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ABSTRACT: Although numerous biophysical studies have focused on elucidating the structural and
thermodynamic determinants that govern the free energy of binding between various SH3 domains and
their putative recognition sequences, a quantitative accounting of the energetics of this interaction has
proven enigmatic. Specifically, the binding results in a large and negative change on the standard enthalpy
and entropy functions, a result which is inconsistent with the positive values for these quantities that is
expected from the hydrophobic nature of the binding pocket. Here, the binding of the C-terminal SH3
domain of Sem-5 to its putative recognition peptide on the Sos (Son of Sevenless) protein is investigated
using isothermal titration calorimetry under a variety of temperature and pH conditions. In addition, the
energy associated with folding the Sos peptide into the binding competent polyproline Il conformation is
quantitatively evaluated. These results provide a rationale for the observed discrepancy between the
experimental and predicted behavior and indicate that the determinants of binding in this system cannot
be ascertained from a static structural representation of the binding process.

Molecular recognition remains one of the most challenging  Here, we use ITC to investigate the thermodynamics of
problems in structural biology, and a complete understanding binding between the C-terminal SH3 domain of Bae-
of this phenomenon can only come by elucidating the norhabditis eleganprotein Sem-5 (Figure 1) and the peptide
complex interplay between structure, dynamics, and energet-corresponding to the recognition sequence of its binding
ics (1). SH3 domains play a crucial role in a variety of signal partner, Sos (Son of Sevenlesi}l), under different tem-
transduction pathways. These domains act by recognizingperature, buffer, and pH conditions. In addition to experi-
proline-rich sequences that adopt the polyproline If)(P  mentally measuring the thermodynamics of binding, we adopt
conformation. Although numerous biophysical studies have a general partition function formalism that describes the
focused on elucidating the structural and thermodynamic energetics of redistributing the conformational ensemble of
determinants that govern the free energy of the binding the peptide in response to binding. Using a surface-area based
between SH3 domains and their putative recognition se- parametrization of the energetics, in conjunction with this
quencesZ, 3—7), a quantitative accounting of the energetics ensemble description of the equilibrium, we derive quantita-
of this interaction has proven enigmatic. Specifically, the tive estimates for the role of conformational redistribution
binding interface between most SH3 domains and their of the peptide ensemble in determining the overall binding
peptide targets primarily consists of the hydrophobic surface energetics. These results provide unprecedented insight into
area, the burial of which is expected to produce a net positive the energetic determinants of binding for SH3 domains and
change in the standard enthalpy and entropy of bindsg (  implicate redistribution of the peptide ensemble as being a
Nevertheless, high precision isothermal titration calorimetry major factor affecting the overall energetics of the interaction.
(ITC)! studies on these SH3 domair 6, 6, 8—10) has
revealed a net negative change on the standard enthalpy anif!ATERIALS AND METHODS
entropy functions. The stark differences between the experi-  preparation of Sem-5 C-SH3 DomaiThe cloning,

mental and predicted behavior indicates that the thermody- expression, and purification of the C-terminal of the Sem-5
namic determinants of binding do not rest exclusively in the SH3 domain was as described previouslg)( The Sem-5
contacts that are made in the interaction surfaces and thaic-SH3 used throughout the paper was the pseudo-wild type,
additional factors must be considered to quantitatively wherein Cys209 was mutated to alanine to prevent possible
account for the energetics of binding. oxidation and intermolecular cross-linking.
; Preparation of Sos and SosY Peptid€ke original Sos
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RT loop to the single-site binding model equation to obtain the
5 stoichiometry N), binding constantK), and enthalpy of
the binding reactionAH°). TheN values obtained from the
ITC nonlinear least-squares fit range from 1 to 1.2, with an
average of 1.1 and standard deviation of 0.05.

Structure-Based Thermodynamic CalculatioBsth the
Pro6 crystal structure with the Sos peptidEsf and our recently
solved solution structure of the unbound C-SH3 domai) (
were used in the calculation of the accessible surface areas
(ASA). All ASA calculations, on the basis of Lee and
Richards methodl1(7), were calculated based on thermody-
namic parametrization developed by Freire and co-workers
(18—31). In the crystal structure of the bound SH3, two
complexes were found in the asymmetric unit, labeled chains
A and B. The corresponding peptides in each unit are labeled
C and D, respectively. Calculations in this paper utilized the
Ficure 1: Ribbon representation of the crystal structure determined COMPplex consisting of chains A and C. Recalculation of the
(16) of Sem-5 C-SH3 bound to the Sos peptide, /RPPVP- binding energetics using chains B and D givds = —3500
PRRR-NH; (CPK model). The major site of interaction between cal/mol, —TAS = —2300 cal/mol, andAG = —5800 cal/
the protein and the peptide consists of the aromatic and acidic yo|, which is similar to the results obtained for chains A
%ﬂ?;svsa'sn gtgﬁ e%akt':gxfrgm ,\t;';n?oagmsrc loop regions. The and C. Structure-based cal_cglaftions for the apo-protein were
performed on the NMR-minimized mean structure (PDB:

