (Figure
1 cm cell path length was used in the near-UV domain. 1A). This allows us to distinguish pH domains in which the
Calibration was done witht{)-camphorsulfonic acidXez905nm CD signals do not significantly vary. These domains are
= 2.37 M1 cm andA€igosnm= — 4.95 Mt cm™Y) (12). separated by single transitions and were associated with
Temperature was controlled at 200.2 °C for all experi- distinct estimations of secondary structure content of the SH3
ments, unless otherwise mentioned. Spectra were acquiredlomain (Figure 1B) and far-UV CD spectra (Figure 2).
by averaging 4, 9, or 16 scans and corrected for buffer signal.  Only the transition centered at near-neutral pH (transition
To estimate the secondary structure contents, the Provenchell) is completely reversible. It likely separates two distinct
procedure, using the CONTIN program, was usually applied protein conformations. The existence of the first conforma-
(13). This estimation generally gives a reliable value of tion at pH 4-6 is shown by the presence of a plateau in the
o-helix content, provided that far-UV absorption bands due CD signals (Figure 1A) and the estimated secondary structure
to chromophoric groups such as aromatic side chains orcontent (Figure 1B). The corresponding flat CD spectrum
disulfide bridges do not overlap those of peptide bonds or at pH= 4.8 (Figure 2) exhibits low-amplitude broad bands.
couple with them in an asymmetric environmeri4) The positive molecular ellipticity (2600 demm?-dmol™?) at
Regardingp-structure, a single value is obtained, and the the maximum intensity near 195 nm, coupled with a negative
various types ofs-structures such gs-sheets (parallel and  value of similar intensity at the smooth minimum about 215
antiparallel),5-hairpins, orS-turns are not discriminated. nm, are typical of a nontwisted antiparalfkheet structure
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Ficure 1: Effect of pH on the far-UV CD signals and secondary structure of Ser-32-Grb2-N-SH3 in the absence of salt. (A) Normalized

amplitudes of molecular ellipticity (maximum values set to 1 for a given wavelength) as a function of pH at 19,1283 nm ©), 208

nm (a), 215 nm @), 222 nm @) or 235 nm (). All spectra were recorded in phosphate buffer solution (10 mM) &t(QB) Changes

in the secondary structure of Ser-32-Grb2-N-SH3 as a function of pH. Estimation of the secondary structure contents was done by the

Provencher procedurex-helix (a), g-structure ©), and remainder fractionglj. In both figures, the pH domains where transitions |, I,
and Il take place are delimited by dotted vertical lines.
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Ficure 2: Effect of pH on CD profiles of Ser-32-Grb2-N-SH3 in the absence of salt. Far-UV CD spectra (solid lines) are given for the
basic conformation at pH 12 (a), thea/3 conformation at pH= 8.2 (b), the allg conformation at pH= 4.8 (c), and the long-lived kinetic
intermediate at pH= 3.2, immediately after HCI addition (d) or aft@ h (e). The difference between spectra e and c is drawn as a dotted
line. (Inset) Time dependence of the CD signal at 198 nm atp812 (dead time= 30 s).
(16). This is substantiated by the estimated secondary side-chain interactions, involving spatially close tyrosine
structure content, which reveals that this conformation residues of the proteirl{). As such a band results from the
predominantly containg-structure (70%t 2%, comprising local rigidity of the environment, its intensity may be an
approximately 459%5-sheet and 25%3-turns) and only 30% indicator of the compactness of the protein domain containing
+ 2% unordered structure, with nm-helix content being  these aromatic residues. Generally, such an aromatic con-
detected. Moreover, a positive CD band is observed at 230tribution to CD profiles leads to an underestimation of helical
nm (Figure 3A). On account of its position and its positive content (8). However, when the maximum intensity of this
intensity, this band can be attributed to nonlocal aromatic type of band is low £2000 degcn-dmol™?), the estimation




CD Conformations of the N-SH3 Domain from Grb2 Biochemistry, Vol. 39, No. 26, 20000725

A 1000 B 50

0
~ 500 -
. < 50 4
° 2 1
£ S
© E 100+
g 9 1
E + ~
5 1 E 150 +
g & 1.
T T -200 1
27500 ] z I
s S 250+
2 2 I
= A & 300+
1000 { =
] t Kl T
3 S 350 +
8 3 I
S S
=1500 - = 400t

-450 +
-2000 -500 +—+——+—+—+—+—+—+—+—+—+—+—+—
222 250 260 270 280 290 300 310 320

Wavelength (nm) Wavelerigth (nm)

Ficure 3: Aromatic signals in the CD spectra of Ser-32-Grb2-N-SH3 in the absence of salt. (A) Truncated far-UV CD profiles in the
vicinity of 230 nm. The pH values are indicated near the curves. (B) Near-UV CD spectra eftloenformation at pH= 8.2 (---) and
all-g conformation at pH= 4.8 (—). Molecular ellipticity is per aromatic residue.

