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Abstract

Protein conformational fluctuations are key contributors to biological function, mediating important
processes such as enzyme catalysis, molecular recognition and allosteric signaling. To better
understand the role of conformational fluctuations in substrate:ligand recognition, we analyzed,
experimentally and computationally, the binding reaction between an SH3 domain and the
recognition peptide of its partner protein. The fluctuations in this SH3 domain were enumerated by
using an algorithm based on the hard sphere collision model, and the binding energetics resulting
from these fluctuations were calculated using a structure-based energy function parameterized to
solvent accessible surface areas. Surprisingly, this simple model reproduced the effects of mutations
on the experimentally determined SH3 binding energetics, within the uncertainties of the
measurements, indicating that conformational fluctuations in SH3, and in particular the RT loop
region, are structurally diverse and are well-approximated by the randomly configured states. The
mutated positions in SH3 were distant to the binding site, and involved Ala and Gly substitutions of
solvent exposed positions in the RT loop. To characterize these fluctuations, we applied principal
coordinate analysis to the computed ensembles, uncovering the principal modes of conformational
variation. It is shown that the observed differences in binding affinity between each mutant, and thus
the apparent coupling between the mutated sites, can be described in terms of the changes in these
principal modes. These results indicate that dynamic loops in proteins can populate a broad
conformational ensemble, and that a quantitative understanding of molecular recognition requires
consideration of the entire distribution of states.

Protein conformational fluctuations are essential for biological function 1 and perturbations
to fluctuations brought about by mutation or environmental changes are known to affect
proteins functionally 2 Despite clear experimental evidence for a dependence of function on
fluctuations 34, the impact of conformational heterogeneity on important biological
processes, such as substrate:ligand recognition, remains poorly understood 36, Clearly,
methods that can relate the functional and structural character of proteins are needed to
understand mechanistically, and quantitatively, the role that fluctuations have in biological
function.

To investigate the impact of structural fluctuations on molecular recognition, we selected the
C-terminal src homology 3 (SH3) domain of the C. Elegans protein SEM5 (SEM5 C-SH3).

SH3 domains are a conserved structural motif found in many regulatory proteins 7 The typical
function of these domains is to mediate protein:protein interactions in signaling pathways by
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recognizing proline-rich sequences that adopt a left-handed polyproline I1 helical structure 8,
10,11 previous studies have demonstrated that conformational fluctuations in SH3 domains
contrlbute significantly to the binding energetlcs observed for this important regulatory motif
partlcularly fluctuations in the RT Ioop a region of the SH3 structure that is adjacent
to its binding site. Specifically, it was shown that the energetics of binding cannot be reconciled
solely in the context of those changes that are observed in the high resolution structures of the
bound and unbound forms 6. In that study, our group applied a series of Ala to Gly substitutions
at surface exposed positions in the RT loop of SEM5 C-SH3 12 The residue positions in which
the mutations were applied do not contact ligand in the high-resolution structure of bound SH3
suggestlng that these mutations can affect binding only through perturbations to the
conformational fluctuations in the protein. Calorimetric titration experiments demonstrated a
clear position and context-specific dependence in the effect of these Ala to Gly substitutions
on the binding energetics of SEM5 C- SH3 1

In order to better understand the results of those titration experiments in terms of the
conformational fluctuations around the average structure, we have performed a series of
structure-based, all-atom simulations of the binding reaction between SEM5 C-SH3 and one
of its recognition peptides within the Son of Sevenless (Sos) protein. Conformatlonal
heterogeneity in the SEM5 C-SH3 domain was simulated using an algorlthm 4 pased on the
hard sphere collision (HSC) model 15 For each SEM5 C-SH3 state generated by this algorithm,
unbound and bound states of SH3 were generated by docking the Sos:?eptrde in the same
position and orientation as observed in the high- resolutlon structure 1 Through the use of a
solvent-accessible surface area-based energy function 16, the computed SH3 ensembles were
energetically weighted. Energetic weighting of the ensembles in this manner allowed for a
calculation of the difference in the free energy of binding (AAGynq) between the SEM5 C-
SH3 mutants, which reproduced the values measured experimentally with a correlation
coefficient of 0.95. The agreement between the simulated and measured AAGyjnq Values
suggests that the changes in the conformational manifold for each mutant were accurately
represented by the computed redistributions within the ensembles of randomly generated states.
To aid in the structural interpretation of the fluctuations in the individual computed ensembles,
a principal coordinate analysis (PCA) 7 of the conformational space was performed on each
SEMD5 C-SH3 variant. The results of the PCA indicate that the overall variability in the RT
loop conformation can be well-approximated by three general motions: 1) a libration (i.e., up
and down motion) relative to the core of the protein, 2) a radial motion (i.e., in and out) relative
to the protein core, and 3) a twisting motion of the loop. The mutations applied to the RT loop
appeared to affect these three motions with only subtle differences, however, these differences
were sufficient to change the binding energetics in a predictable and measurable way.