and purified by the Peptide Synthesis Laboratory (University 1K76) (12). To assess the significance of the calculated
of Texas Medical Branch). The purity of the pepti¢e96%) energetics of the apo-protein, the variation in the values was
was checked by mass spectrometry (Louisiana State Uni-determined using each member of the experimental ensemble
versity) and reverse-phase high-performance liquid chroma-Of structures (PDB: 1KFZ). The average difference in the
tography. calculated binding enthalpy using the NMR versus the X-ray
ITC. All titration experiments were performed using the Structure [i.e. AHpingindNMR) — AHbingin(X-ray)] is —8.0
Microcal VP-ITC system as described in detail previously * 3.0 kcal/mol, indicating that any of the members of the
(8, 9). For heat capacity determinations, ITC experiments NMR-dgnved .en_semble result in calculat_ed \{alues that are
were performed at temperatures from 15 to°85 For pH qualitatively similar to the results shown in Figure 5D.
experiments, the pH ranged from 4.8 to 9. For determination Heat Capacity Changélhe heat capacity change associ-
of AHiy, experiments were performed in different buffers, ated with protein unfolding from the native state to the
with protonation enthalpies ranging from 0.12 (acetate buffer) denatured state is strongly correlated with changes in the
to 11.34 (Tris buffer) (see Table 134, 15). The concentra-  accessible surface areAASA) between the native and
tions of the C-SH3 domain used in the experiments range unfolded states. This approach has also been found to be
from 0.3 to 1.2 mM, resulting in finat values of +17. applicable to changes associated with bindi2§).( The
The SosY peptide concentrations were adjusted such that itAC, ninging@rises mainly from two contributions: changes in
was 8-10 times that of the protein concentrations. Data were the hydration of apolar and polar groups upon binding and
analyzed using Microcal Origin 5.0 software, fitting the data changes in the ionization states (see &s32 for details).

n-Sre

Table 1: Binding Energetics of the Association between the Sem-5 C-SH3 Domain and the SosY Peptide Performed under Different pH,
Buffer, and Temperature Conditions

AHion® temp KbcI AHobsd AGbindingd
peptidé pH buffeP (kcal mol?) (°C) (M1 (kcal mol?) (kcal mol?)
SosY | 9.0 Tris 11.34 25.1 2.87 10 -9.4 —6.1
SosY | 8.5 Tris 11.34 25.1 2.49 10¢ —8.6 —6.0
SosY | 8.0 Tris 11.34 25.1 2.68 10 -9.1 —6.0
SosY Il 7.5 Tris 11.34 15.2 3.5% 10¢ —6.6 —6.0
SosY Il 7.5 Tris 11.34 20.2 3.08 10¢ -75 —6.0
SosY Il 7.5 Tris 11.34 25.1 2.55 10¢ —-8.3 —6.0
SosY Il 7.5 Tris 11.34 30.1 1.99 10 -9.0 —6.0
SosY Il 7.5 Tris 11.34 35.2 1.56 10 —10.0 -5.9
SosY I 7.5 Tris 11.34 25.1 2.6Q 10 —-9.1 —6.0
SosY Il 7.5 imidazole 8.75 25.1 2.45 10 —-8.1 —6.0
SosY Il 7.5 Hepes 5.02 25.1 2.43104 -7.6 —6.0
SosY Il 7.5 phosphate 1.22 25.1 2.3210¢ -8.0 -6.0
SosY I 7.0 imidazole 8.75 25.1 2.24 10¢ —8.4 —-5.9
SosY Il 6.5 imidazole 8.75 25.1 1.8610¢ —-9.3 —5.8
SosY Il 4.8 acetate 0.12 25.1 3.6310° —6.7 —4.8

2 Different SosY (Aec-VPPPVPPRRRY-NH,) peptide batches used(lll). ° Buffer conditions were at 20 mM buffer salt and 200 mM NacCl,
except experiments performed at pH 4.8, 50 mM sodium acetate buffer with 100 mM NaCl and 10 mMcC/aliles were taken from Fukada
and Takahashil@) except for Tris, which was taken from Christensen etX8).(Y Experimental uncertainties were obtained from the fitting errors
and are generally-2%.
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The first term has been found to be the dominant contribution A Ti ]
associated with binding and can be calculated from the . ime (min)
following equation: 0 20 40 60 80 100 120 140