of helical content is weakly affected. This is the case here predominates (pH 4.8). Initially, transition | is associated
for the Ser-32-Grb2-N-SH3 domain in the pH range® with a rapid increase of the main positive band in the short-
and supports the absence of significant helical content. wavelength domain (Figure 2). In a second phase, the
Noticeably, the intensity of the aromatic band is even less intensity of this band slowly decreases with time (Figure 2,
at higher pH and may thus not affect the secondary structureinset). This decrease is accompanied by an overall modifica-
evaluation. Taken together, the CD data suggest that thetion of the CD spectrum that needs about 80 min for
dominant conformation at pH+46 corresponds to the native  stabilization. At pH= 3.2, where this time-dependent
all-B conformation; a feature that is further confirmed below. phenomenon is most obvious, the CD spectrum observed in
Moreover, the alf conformation appears to be in equi- the initial phase (Figure 2) is likely related to a long-lived
librium with a second distinct conformation at more basic transitional intermediate. In agreement with the slight red
pH. The latter is predominant at pH-8, as revealed by a  gshift (3-5 nm) of the positive maximum intensity as
plateau in the curves describing the pH dependence of thecompared to the aft-CD spectrum, this transient intermedi-
CD signals (Figure 1A). The CD profile obtained in this pH  ate probably containg-sheets twisted from an ideal planar
domal.n is mainly composed of a large negative pe'ak at 198 arrangementl(©) and/or wrong turns20). Compared to the
nm with two shoulders at 208 and 222 nm (Figure 2) )13 conformation, a distortion of the reguld-pleated
indicating the presence of am-helical region. This was gy cture probably occurs in this intermediate conformation.

confirmed by estimation of the secondary structure, which I . .
indicates a low amount af-helix motif. Thea-helix content After stabilization, the transient broad positive band at 200
' nm is replaced by a mixture of two less intense peaks at

is maximal at pH= 8.2 (10%=+ 1%) while thes-structure o o ,
remains the predominant ordered structure (4292% 195 and 210 nm. This indicates that the transient intermediate
’ converts to a mixture of aJf conformation and a protein

comprising approximately 27%-sheet and 1596-turn). It ' : :
is worth noting that the limited number of residues (five or form that probably contains a substantial amount of irregular

six) in the helical protein fraction suggests the existence of A-turn-like motifs. Interestingly, NMR data obtained in
one or two short helical motifs in the/8 conformation, ~ Similar conditions (pH= 3, in the absence of salfj)reveal
rather than a well-defined-helix. In contrast to the aj¢ the existence of a slow equilibrium between the native
conformation, no broad aromatic band at 230 nm was conformation of the Ser-32-Grb2-N-SH3 domain and a
detected in theu/3 conformation (Figure 3A), indicating the  largely but not completely unfolded form. Therefore, the CD
absence of tertiary aromatic contacts. In this regard, the nearbands at 195 and 210 nm may reasonably be attributed to
UV spectra of thex/8 and the all conformations are also  the native and the partially unfolded form, respectively.
slightly different (Figure 3B). While both of them display a Accordingly, the allg conformation observed by CD spec-
similar prominent negative band at 284 nm, likely related to troscopy can be considered to be the native conformation of
the Trp-36 residue, the spectrum of the @altonformation the SH3 domain, which has been earlier elucidated by NMR
is characterized by two small positive peaks emerging at 273 spectroscopy9—11). An approximation of the shape of the
and 295 nm. This suggests some changes in the environmen€D spectrum of the partially unfolded form is given by the
of several tyrosine residues. difference between the spectrum recorded atpBi2, after
Another transition (transition | in Figure 1) occurs when stabilization, and that recorded at pH4.8 (Figure 2). Note
pH is lowered below the values where thefaltonformation that, as a function of pH, transition | is almost completely
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Ficure 4: Salt effect on the CD spectra of Ser-32-Grb2-N-SH3. (A) Salt-induced changes in the far-UV CD spectra of Ser-32-Grb2-N-
SH3 at pH= 8.2. The NaCl concentrations are 0 mM (a), 30 mM (b), 80 mM (c), 120 mM (d), and 180 mM (e), respectively. (B)
Salt-induced changes in the far-UV CD spectra at-13.2. The NaCl concentrations are-6)(and 120 mM {:-), respectively.