Results and Discussion

The ability of proteins to undergo conformational transformations that can be modulated by
environmental factors, or by interactions with other large or small molecules, is central to their
biological function 1 NMR techniques can be used to observe the very fast motions of protein
structures 3.4, slow backbone relaxation events likely to be relevant to biological processes
5 however, are not samgled sufficiently by these NMR methods, or by most molecular
dynamlcs simulations 18, and rapid, coarse-grain or meso-scale methods to investigate such
phenomena could be of S|gn|f|cant utility. To investigate the role of protein conformational
fluctuations in substrate:ligand recognition, our group has conducted a mutational analysis of
the binding energetics in SEM5 C- SH3 12 . Structurally, SH3 domains are characterized by a
B-sandwich core and a highly flexible RT loop (Fig. 1LA), named for the arginine and threonine
residues contained within it 13:19, The binding site in these domains is situated between its
B-sandwich core and the RT loop, and is specific for proline-rich sequences, such as that of
the Sos peptlde . Mutations to SEM5 C-SH3 were applied at residue positions in the RT loop
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that were observed to be both fully solvent-exposed in high resolution structures 6,13 and to
not play a direct role in contacting ligand in the bound complex 13 As a result of these
constraints, the effects of the mutations on the binding energetics will be to redistribute the
ensemble of SEM5 C-SH3 conformations.

Simulations of structural fluctuations in an SH3 domain

Previous experimental studies from our lab, which measured NMR order parameters in SEM5
C-SH3, have demonstrated that the structural fluctuations within this domain vary significantly
among the residue positions 6. Data from these studies are reproduced in Figure 1B, and show
that the most dynamic regions of the SEM5 C-SH3 structure under native conditions are found
among residues ~ 162-172, as well as the N- and C-termini. Residues 162—172 correspond to
the RT loop and contain the sites that were mutated in our earlier analysis of the SEM5 C-SH3
binding energetics 12 The mutations represent a double mutant cycle, whereby Gly and Ala
substitutions were made at residue positions 170 and 171 (i.e., G171A170, G171G170,
Al171A170, and A171G170). In our present study, we have simulated the fluctuations of
residues 162-172 using an all-atom approach. Briefly, an algorithm based on hard-sphere
collision (HSC) was used to generate conformational ensembles of the RT loop in the unbound
state 14. The algorithm employs a look up table for bond angles and bond lengths 20 and
randomly samples backbone dihedral angles as well as a rotamer library 21 1o define the
backbone and side chain conformation, respectively. Those computed conformations that
violated steric contact limits (22) between the atoms of the protein were discarded. To apply
the HSC algorithm to the RT loop of SEM5 C-SH3, the positions of the backbone heavy atoms
of the anchoring residues (i.e., 162 and 172) were constrained to the positions that were
observed in the high-resolution structure 13 ‘a constraint that is justified by the NMR relaxation
data (See Fig. 1B). A conformational ensemble generated in this manner for the RT loop is
shown in Figure 1C. As is evident in this figure, the ensemble of states generated for the RT
loop represents a spatially diverse conformational manifold.

The number of conformations generated in construction of the RT loop ensemble was
determined by convergence in the simulated values of AAGy;nq calculated for each SH3 variant,
as well as convergence in the principal coordinates (both discussed below). The onset of
convergence occurred with surprisingly few states generated by the algorithm, approximately
100. To ensure that the results of this study were not dependent on the number of states
generated in the construction of the SH3 ensembles, 500 states were generated randomly for
each of the SH3 variants. Random removal of 10% of the states in each ensemble showed a
variation of less than 2% on both the calculated binding affinity differences between the SH3
variants and the principal coordinates (see online supporting material, Fig. S1).