AC, = 0.45AASA,, — 0.26AASA  + 0.43AASA,

(=

o
T
—

Enthalpy ChangeSimilarly, the enthalpy change can be
parametrized according to ASA changes with an additional
term because of the ionization effects. At €D, the median
temperature of unfolding for a database of proteins is given
by the equation:

dQ/dt (ucal-s™)
S

AH(60°C) = 31.4AASA,, — 8.44AASA, + AH,,

Entropy ChangeThe entropic changes associated with — ol |
binding consist of the following dominant contributions: (a) -
ASson, Which arise from the burial of hydrophobic groups o)
upon binding; (b)AS.n, conformational changes that occur £ -2r g
both for the protein and the ligand in the association reaction. ;m
This term is broken down to explicitly account for changes O 4l J
in the backbone conformational entropyS:) and changes =
of the side chain that undergo either initially exposed and g
then buried from the solvent upon bindiny%,—ex) or from -6 7
the exposed to the unfolded state; {£%rans reduction of e ——
translational and rotational degrees of freedom; and\ &), 00 05 10 15 20 25
changes in the protonation/deprotonation state. This is [SOSY peptide]I[C-SH3 domain]
explicitly stated in the following parametrized equation:
AS(T) = ASsolv(T) + AS:onf + Astrans+ Ason B .
where 4000 T AH —TAS AG
— 2000 [
AS(T) = 0.45AASA,, In(T/384.15)— o2
o
0.26AASA,, In(T/335.15) E 12000
1]
ASconi(T) = ASou*ex + ASexabu + ASob £ -4000
-6000 |
ASuu*ex = IZ (AASAi/ASAi)ASowexI .8000 |
FiGure 2: (A) Calorimetric titration of the Sem-5 C-SH3 domain
AS, = 8 cal K 1mol™? with the SosY peptide (AeVPPPVPPRRRY-NH,) in 20 mM Tris

and 200 mM NaCl at pH 7.5 and IE. (B) Overall thermodynamic
Redistribution of the Sos Peptide Ensemtffer the  Parameters obtained from a fit of the data in A.

peptide used, the following residues are structured (0 P gem_5 C-SH3 to the Sos peptide at pH 7.5 is characterized
P1P.PsV 4PsPsR7. The values fokmic and Ahmic, which were by a large negative enthalpgskl = —8.0+ 0.15 kcal mot?),

determined previously8) are 0.195 and 1.7 kcal mdi which is partially offset by a small negative entropyAS

residue, respectively. The degeneracy values useddor  — _5 o4 (.15 kcal mot?). Thus, the resultant binding free

for each residue(l, 24) areQs = 2.0,€2, = 3.0,Q6 = 2.0, energy AGpinding= —6.0 kcal mot?) can be categorized as

Q,; = 5.5. Because positions 1, 2, and 5 are restricted,;to P enthalpically driven.

in the WT Sos peptideQ; = Q, = Qs = 1.0. For the P3A Heat Capacity Change Associated with Bindin@C

Sos peptide€2; = 7.9 andQ, = 2.0 @). experiments were performed in Tris buffer (pH 7.5) at

RESULTS temperatures between 15 and°85to obtain the temperature

dependence OAHpinging (Table 1). Figure 3 shows the

Thermodynamics of BindingThe thermodynamics of temperature dependence of the binding enthalpy, which

binding were determined using ITC, which directly measures decreases linearly with temperatuiR ¥ 0.99). The slope

the heat associated with reactions or processes that occur abf the line, which corresponds to the heat capacity change

constant temperature. From a single binding isotherm (Figure (AC; pinding= dAHpindinddT), was determined to be 166 +

2A) the enthalpy AHpinging), entropy ASinding, and free 6 cal K mol™* and is suggestive of a net burial of the

energy AGpinding Changes and stoichiometryN) of the surface 82) (see below).

binding reaction can be obtained. Previously, we showed that pH Dependence of the Binding Constant. evaluate the

the binding of Sem-5 to Sos can be approximated as a two-change in the binding constant with pH, ITC experiments

state equilibrium involving the unbound state and a single were performed at 2%C between pH 4.8 and 9.0 under the

bound species)j. As indicated in Figure 2B, the binding of appropriate buffer conditions (Table 1). Although no sig-
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s.of _ N T ! of binding. The experimentally observed free energy of
D 650 ACp =-166 cal*mol *K binding for Sem-5 C-SH3AXG = — 6.0 kcal mot* at pH
© o e 7.5) is similar to that obtained for the binding of the human
;E T T homologue Grb2 N-SH3 domain to mSds)), the binding
A A N of c-Src to the RLP2 peptidé), and the binding of the Fyn
< 8o B SH3 domain to the P2L peptide (PPRPLPVAPGSSK)) (
N Also consistent with other SH3 domains is the large negative
s900 N enthalpy of binding 2, 5, 6, 10). However, despite the
E 95 NG ™ agreement between the experimental values obtained for
-10.0 , , , . different SH3 domains, it has been asserted that it is difficult
15 20 25 30 35 to rationalize the observed energetics in the context of the