reversible at short times, while only a poor reversibility is  Temperature EffecTemperature-induced changes in CD
observed after stabilization of the CD signals at long times. spectra are strongly pH-dependent, suggesting that the
A third transition (transition 1l in Figure 2) is observed Observed thermal transitions depend on the nature of the SH3

for pH values between 9 and 11. This transition is associateddomain conformation. Under conditions where the fall-
with a modification of the CD spectrum of the/ conformation is predominant (p# 4.8, no salt), significant
conformation, that irreversibly results in the basic profile changes are seen in the far-UV CD spectra upon heating
identified at pH= 12 (Figure 2). Given that the protein (Figure 5A), with the secondary structure of the /all-
domain is not stongly hydrolyzed at this pH (data not shown), conformation being largely affected. Even though the
this spectrum may represent a predominant basic conforma-decrease of the tot@kstructure apparently follows a single-
tion, devoid ofa-helix content and with substantigstruc- step transition from 25 to 80C, two steps are actually
ture content (40%k 2%) being retained. involved in the overall transition, as shown by the individual
Salt Effect As the ionic strength plays an important frgctional changes_in helical and rar_ld(_)m poil fractions
biological role in the stabilization of protein structure, the (Figuré 5B). The first step can be distinguished by the
effects of salt addition on the conformations reported above Sigmoid-shaped curve relating to the increase in the random
were investigated. For the/8 conformation, increasing the ~ fraction. The midpoint temperatufBy, at 35+ 2 °C and
ionic strength by salt addition at pH 8.2 results in large ~ the low corresponding van't Hoff enthalpy (2% 3
changes in the far-UV CD spectra (Figure 4A), in relation kcatmol™?), indicate a weak thermal stability of the native
with an increase g8-structure at the expense of batkhelix ~ @ll-8 conformation. Interestingly, together with a limited
content and random fraction. This may well correspond to a increase in the randc_)m fraction, this first step is essentially
shift in the equilibrium between the/g and the allg related to a depletion of theg-turn content, probably
conformations toward the latter conformation. Indeed, at 180 corresponding to a loss of protein compactnexh.(The
mM NaCl, the CD profile is very similar to that of the I- sigmoid-shaped curve relateddshelix formation accounts
conformation (compare Figure 4A, curve e, with Figure 2, for the second step (4380 °C), with a midpoint temperature
curve c), indicating a complete shift of the equilibrium. Twz at 56+ 2 °C and a corresponding van't Hoff enthalpy
Interestingly, the more substantial the initial contribution of 0f 53 & 2 kcakmol™. In this second step, thg-structure
the all3 conformation, the less salt is needed to completely decay mainly concerns-sheet content, which drops from
shift the equilibrium. Similarly, the addition of salt at pHl ~~ 45% to 25%, for the most part in favor afhelix structure.
3.2 decreases the band at 210 nm and increases the ratio ofhe presence of two consecutive steps is corroborated by
the signals at 195 and 210 nm (Figure 4B), suggesting athe profile of the decrease of the CD band at 230 nm, as a
shift in the equilibrium between the native glleonformation function of temperature (Figure 5A, inset). A smooth
and the partially unfolded form in favor of the former. This shoulder emerges between 35 and 4% indicating an
observation matches NMR datf) (and points out that an  intermediate state in the overall thermal transition. In these
increase in the ionic strength favors the formation of the conditions, only a disruption of tertiary contacts seems to
native allff conformation, at all pH values (with the be involved and it can be suggested that the thermal
exception of of pH> 11, where no significant changes in intermediate formed at 40C is a molten globule-like form,
the CD profiles are detected, upon salt addition). as is frequently observed in thermal transitions of globular
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Ficure 5: Heating of Ser-32-Grb2-N-SH3 at pH 4.8 in the absence of salt. (A) Temperature effect on the far-UV CD spectrum of the
native allf conformation. (Inset) Extent of the aromatic tertiary interaction. Reduced molecular ellipticities at 230 nm were calculated by:
O230 — (O240 — O20)/2 and normalized to 1. (B) Temperature effect on the main components of the secondary strudtefix (A),
f-structure ©), and remainder fractionglj, as estimated by the Provencher procedure.

proteins 22). Interestingly, the structure of this expanded far as tertiary structure is concerned. The CD spectra obtained
nonnative conformation does not change when the temper-at high temperature may be accounted for by an equilibrium
ature is lowered to 20C, suggesting the irreversibility of  between the/s conformation and a partially unfolded form
the first step in the thermal transition. In contrast, the second containing helical motifs as the only ordered fraction. Upon
step between 45 and 7& is fully reversible and involves  cooling to ambient temperature, the amount of t
partial conversion of thg-structure to helical motifs, leading  conformation is slightly decreased, but a low amount of a
to ana/ff conformation resembling that observed at ambient partially unfolded form containing3-turn-like motifs is
temperature at p= 8.2. In addition, it is worth noting that,  apparently formed. This partially unfolded form, containing
upon salt addition (180 mM NaCl) at ambient temperature, helical motifs at high temperature ageturn-like motifs at

the globulelike form resulting from the heating/cooling cycle ambient temperature, may be similar to that observed at

at pH= 4.8 converts to the native gll-conformation. acidic pH. Finally, the CD profile at pi&= 12 did not vary
Furthermore, heating of the SH3 domain at g+8.2 in significantly with increasing temperature.
the absence of salt, where the native/altonformation is Chemical UnfoldingGuanidine hydrochloride (GdnHCI)