The explicit contribution of electrostatics in modeling the structural fluctuations of the RT loop
was not included in our simulations because they were determined by computation to not play
asignificant role. Briefly, the pKa values of each of the ten residues within 10A of the binding
interface were determined for a random sampling of states in the ensembles of each SH3
variant. The pKa values were calculated by numerical solution of the linearized Possion-
Boltzmann equation with the method of finite-differences, as implemented in the H++ web-
program 23,24 These ten residues included ionizable groups within the flexible RT loop region
(D164, E169, E172) as well as others located in the more rigid regions of the protein (K176,
R177, D188, E193, R199, R200, Y207). The pKa values calculated for residues within the RT
loop were observed to vary by no more than + 0.4 pKa units among the states of each SH3
variant, whereas the pKa values calculated for the other groups were observed to vary by no
more than + 0.1 pKa units among the ensemble states (see online supplementary material, Fig.
S2). These results suggest that in our simulations, electrostatics would not significantly bias
the structural character of the RT loop ensembles. Consistent with these findings, direct
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determination of pKa values, obtained by fitting the pH-dependence of the NMR chemical shift
data, revealed no significant differences between the mutants (Ferreon and Hilser, unpublished
data).

To model the binding interactions between the Sos peptide and SEM5 C-SH3, the peptide
ligand was docked to each SEM5 C-SH3 conformer in the same position and orientation as
was observed in the high-resolution structure of the wild-type complex 13, Surprisingly,
docking the ligand in this manner resulted in steric collisions between atoms of the Sos peptide
and the SEM5 C-SH3 conformers in only ~ 10% of the states generated for each ensemble.
The computed ensembles showed a remarkable absence of conformations in which the RT loop
overlapped with the volume of space occupied by the ligand in the structure of the bound
complex 13 This result is important because it suggests that while the active site may have a
higher degree of conformational heterogeneity (i.e., there is a higher degree of folding
frustration 2° ), the additional conformational states do not dramatically reduce the number of
states that can bind ligand. Instead, most SEM5 C-SH3 conformations tend to enlarge the
binding pocket, producing a greater number of states with suboptimal substrate:ligand surface
complementarity. The amount of surface area buried in the high-resolution structure of the
wild-type versus the distribution of buried surface areas for the simulated ensembles of the
SEMD5 C-SH3 variants demonstrates this point (Fig. 2A). As can be seen, most ensemble states
have less surface area buried upon docking the ligand, relative to the high-resolution complex.
Among these mutants, the G171A170 variant buries the most surface area upon docking the
ligand, followed by G171G170, A171A170, and A171G170 in order of decreasing amounts.

From the surface area calculations, a free energy (AG) of binding for each SEM5 C-SH3 variant
was determined as follows. First, those states in each ensemble that had steric collisions with
the docked Sos peptide were classified as binding incompetent. Thus, the bound ensembles
consisted of all states generated for SEM5 C-SH3 in which docking of the Sos peptide was
successful. A AG was determined for each of those states by use of a solvent accessrble surface
area-based energy function, which has been calibrated and tested extensrvely . The AG of
each state i of the bound ensemble was calculated with docked Sos peptide (AGpoung,i). For
the unbound ensemble, the AG of all ensemble states were calculated in the absence of the Sos
peptide (AGynbound.,i)- An energy-weighted AG value was then calculated for the bound and
unbound ensembles, which allowed for an approximate AGyjnq value determined for each
SEM5 C-SH3 variant,

<AGl)ind> = <G[J()und> - <Gunbmmd> ’ (1)

, where {AGpound) = —RT In Qpound: {Gunbound) = —RT In Qunbound: and Qpound aNd Qpound are
the sums of the statistical weights of the bound and unbound ensembles,
N\

Ox= ZCXP( AGIIRT) . In these expressions, R is the gas constant and T the absolute
temperature The summed probability of the binding incompetent states, relative to the bound
states, was minimal (<0.1%) and, as such, excluding those states in the calculations of
(AGpoung) did not affect the simulated values of {AGp; %} Structural refinement of the binding
incompetent states by energy minimization techniquesré , to increase the number of binding
competent conformers in an ensemble, similarly did not alter the relative binding energies
significantly, although the absolute values were affected (see online supporting material, Fig.
S3). This is an important point, of which we take advantage when comparing the computed
mutational effects with experiment (shown below). Because of the lack of sensitivity of the
differences in binding free energy between each mutant, relaxation methods were not
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employed. The binding simulation was repeated for all SEM5 C-SH3 variants. A calculation
of AAGyjng between each mutant was then determined as,