Temperature (°C) surface area that is buried at the binding interfeg)e The

FiGURe 3: Temperature dependence of the binding enthalpy fact that the binding interface is primarily hydrophobic is
AHyinging, for the Sem-5 C-SH3 domain with the SosY peptide at’ recpgngd upon inspection of F'gu_re 4, which shows the
pH 7.5. The slope of the linear least-squares fit (continuous line) residues in Sem-5 and the Sos peptide that bury surface area
yields the heat capacity change associated upon bindi@ginging in the complex. As is the case with other SH3 domains, the
—166+ 6 cal K mol~L. The dashed line represents the calculated binding interaction in Sem-5 is predominantly mediated

heat capacity assuming the NMR structure represents the apo-SEM3y, gk hydrophobic interactions between aromatic and
and the binding results in a rigid-body conformational change

(ACppinding —126 cal K'* mol-%). For ease of comparison, the aliphatic atoms of Sem—5 (e.g., TRP191, TYRZO?, gnd
experimental affinity at 23C was chosen as the reference. P)HEl65) and the Pro residues of the Sos peptide (Figure
1).

nificant change in the binding constant is observed from pH  To evaluate quantitatively the difference between the
7.510 9.0, the binding affinity decreases below pH 6.5, with thermodynamics that are expected from the hydrophobic
an approximate 10-fold decrease from pH 6.5 to 4.8. As binding site and the experimentally observed energetics
noted previously2), the decrease in binding affinity with  (Figure 2B), the surface-area-based parametrization of the
decreasing pH is indicative of a release in protons upon energetics of Freire and co-workerk8(-31) was utilized.
complex formation and can be described quantitatively using According to this parametrization, the heat capadig,,

Wyman's linkage relationship enthalpy,AH, and solvation entropyASson, changes can be
estimated from the changes in the solvent-accessible polar
Nt = dIn K, @ and apolar surface area upon binding or folding (see the
H  2.3039 pH Materials and Methods). Although such an approach is

clearly an approximation, previous successes of the energetic
whereny+ is the number of protons that become associated/ parametrization32, 33) indicate that it is indeed an effective
dissociated from the protein upon complex formation. The means of estimating the energetic consequences of surface
absence of a pH dependence above pH 7.5 indicates theyrea burial upon binding. To evaluate the energetic contribu-
binding is not coupled to proton release/uptake at neutral tion of the binding interfacenly, the thermodynamics were
pH. Further support for this conclusion is that ITC experi- calculated using the high-resolution X-ray structure of the
ments were conducted at pH 7.5 and 25 using four  complex (L6) and calculating the accessible surface area with
different buffers (phosphate, Hepes, imidazole, and Tris), and without the ligand. Such a scenario, although unrealistic,
each with different ionization enthalpieSHio, (1.22-11.34  provides a means of identifying the energetic impact of only
kcal mol?). As described previously3g), the apparent  the residues that are in direct contact with the ligand (Figure
binding enthalpy consists not only of the intrinsic enthalpy 4). Because the majority of surface area that is buried in the
of the binding reaction, but also a term that is dependent on complex is apolar4ASA,, = —257 A2 VersusAASAq =
the buffer contributions as summarized by the following —155 AZ), the corresponding calculated energetics yield a
equation: AH = 1850 cal mot! andTAS = 6000 cal mol? (parts A
and B of Figure 5). The large positive entropy and small
AHpinging= AHine + Ny" AHigy ) positive enthalpy of binding result primarily from the burial
) _of the hydrophobic surface, and these results are consistent
wheren+ is the number of protons added or released (if \jth the binding energetics obtained experimentally for
ny+ > 0) by the buffer and associated with the protein. The gystems that are known to be mediated through hydrophobic
relative independence of thAHpinging ON AHion for the interactions 34).
different system buffers (Table 1) indicates that the binding Despite the predominantly hydrophobic nature of the
reaction at pH 7.5 is not coupled to a protonation equilibrium binding site of Sem-5 and other SH3 domai8s7 16, 35—
and that the observed binding constant@.4 x 10* M~ 39), the experimentally observed binding energetics (Figure
and enthalpy change of —8 kcal mol™ at pH 7.5 are not 5B reveal enthalpy and entropy values that are dramatically
monitoring protonation effects. different from what is expected of a primarily hydrophobic
interaction (compare Figure 2B with Figure 5B). Indeed, the
predicted enthalpy and entropy are of opposite signs from
Structural Thermodynamic AnalysBecause the thermo- the experimentally observed values. On the basis of the
dynamics of binding of Sem-5 to Sos are not coupled to previous success of the structural energetic parametrization
protonation at neutral pH, as noted above, pH 7.5 was choserat predicting protein stabilities, binding affinities, and captur-
as a reference condition to evaluate the relative determinantang details of the native state ensemhl@&{31, 40—43), it