in equilibrium with a partially unfolded form, was also done 54 urea were used as chaotropic agents to investigate the
(data not shown). At 70C, the globajs-content decreases, nfolding of Ser-32-Grb2-N-SH3. Upon addition of GdnHCI,
mostly in favor of the random fraction. However, CD signals large changes in far-UV CD spectra are observed atpH
indicating a low helical content are also observed. Thismay 4 g’ iy the absence of salt, where the falkonformation
result from the formation of a largely unfolded form 5 oqominates (Figure 6A). Due to the absorption properties
containing some helical motifs. However, helical CD signals ¢ GdnHCI, the spectra are truncated at 200 or 205 nm,
?re no longer present when j[he temperature is lowered to,zodepending on the denaturant concentration. The denaturation
C, and the ratio of the signals at 195 and 210 nm IS ¢o)16,5 a two-step process. Depending on wavelength, the
decreased. This suggests a conversion of the helical motn‘sCD signals showed either a maximum or a shoulder at 0.5
formed at high temperature infbturn-like motifs at ambient  \» ~qnHC] (Figure 6B). The CD profile at 0.5 M GdnHCI
temperature. ) i (Figure 6A, curve b) resembles the spectrum observed at
On the other hand, regarding toéf conformation that  5iy'— 3 7 in the absence of salt (Figure 2, curve e). As this
prevails at pH= 8.2 in the absence of salt, an apparent a:iq spectroscopic state may correspond to a mixture of the
_smgle-step transition is observed when the temperature ISall-8 conformation and a partially unfolded form of the SH3
increased to 70C (data not shown). The globgicontent  jomain, we suggest that this last form could also be a protein
decreases from 53% to 16%, mostly in favor of random jy«ermediate involved in the unfolding pathway. At denatur-
fractions (from 38% to 68%), while the-helical content is ant concentrations above 2 M, only a completely unfolded
moderately increased (from 10% to 17%). All ransitions ¢, that results from the second step of the denaturation is

associated with the change in secondary structure content§ycarved. These data were interpreted by use of a three-
have a similar melting temperature of 42 2 °C, the state reaction scheme:

correspondingAH(Ty) being 34+ 3 kcatmol™. The a/p
conformation appears therefore to be slightly more temper- K, K,
ature-resistant than the dl-conformation, particularly as N=1=U 3)
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Ficure 6: Denaturation of Ser-32-Grb2-N-SH3 with GdnHCI at gH4.8 in the absence of salt. (A) Far-UV CD spectra with GdnHCI
concentrations of 0 mM (a), 500 mM (b),@&d M (c). (B) Plots of CD signal intensities at 212 nm)( 220 nm (), and 235 nm®). The
212 and 220 nm intensities are scaled by the left ordinate axis, while the 235 nm intensities are scaled by the right ordinate axis.

Table 1: Thermodynamic Parameters Describing the Unfolding of Ser-32-Gr&hR! at Critical pH Values with GdnHCI or Urea as
Denaturing Agents

AGHP (kcalmol?) AGHZ (kcakmol ) my (kcakmol2-M~1) m, (kcakmol~-M2) Cw. (M) Cw2 (M)
GdnHCl
pH 4.8 1.7+ 0.1 25+0.1 14+ 2 3.1+0.1 0.25£0.05  0.9+0.1
pH 8.2 23+0.1 1.8+0.2 0.5+0.1
pH 12 1.3+0.1 0.9+0.1 1.4+0.1
Urea

pH 4.8 1.5+ 0.05 2+0.1 11+1 1+05 0.25£0.05  240.1
pH 8.2 2.1+0.1 1.6+0.1 1.4+0.1

a All experiments were performed in phosphate buffer (10 mM), at@0in the absence of salt. Subscripts 1 and 2 refer to the first and second
transition, respectively, for the three-state model applied.

where N is the native conformation, with | and U being the were fitted. Accordingly, a low free energy gap was estimated
intermediate form and the completely unfolded form of the to separate the gfi-conformation and the intermediate form
SH3 domain, respectivelyK; and K, are the equilibrium (Table 1). The CD profile of this intermediate was evaluated
constants for the transitions. The CD signal at 220 ¥m, from the CD spectrum at 0.5 M GdnHCI by subtracting the
can be expressed as spectral contributions of both the gleonformation and the
unfolded form. It turns out that the CD profile of the
YN TR KKGYy intermediate form resembles the estimated profile of the
1+ K; + KK, partially unfolded form at pH= 3.2 (Figure 2). These
findings suggest that the partially unfolded form of the SH3
domain is in the unfolding pathway of the native All-
conformation, when GdnHCI is used as a denaturant.
At pH = 4.8, in the absence of salt, the urea-induced
changes in the CD spectra were also studied (Figure 7). As

(4)

whereYy, Y;, andYy are the CD signals assigned to N, I,
and U, respectively. Assuming the linear extrapolation model
(LEM) (23), the constant&; andK; can be written as

_ H
K, = exp{(my[D] — AGGT)/RT} (5)  for GdnHCI, a two-step process was observed. However,
H while the CD signals increase for low GdnHCI concentra-
K, = exp{ (m,[D] — AGO,ZZO)/RT} (6) tions, they decrease with urea. A marked minimum intensity

_ _ Ho around 0.5 M urea was seen at 220 nm (Figure 7, inset). As
where [D] is the GdnHCI concentration amtiG,3” and observed with GdnHCI, this can reasonably be assumed to
AGEYZZO are the free energy changes associated with thecorrespond to the formation of an intermediate form in the

transitions, in the absence of GdnHCI. Tineandm, values
are generally correlated with the change in hydrophobic
surface exposed to solvef#4) and may also be considered
as cooperativity indexe®%). Substitution of eqs 5 and 6 in

unfolding pathway. To evaluate the profile of this intermedi-
ate form, the CD spectrum recorded at 0.5 M urea was
resolved, as above for GdnHCIl. The obtained profile
resembles that of the/s conformation. This suggests that

eq 4 provides the equation with which the experimental data the protein intermediate, whose contribution is maximal at
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0.5 M urea, could be the/f conformation, being thus  change in the protein conformatio®7 28). At pH =8.2in
separated from the gli-conformation by a low free energy  the absence of salt, the spectrum of Y7V/C32S significantly
gap (Table 1). If true, the/B conformation probably differs  differs from that of C32S, exhibiting a more intense negative
from the all conformation by a less condensed protein band at 200 nm as a main feature (Figure 8A). This suggests
exterior, consistent with the higim value associated with  that an o/ conformation similar to that of C32S is
the first transition step. accompanied by another form. Upon this assumption, a CD

Accordingly, the unfolding pathway from the gl-con- profile is obtained by subtracting the spectrum of thg
formation depends on the denaturant. The protein intermedi-conformation of C32S from the experimental spectrum at
ates involved in the two denaturation processes have differentpH = 8.2 (Figure 8B), indicating that this exchanging form
secondary structures but similar thermodynamic properties.is devoid ofa-helix and includes somg-turns.
Although this is unusual, such subtle differences n the To further compare Y7V/C32S and C32S, the effects of a
denaturing effects of GdnHCI and urea have been previously .

i pH decrease from 8.2 to 4.8 on both SH3 domains were also

reporped £6) and were sugggsted to result mainly from the examined (Figure 8A). In contrast to C32S, the CD signals
specific electrostatic interactions between the protein and thefor Y7VIC32S at pH= 4.8 are time-dependent, needing

denaturant, abou 1 h before reaching stability. The intense positive band

Denaturation studies at pH 8.2 in the absence of salt, .- N
where theo/ conformation is predominant, were also done initially detected at 198 nm decreases slowly to give rise to
two bands centered at 195 and 210 nm. Assuming a

with GdnHCI and urea (Table 1). In both cases, a single- o .
step process was observed. Noticeably, the free energy gajfontribution of an ordered afi-conformation as for C32S,

associated with the unfolding of the3 conformation does  the shape of the CD profile of the remaining protein form
not significantly depend on the nature of the denaturant, &ftér stabilization can be estimated (Figure 8B). Being

Moreover, this free energy gap is close to that estimated for €ntirely positive and exhibiting a main large broad band
the second step of the denaturation of the nativeall- centered around 215 nm, it resembles the spectrum estimated

conformation. This is in line with the involvement of the for the partially unfolded form of C32S at pH 3.2 (Figure
o/f conformation in the unfolding process of the native/ll-  2)- Moreover, no shoulder in the CD signals versus pH was
conformation when using urea. Finally, a two-state model observed for Y7V/C32S, in the pH-%6 range (data not
also applies to the denaturing process induced by GdnHCIshown). This suggests that no distinct protein form is
at pH= 12. Provided that in these conditions a distinct basic Predominant in this pH domain, in contrast to C32S. Instead,
S-form is involved, its Gibbs energy is close to that of the there is probably a mixture of the native Alieonformation
completely unfolded form, with a similar extensive solvent and a partially unfolded form, with the contribution of the
exposure of its surface. latter increasing at acid pH. Thus, the Y7V/C32S and the
Effect of Mutation The double mutant Y7V/C32S, in C32S mutants have probably similar native fland o/
which the Tyr-7 residue of Ser-32-Grb2-N-SH3 (C32S) was conformations, but they differ by the distribution of these
replaced by a valine, was studied. This point mutation was conformations. In the near-UV domain (Figure 8C), the CD
expected to be crucial for the functionality of the SH3 domain spectrum of Y7V/C32S at pH 4.8 differs from that of C32S
since a similar mutation in the SH3 domain from Sem-5 by the absence of small peaks at 270 and 293 nm, indicating
reduces the binding to a proline-rich peptide, without drastic that their formation depends on the Tyr-7 residue.
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Effect of Emironment HydrophobicitySDS in submicellar ~ as seen by the band centered at 215 nm (Figure 9A). This
concentrations was progressively added to the buffer in ordersuggests that the-helical region of theo/ conformation
to increase the hydrophobicity of the environment. In converts toS-turn-like motifs. As a result, the resulting
conditions where thel/fs conformation is predominant (pH protein may correspond to a nonnative altonformation,
= 8.2 in the absence of salt), a two-state transition is differing from the native one by an increag@durn content
observed for SDS concentrations between 2 and 6 mM. Theand by the absence of tertiary aromatic contacts, as suggested
far-UV CD spectrum of the resulting protein form is by the absence of the aromatic band at 230 nm. Interestingly,
consistent with an alf form containings-turn-like motifs, upon salt addition, this nonnative conformation was found
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().