DISCUSSION
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Ficure 4: (A) I. CPK model representation of the crystal structure determitépl f Sem-5 C-SH3 (gray) bound to the Sos peptide
Ac—PPPVPPRRRNH; (green). Il. Same as A but without the Sos peptide. The yellow highlights the residues that are buried upon ligand
binding. Ill. Sos peptide alone (rotated F8@lative to the position in ). Residue labels are shown for the peptide and the residues of the

protein that are buried by the peptide. (B) Changes in polar and apolar accessible surfaca/Asfgsuppon complex formation for both
Sem-5 C-SH3 and the ligand Sos peptide.

is unlikely that the significant disagreement in both magni- average NMR structure of the apo-proteli2(and the bound
tude and sign between the calculation and experiment is dueSem-5 can be represented by the X-ray structure of the
to the calculation itself. In fact, the discrepancy between the complex (6)]
experiment and expectation for the binding energetics of SH3
domains has been noted by other groups and is not predicated ~ Apo-Sem-5(NMR+ Sos= Sem-5-Sos(X-ray)
on the structural-energetic parametrization used h&rs, (
6). The resultant residue-specific and overall energetics are
Energetics of Structural Rearrangements in Seritte shown in parts C and D of Figure 5, respectively. Several
gquantitative estimates in Figure 5B reveal that in addition observations can be made when comparing parts A and B
to changes at the binding interface, other thermodynamic of Figure 5 to parts C and D of Figure 5. First, the structural
determinants must exist, which significantly impact the difference between the free and complexed Sem-5 reported
observed energetics. Because the contributions due to propreviously has a significant effect on the predicted thermo-
tonation have been experimentally ruled out, as describeddynamics of binding. Of special note is the fact that many
above, the contributions must arise from structural and residues, not just those in the binding site, contribute to the
dynamic changes to the protein and/or peptide. binding energy, because of the conformational rearrange-
Recently, we determined the high-resolution NMR solution ments in the protein. Second, the magnitudes of estimates,
structure of the Sem-5 C-SH3 domain in the absence of thewhich consider the structural rearrangements, differ signifi-
Sos peptideX2). Analysis of the structure revealed several cantly from the estimates derived from the binding site alone
differences between the unbound Sem-5 C-SH3 and the Sem{Figure 4). In particular, the sign of the binding enthalpy is
5—Sos complex 12), and many of those differences are negative, owing to changes in the polar surface area as a
shared with other SH3 domain39, 44). Most notable are  result of the structural changes in Sem-5 (Figure 5D). In other
the differences in the RT and distal loops and the residueswords, although the binding interface is dominated by apolar
comprising the aromatic binding surface of thet&lix (12). interactions (Figure 4), the net contribution of the local and
To obtain a quantitative estimate of the energetic conse-global structural changes in the protein upon binding are
quences of the observed structural differences, the bindingheavily influenced by changes in the polar surface. As noted
affinity for Sos was calculated assuming an equilibrium in previously (L2), the agreement between the structural changes
which binding is coupled to a rigid-body conformational observed upon binding in the Sem-5 system and the structural
change [i.e., the unbound Sem-5 can be represented by thehanges observed in other syste®$ @44) suggests that the
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Ficure 5: Free energy of binding calculated with the surface-area-based parametrization of the energetics described in the Materials and
Methods. (A) Estimate of the residue-specific contributions to the free energy of binding from the binding interface alone. Values were
determined using the surface area burial from the crystal structure of the corif)je&gsuming no structural rearrangements. (B) Overall
energetics calculated from the individual contributions shown in A. (C) Residue-specific contributions to the free energy of binding assuming
the bound state is the X-ray structure of the complex and the unbound state is the NMR structure of the apd-Beseb {ext for

details). (D) Overall energetics calculated from the individual contributions shown in C. All calculations are shovi€at BB contributions

in B and D do not include the cratic entropy term (see the Materials and Methods), which cannot be attributed to specific residues.

observed differences are not artifacts unique to Sem-5 and

that global structural changes play a significant role in  § 6000;
determining the overall energetics of binding between the = 4000
SH3 domains and their putative targets. Indeed, previous § .7;" 20001
work by Nicholson and colleagues has implicated structural & 3 o-
changes throughout the protein as being a plausible explana- + € 1
tion for the proposed discrepancy between the experiment  § § -2000
and expectations). £ ~— -4000
Of note is that the X-ray structure of the holo-SEM5 was g 60000 AAH —TAAS AAG
determined at pH 8.0, whereas the NMR solution of the apo- % 80001

SEM.S. was Qetermlned'at pH 4.8. Alth.OUQh these Solu.tlon Ficure 6: Difference between the experimental (Figure 2B) and
conditions differ dramatically, a comparison of the chemical ¢omputed (Figure 5D) thermodynamic parametesX(exp) —
shift differences of the apo-protein as a function of pH AX(calcd)] for the binding of Sem-5 to Sos at 26.
(titrating from 8.4 to 2.0) indicates that, except for the
immediate environment around titratable residues, the chemi-free energy, as shown in Figure 6. In particular, the
cal shifts for the majority of residues, particularly in regions experimental binding affinity is less than the surface-area-
of the molecule where structural differences between the apobased estimateAGpingind€Xp) = —6.0 kcal mot?! versus
and holo forms of the molecule were notet?), do not AGpingingcalcd) = —7.8 kcal mot?), and more strikingly,
change (not shown), indicating that the global structural the experimental enthalpy of binding is significantly lower
changes that are observed between the apo and holo formsghan the surface area predictiahHpinging(€Xp) = —7.8 kcal
of the molecule are not following a pH-induced conforma- mol™* versus AHpinging(calcd) = —3.8 kcal mot?). In
tional change. addition, the experimentahCy pindging (Figure 3) is signifi-
Although the agreement between the experimental ther-cantly more negative than the value calculated from the
modynamics and those calculated by considering an associachanges in the surface area accompanying the binding,
tion coupled to a rigid-body conformational change repre- assuming the rigid-body structural change modeled in parts
sents an improvement over the static model (Figure 2B versusC and D of Figure 54C; pingind€Xp) = —166 + 15 cal K*
parts B and D of Figure 5), this representation of the mol~! versusAC, pingindpred)= —126 cal K** mol%).
equilibrium, nonetheless, does not capture the magnitude of The lack of agreement between the calculated and
the entropy and enthalpy of binding and consequently the experimental energetics (Figure 6) has two important im-
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Ficure 7: (A) Binding equilibrium involving a conformational manifold of the Sos peptide. The association process consists of the
redistribution of the conformational ensemble from the binding-incompetent (in brackets) to binding-compgtspefkes. SWs of the
individual conformational states 1, 2, 3, n.areKy, Ky, Kg, ...., Ky, respectively. (B) Linkage relationship describing the impact of the
conformational equilibrium for the peptide on the observed binding energetics.

plications. First, it provides quantitative estimates of the tion of the peptide ensemble from the intrinsic binding
discrepancy which has, to date, been described only inenergy.

qualitative energetic termss), Second, it indicates that To facilitate a characterization of the energetics of folding
neither the binding interface alone, nor the structural changesthe Sos peptide into the,Ronformation, we consider the

in the protein that accompany binding, provides a complete following: Previous studies in our laboratory have demon-
representation of the determinants for the association processstrated that Ala and Gly substitutions at the surface exposed
Consequently, additional factors not previously considered 3rd and 6th positions in the Sos peptide (Figure 1) results
are likely to significantly impact the binding thermodynamics in a decrease in binding affinity, even though the side chains
in SH3 domains. of the mutated residues do not make contact with Sem-5 in

Thermodynamics of Formation of the Eonformation  the bound complexd). As described in that paper, the origin
by the Sos Peptid&or equi"brium processes, such as the of the difference in blndlng aﬁinity is due to the difference
association of Sem-5 with Sos, wherein a protein interacts in the extent to which each amino acid is biased toward the
with the peptide ligand, the peptide is believed to be Pi conformation in the unbound state. Interestingly, it was
unstructured in the unbound state and the binding reactiondemonstrated that the physical basis for the bias could be
is coupled to the folding of the peptide (Figure 7). In other approximated as being identical for Pro, Ala, and Gly but
words, in the absence of the Sem-5 binding partner, the Sosthat the rank order in the bias (i.e., ProAla > Gly) is
peptide exists as an ensemble of interconverting conforma-inversely related to the degeneracy of ngneBnformations.
tional states, only a subset of which are competent to bind In other words, the higher degeneracy for Gly in the unbound
Sem-5. Upon binding, the ensemble is redistributed to the State will shift the equilibrium away from the,Ronforma-
binding competent form(s). In the case of the Sos peptide, tion. A direct consequence of this result is that the per residue
the binding competent state is the left-handgdéhforma- ~ equilibrium constant ;) between the P state and the
tion. Thus, the overall binding equilibrium can be viewed €nsemble of nonsPconformations can be expressed as a
as two separate equilibrium processes; one describing theProduct of two terms: the degenerac®) of all non-R,
conformational equilibrium of the peptide and the other conformations (Figure 8), which is residue-specific 45)
describing the binding between thg €onformation of the ~ and the microscopic Pbias, kmic, which is common to all
peptide and the Sem-5 molecule (Figure 7B). If the Sos amino acids
peptide is prefolded to Pin the unbound state, the

conformational free energy (i.&\Geontp= —RTIN[1 + ZK]) Ki = & kpic
is ~0 and the observed binding free energy simply corre-
sponds to the intrinsic binding energy (i.eAGpina = The importance of this equality is that it provides a means