to convert to the native one. It is worth noting that the observed, upon addition of increasing decapeptide concentra-
addition of submicellar SDS to the mutant Y7V/C32S at pH tions (Figure 11). As the decapeptide does not exhibit a CD
= 8.2 similarly increases the contribution of the nonnative signal in this region, these spectra can be entirely attributed
all-p conformation exchanging with the/ conformation to the aromatic residues in the SH3 domain. The spectral
(Figure 9B). changes mainly concern the emergence of a weak band at
Binding with a Proline-rich PeptideA very attractive 273 NM and an increasingly intense peak at 295 nm. The
point in the study of SH3 domains is their ligand specificity. POsitions of these peaks and the ratio of their maximum
Here, the proline-rich VPPPVPPRRR decapeptide derived intensities are bqth cons_l_stent_ W'th. an e>_<C|ton mter_acn_on
from h-Sos was chosen because of its good affinity for the between electronic transitions in neighboring aromatic side

N-terminal SH3 domain of Grb29¢11). The binding chains. Exciton interaction arises from the coupling of
experiments were performed at neutral pH. At this pH. the absorption dipoles of identical chromophores, which would

far-UV CD spectrum of the free form of the proline-rich have the same energy if they do not interl, 32). As a

cy ; ; : esult, a splitting of the common CD band is observed, in
g,? gggi?r?(\j/\(/aitrl]saerﬁ; ?;Lzugi;h:gzigllzéddg Cﬂg?ﬁ;ﬁe Ioeal{/vhich the extent of the separation of the two bands depends

consistent with a poorly ordered polyproline hel9( 30). on the amplitude of dipole interactions and the ratio of their

The far-UV CD spectrum of the complex was obtained from maximum intensities on the spatial geometry of both
; . electronic dipole transition moments. Owing to the absence
the measured spectrum by subtracting the spectral contribu-

tion of the free SH3 domain and that of the peptide excess of these bands in the near-UV spectrum of the mutant Y7V/
(Figure 10A). Since NMR data have shown that only the C32S (Figure 8C) where Tyr-7 is lacking, on one hand, and

? : . . to the close location of Tyr-7 and Tyr-52 in the native /ll-
native allf conformation binds to the decapeptid, (the . ; .
shape of the far-UV CD profile of the bound decapeptide conformation (9), on the other hand, these Tyr residues likely

) : .~ participate in this exciton formation. Considering that at a
can be further obtained by _subtractlng the spectral contribu- ratio of decapeptide to protein concentratior the binding
tion of the all§ conformation from the spectrum of the

. L o reaction is nearly complete, the spectral contribution of this
complex (Figure 10A). The individual spectrum exhibits two exciton to the near-UV CD spectrum of the bound SH3

distinct changes, compared to the free peptide (Figure 10B). yomain can be estimated (Figure 11, inset). The main spectral
The first concerns the noticeable intensity increase and thefaayre differentiating the exciton profile before and after
slight blue-sh[ﬂ (202_,’ 196 nm) _Of the negative peak. Th!s binding is a large increase (from 1.2 to 20) in the ratio of
can be associated with the folding of the decapeptide sinceia maximum intensities of the two positive peaks. This
similar changes were observed in conditions favoring the likely results from a substantial change in the relative
formation of the polyproline helix, as, for example, in the ientation of the phenolic rings of Tyr-7 and Tyr-52,
presence of trifluoroethanol (TFE) and/or upon heating. The refiecting a binding-induced modified geometry of their
second change relates to the formation of a broad positivegpatial arrangement. Interestingly, the monitoring of the CD
band centered at 228 nm, which will be discussed below. signal at 295 nm proves to be suitable for evaluating the

Significant changes in near-UV CD spectra were also SH3 domain affinity for the proline-rich peptide, giving an
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Ficure 11: Near-UV CD spectra of Ser-32-Grb2-N-SH3 upon binding with the proline-rich VPPPVPPRRR decapeptide. The peptide to
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Spectral contributions of exciton before-j and after {-) binding to the decapeptide were evaluated by use of, as a baseline, the near-Uv
spectrum of the/f conformation, which is devoid of the contribution of the exciton. Molecular ellipticity is per aromatic residue.

apparent affinity (4.6«:M) very similar to that found from
fluorometric titration (4uM) (33).

DISCUSSION

CD Structural Features of the Distinct Conformations
Adopted by the Isolated SH3 Domai®ne of the main

negatively from linearity by a factor equal to (1 2.5h),
wheren is the number of peptide bond47. This is not
very significant forn > 10 but forn = 3, the CD signal is
no more detectable.

It is worth noting that the narrow pH domain where the
native form predominates in the absence of salt is very close

features of the present study is the evidence of a pH regionto the isoelectric point (p= 5.5). This agrees well with the
around 4.8, where the CD spectrum and, thus, the secondargmeared charge model in which electrostatic repulsion at the
structure of Ser-32-Grb2-N-SH3 domain are invariant in the Protein surface acts to unfold the protein unless it is balanced
absence of salt. The CD spectrum in this pH region is similar by strong hydrophobic interaction2§, 41). In this respect,

to that at pH 6.0 in the presence of 100 mM salt. Since NMR several acidic residues are close to the aromatic residues that
data have shown that in the latter conditions only the native form the smooth hydrophobic platform on the surface of the
all-8 conformation is present, we suggest that this conforma- Native form @). Accordingly, either by setting the pH value

tion may also be predominant at pH-8 in the absence of
salt. This conclusion is at variance with the equilibrium

close to the pvalue or by increasing the ionic strength, the
electrostatic repulsion between these acidic residues may be

between this native conformation and an unfolded form that reduced, a feature that favors the hydrophobic interactions

has been observed by NMR for either the wild-type SH3-
domain at pH 6.534) or the related SH3-domain of drk at
pH 6 (35—38). Accordingly, we suggest that the mutation

between the aromatic residues.
Interestingly, the formation of the external tertiary contacts
appears to be concomitant with the completion of the inner

of Cys32 to Ser in the Grb2-N-SH3 domain may have a pB-structure. Such nonhierarchical folding, involving a con-

stabilizing effect similar to that of D48G substitution in the
a-spectrin SH3 domain3Q) or (T22G, Q23D) replacement
in the drk SH3 domain3s).

In full keeping with NMR data of this mutant SH3 domain
(9) or the corresponding wild-type SH3 domaih0f 11),
the CD structural features that characterize the nativg all-
conformation of Ser-32-Grb2-N-SH3 highlight a laggsheet
content, in a compact afi-structure. However, the absence

of a-helix content detectable by CD spectroscopy is some-

certed formation of tertiary and secondary structures, has
been previously reported for the SH3 domains from 88} (
and froma-spectrin 43). More generally, this is relevant
for small all3 proteins, where side-chain interactions could
determine the fingb-sheet architecturetd). In this respect,

the Gibbs energy of stabilization associated with the native
form, as measured by chemical unfolding with GdnHCI (4.2
kcalmol™) or urea (3.5 kcamol™), fits fairly well with
those reported for the SH3 domains from BTK (2.6

what surprising, when compared to the conserved one-turnkcakmol™) (45), a-spectrin (3.3 kcainol™) (46), PI3-kinase

310 helix evidenced by NMR in the C-terminal part of the

(3.38 kcalmol™) (47), Sem-5 (4.1 kcaimol™?) (28), and

SH3 domain. The reason is probably that the CD signal of chicken src (4-4.7 kcatmol™) (42). This supports that the

the 3 helix, which is similar to that ofi-helix (40), depends
not only on the amount of helical moiety but also on the

helix length. Indeed, when ellipticity at 222 nm is used as a

N-SH3 domain from Grb2 is thermodynamically unstable,
like its nonhuman homologues.
In full keeping with NMR data §, 34), the CD data at

specific helix content indicator, experimental values deviate low pH values £3) reveal the existence of an equilibrium
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between the native conformation and a partially unfolded structural elements cannot be straightforwardly assessed. As
form in the absence of salt (Figure 12). Moreover, according for the drk N-SH3 domain3g), the partially unfolded state

to the higher acquisition speed of CD as compared to NMR of the Grb2 N-SH3 domain is probably composed of an
spectra, we additionally show that the partially unfolded form ensemble of interconverting conformers sharing a common
results from the relaxation of a long-lived transitional state topology in their nonnative secondary structure. It can
containing mistwisteg-structure. The shape of the far-UV therefore be speculated that bethf and partially unfolded

CD profile estimated for the partially unfolded form is forms, which have similar Gibbs energy and share the ability
unusual, but it may reflect that the only ordered motifs are to exist under nondenaturing conditions, belong to such a
pB-turn-like, given the broad positive band exhibiting a conformational ensemble. In this respect, the helical motifs
maximum intensity around 215 nm. The lack of a significant in the o/ form may be formed from the potential helical
band at 230 nm indicates the absence of tertiary contactsregions defined by the sequential NOEs in the partially
and is a hint about the external looseness of the partially unfolded form 84). This is further supported by the
unfolded form. In addition, the chemical unfolding with interconversion at high temperature of thé3 and the
GdnHCI as a denaturing agent shows that the partially partially unfolded forms through a thermal intermediate
unfolded form is probably involved, as a poorly condensed containing an increased-helix fraction (Figure 12).