AGintmp). If, on the other hand, the peptide is populating a of explicitly calculating the conformational free energy terms
disordered or random-coil state, the overall binding free for the Sos peptide. This is shown in Figure 8, where the
energy will be the difference between the intrinsic binding ensemble of conformational states of the pepti@g.rp
energy and the energy required to fold the peptide into the consists of all possible combinations for each amino acid to
Py conformation from the myriad of nonsRonformations. be in either the jPconformation (P) or the disordered/non-
A significant goal therefore is to be able to separate the P, conformation (U). The statistical weight (SW) of each
energetic effects associated with conformational redistribu- conformational state is therefore, the product ofll and
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State No. Conformation Statistical Weight (SW)

0 P P,P,P,P.P P, 1 1

1 U,P,P;P P;PcP, K, Q/Kpie

2 U,U,P;P PPcP; KK, Q QK ;.2
3 U,P,U,P,PsPcP; KK, Q,Q;x,,.2
2Nres. | UUUUUUU,  KKKKK KK, [1Q-&)
Ouyr = 2V,

where =e

anfﬁ = H(l + Qi : K‘um‘)

i=l

K,
mic

anfj’ = (1 + QPRm K e )(l + QPRU: K )(1 + Qmm K )(1 + Quu Koo )(1 + QPRHS K )(1 + QPRU(» K e )(1 + Q.mm : Km:(‘)

FiGURe 8: Schematic representation of the conformational partition function for the Sos peptide. The individual states in the conformational
ensemble involve all possible combinations for each residue to be in eithey threnBn-R, state. The partition function for the ensemble

is the sum of the SWs, which can be represented by the binomial expansion of the micrasgofsiee text). Values for the degeneracy

of each residue were determined elsewh@tk 24) and are listed in the Materials and Methods.

degeneracy termg))) at each position. If no Pbias exists functions for the conformational transition from @y taking
(i.e.,kmic = 1), the SW is determined only by the degeneracy the appropriate temperature derivatives of eq 3) gives
and the ensemble corresponds to a random coil. If, on the
other hand, a Pbias exists (i.e.xmic < 1), the SW for
adopting a non-pPconformation will be decreased and the
conformational free energy of folding the peptide into the
binding competent conformation will likewise be decreased.

The ability to describe the thermodynamics of adopting and
the R conformation in terms of a background energetic
contribution for each amino acid provides a means of
dramatically simplifying the conformational free energy of
the peptide. For such a case, the conformational partition

d ln Qconf,P 7 Qi Kmic

3 (1M

AHconf,P: —R Ah (4)

mic
1= Qconf,P

d (T In Qconf,P)
o

onfP— -R

function of the Sos peptid€X.onr,p) can be approximated by

a binomial expansion of the energetic bias at each position,

and the overall energy of adopting the nane®nformation
becomes

AG'conf,P= —RTIn Qconf,P

NI'SS
AGg o p= —RTIN[[ | (1 + Q; ko]

®3)

’ Qi Kmic

—RIn Qconf,P_ Z
1= TQconf,P

Ahmic (5)

Substituting forcmic, Ahmic, andQ2; for each residue provides

a quantitative solution to the thermodynamics associated with
the folding of the peptide into the,Ronformation. We note
that the backbong; values for each residue were taken from
the conformational entropy estimateAS = R In Q),
determined previously for each amino acd,(33), andimic
andAhnic were determined previousliy®) (see the Materials

where the product is over all residues in the Sos peptide thatand Methods).

adopt the P conformation upon binding (i.e., residues7)

Thermodynamics Signature ofy Frolding. Figure 9A

(16). Thus, determination of the conformational free energy shows the thermodynamics associated with prefolding the
contribution to binding is predicated by knowing the value Sos peptide into the Pconformation, which reflects the

of kmic @s well asQ; at each position.

energetic impact that would be observed on the measured

Recently 8, 45), the experimentally observed difference thermodynamics of binding. The negative enthalpy and
in binding affinity between Sem-5 and the Sos peptide with entropy, coupled with the positive free energy indicates that

either Pro at position 3 (P3Sos) or Ala at position 3 (P3A

folding into the R conformation results in a sizable release

Sos) was used to determine the value of the microscopicof heatAH.np= —2500 cal mot?, as well as a significant