protein intermediate in the unfolding pathway of the native  Other protein forms of the Ser-32-Grb2-N-SH3 domain
form. Topological insight of the structural interactions were observed by CD spectrometry. These include the molten
existing within the partially unfolded form was previously globule resulting from the heating/cooling cycle of the native
provided by NMR data suggesting the existence of sequentialform and the nonnative afi-form obtained from thew/
NOEs in two protein fragments, located between the residuesform after addition of submicellar SDS (Figure 12). Interest-
Asn-35 and Ala-39 and between the residues Lys-44 andingly, the CD spectra of the native SH3 domains from
Phe-47, respectivel\34). Such an equilibrium between the spectrin 46) and Sem-5 48) are similar to that of this
native conformation and a partially unfolded form was also nonnative allg form form. Both the nonnative alf-form
evidenced by NMR for the SH3 domains @fspectrin ¢6) and molten globule resemble the native form in that they do
and drk @5). For the latter, which shares 72% identity with not containa-helix and have a similar globas-content.

the Grb2 N-SH3 domain, sequential NOEs have been However, they differ from the native form by a less
observed in the peptide segment from Asn-35 to lle38,( condensed binding site, making the binding to proline-rich
within the loosely packed conformation existing under segments slightly less efficienK{,, ~ 15—20 uM, as
nondenaturing conditions. It was suggested that the residuesndicated by CD measurements). In other words, the non-

in this region adopt turnlike structures that preferentially
sample theo region of the dihedral conformational space
(37), thereby having potential helical properties.

At neutral and basic pH, the native conformation is found
in equilibrium with ano/f conformation. This/ confor-
mation predominates at pH 8.2 in the absence of salt and
is the only conformation that contains stable helical motifs
in nondenaturing conditions. Globally, the interconversion
between the native and/f forms probably depends on
pB-sheet= o-helix switching of short peptide fragments
involving only 5-6 residues. This switching is associated

native all form and the molten globule have a nativelike
secondary structure, with non-native tertiary contacts. Upon
the assumption that, as in the case of the SH3 domain from
o-spectrin 48), the native state may be not unique but rather
composed of conformations where specific regions are able
to undergo independent local folding/unfolding events, the
nonnative all8 form and, to some extent, all the molten
globule-like forms could contribute to the conformational
ensemble defining the native state. This is supported by the
fact that both forms share the ability to revert to the native
form in the presence of salt (Figure 12).

with and possibly triggered by a change in the compactness Considering the double mutant Y7V/C32S, the overall
of the external structure. In contrast to the native and the pattern is roughly the same. The observed conformations are
partially unfolded forms, no NMR data are available for the similar to those of the C32S mutant but their distribution
o/ form. Therefore, the localization of the secondary along the energy scale differs. This is probably associated
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with the destabilization induced by the point mutation. Thus, = Taken together, our data suggest that the formation of the
the native form is not predominant at pH 4.8, in the complex between the decapeptide and the SH3 domain is
absence of salt, but rather is in equilibrium with the partially probably accompanied by two concerted reactions. The first
unfolded form. Similarly, thex/ form is not unique at pH  is a significant folding of the proline-rich peptide, probably
= 8.2, but it is accompanied by a nonnative @ferm. with a preference for the peptide part, which closely contacts
Along the free energy scale, two ensembles of potentially the SH3 domain, as previously shown for the SH3 domain
interconverting conformations are therefore observed, de-from PI3 kinase %6). The second reaction is a local
pending on the extent of their structural differences with the conformational change within a hydrophobic pocket in the
native conformation. The first ensemble consists of nonnative binding site of the native conformation of the SH3 domain.
conformations with a nativelike secondary structure, but  Finally, it must be kept in mind that binding was studied
without critical tertiary contacts. The second is composed with an isolated proline-rich peptide, which does not rigor-
of more or less partially unfolded conformations, including ously mimic the interaction between the SH3 domain and
a-helix or turnlike motifs in a nonnative secondary structure. the protein in which the peptide is included. This was pointed
Interestingly, all these conformations exist in mild or out for the binding of the SH3 domain from Abl or from
nondenaturing conditions. They probably have a compact Fyn tyrosine kinase to the Nef protein in the conserved core
inner structure, depending on the strength of nonlocal of HIV-1 (57). Thus, a hydrophobic interaction between the
interactions, but only the native one possesses a condensegrotein structure proximal to the proline-rich region and the
protein exterior, appropriate for the proline-rich peptide RT loop adjacent to the binding site in the SH3 domain
binding. These observations are in line with current under- results in a greater binding affinitp®). Such a phenomenon
standing of the properties of partially unfolded proteins might be pertinent to the binding of the Grb2 N-SH3 domain
existing in nondenaturing conditiongl9), and those of  to the C-terminal tail of Sos.
protein intermediates in the folding process&d 61). From
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