(i.e., per residue) equilibrium constant far Bhfolding (cmic

decrease in entropy. Relative to an interaction between a

= 0.195) as well as the microscopic enthalpy of unfolding prefolded R helix and Sem-5, the observed enthalpy and

(Ahmic = 1.7 kcal mot? residue?). Deriving the expressions
for the component enthalpy\Hconsp) and entropy ASontp)

entropy functions would be significantly more negative and
the free energy would be more positive. Interestingly, the
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FIGURE 9: (A) Energetics associated with redistributing the Sos peptide conformational ensemble to the binding competdéatRation
upon binding. (B) Probability of finding different numbers of residues in thecBhformation in the Sos conformational ensemble. B
indicates that the ensembile is significantly biased towarid Ehe unbound state. Despite the significajpbias, A reveals that the energetics
associated with completely folding the ensemble jtcaRe significant.

thermodynamic signature (defined here as the sign of thein Figure 8, the probability of finding a molecule with a
enthalpy, entropy, and free energy functions) ferféding certain number of residues in thg Bonformation can be
is similar to the signature obtained from the difference expressed as

between the experimental and calculated thermodynamics

(Figure 6). The importance of this agreement stems from P(7R,) = _1

fact that, within the context of the surface-area-based Qcont p
parametrization used here, the enthalpy of folding the Sos

peptide into the fPconformation should only amount te75 MNres

cal mol? because the surface area burial upon folding to Kmic ) (R3+ Q4+ Qg+ Q)

the R state from the unfolded state is minimal. In effect, P(6P,) = 1=
the structural energetic parametrization does not capture the l
energetics associated withy Rolding. If it is the case that

the parametrization captures all but the lding, the P(5P) =
difference between the experimental and calculated values = ..

should correspond to the signature for the unaccounted,(micz (QsQ)) + (Q:Q0) + (2:9Q,) + (Q) + (AR, + (2Q)
energetics. The fact that the signatures are indeed similar is =

thus intriguing. It should be noted, however, that the Quon

magnitudes of the effects shown in Figure 9A are less than ’

the signature values in Figure 6 and suggest that the energetiq;)(4p”) —

consequences of,Ffolding are not likely to be the sole Pires

source of the dlscrepanc_y between the prediction and kil S (QaQ,Q0) + (2,Q) + (,9,9,) + (2,Q:9,)

experiments. Along these lines, our laboratory has recently &

shown 9, 12) that a decrease in the conformational fluctua-

tions in the RT loop of Sem-5 is also likely to impact the Qeontp

energetics of binding between Sem-5 and Sos in much the

same way as the,Holding described. Namely, structuring

of the RT loop upon binding is predicted [on the basis of a

folding/unfolding model of fluctuationsl@, 40)] to produce P@3P) =

a thermodynamic signature, which is also similar to Figure Qcontp

6, but like the R energetics, predicts values that are lesser

in magnitude than those shown in Figure 6. When taken Although the significant overall bias (Figure 9B) is due in

together, the results presented here and previoukly ( part to the fact that residues 1, 2, and 5 are restricted, to P

suggest that conformational redistribution in both the protein by the Pro residues immediately following (i.€(2P;) =

and the peptide ensembles contributes substantially to theP(1R,) = P(OR;) = 0) (46, 47), even the residues that are

thermodynamics of binding. capable of occupying other conformations are nonetheless
Conformational Partition Function for the Sos Peptide occupying the P conformation for a significant fraction of

EnsembleThe picture of the Sos peptide conformational the time. In fact, the results determined here suggest that

ensemble that emerges from this analysis is noteworthy. The~15% of the peptide molecules are completely folded in the

fact that each amino acid has an intrinsjckitas @) means P, conformation at any instance (i.e., all residues arg P

that, even in the unbound state, the peptide ensemble iswhereas only~2% of the molecules have all of the residues

heavily biased toward conformations with a significant that are capable of adopting nop-€onformations actually

number of residues injPFrom the partition function shown in those non-p conformations simultaneously.

Qconf,P

NNres
Kmic4 (€25€2,Q2492)
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In summary, Figure 9 reveals that the energy associatedof the same sign that would be needed to explain the
with folding the Sos peptide into thg Bonformation has a  discrepancy, and (3) are difficult to reconcile in the context
dramatic effect on the overall energetics of binding. Upon of surface area burial upon folding. These results represent
binding, the distribution shown in Figure 9B shifts to the the first quantitative thermodynamic description of the impact
right, completely populating the Btate (assuming no other  of the R, bias in unstructured peptides on the thermodynam-
conformational state can bind to Sem-5). The energeticics of interaction between SH3 domains and their peptide
parameters shown in Figure 9A thus are not the energeticstargets.
associated with folding a random-coil ensemble into a folded
conformation. On the contrary, the energetic parametersACKNOWLEDGMENT
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