AAGbind: <AGbind.mul‘l > - <AGbind.mur2> . (2)

Comparison of the simulated AAGpjng Values to those observed experimentally 12 is shown in
Figure 2B. The correlation between the experimental and simulated binding energetics is
striking, producing a slope of 1.09 and a correlation coefficient of 0.95. Surprisingly, the
simulated values of AAGp;,g Were within the error range of the values measured
experimentally. We note that the error bars in the predicted binding affinity represents the
standard deviation of the values calculated by randomly excluding 10% of states from the
calculation for each mutant. The ability of the HSC-based simulations to accurately reproduce
the effect of mutation on the binding energetics for the SH3:Sos interaction suggests that the
conformational fluctuations in the RT loop is well-approximated by the ensemble of randomly
configured, coil-like states.

Detailed comparison of the AAGyjnq Values between the SEM5 C-SH3 variants revealed
additional trends. For instance, the impact of the Ala to Gly substitution at position 170 is
greater in the context of Ala at position 171 than the Gly at that position. Conversely, the impact
of the Gly to Ala substitution at position 171 was greater in the context of Gly at position 170
than the Ala. The ability to accurately simulate these trends of the experimental AAGpj,q data
suggests that the effects of mutation in this region of the RT loop are manifested both in changes
in the allowable conformational space as well as changes in the solvation energetics, a point
that is discussed below.

Structural character of the RT loop ensemble

To structurally characterize the conformational ensembles of each SEM5 C-SH3 variant, we
applied a principal coordinate analysis (PCA) 17 to the cartesian positions of the o and 3
carbons in residues 162-172 of the RT loop, a procedure similar to that employed previously
by Sims and colleagues in the analysis of the distribution of dihedral angles in polypeptide
chains 28, Three key observations were made when applying this PCA technique,
demonstrating its suitability for our structural analysis. First, the first three principal modes
(i.e., “coordinates™) expressed >90% of the total variation among the dataset. This condition
allowed for an acute reduction in the dimensionality of the conformational space of each SH3
variant. Second, the conformer density along each principal axis was found to be predominantly
Gaussian, allowing the unit distance along the corresponding principal axis to be interpreted
as the standard deviation. Third, for this set of SEM5 C-SH3 mutants, the principal modes of
variation in the Ca and Cp positions for residues 162—172 of the loop represented concerted
displacement in the backbone chain (discussed below) that were similar in character among
the SEM5 C-SH3 variants, which allowed for direct comparison of the conformational spaces
among the mutants as represented in principal space. This similar structural character in the
mutant ensembles likely resulted from each ensemble describing structural variations in the
same flexible region subject to similar sequence and contextual constraints. To highlight the
utility of the principal space for interpreting the effects of the mutations, the envelopes of the
allowed conformational space for mutants G171A170 and A171G170 are plotted against the
first three principal coordinates in Figure 3A. Comparison of the conformational envelopes for
these two mutants reveals discernable differences in their relative size, position and shape. The
G171A170 and A171G170 variants have the lowest and highest affinity, respectively, for the
Sos peptide (see Fig. 2B).
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Each principal axis can be viewed as a concerted variation in the conformation of the RT loop.
To illustrate this, the individual ensemble states at the extremes of each principal coordinate
are shown in Figures 3B-D. The structures at the extremes of the principal coordinates reflect
the breadth of the conformational envelope, and varying the position along each axis can be
interpreted as sampling the structural intermediates of those extremes. For instance, sampling
structures along the axis of the first principal coordinate (pcl) reveals displacements in the
backbone that are orthogonal to the path of the native chain, and which represents an up and
down libration motion in the RT loop. Variations in structure that tracked with changes in the
second principal coordinate (pc2) exhibited an “in and out” shift of the backbone in the RT
loop, toward and away from the centroid of the protein. Structural changes in the ensemble
that followed changes in the third principal coordinate (pc3) represent a twisting displacement
in the backbone. Importantly, the structural motif of each of the three principal coordinates
was found to be similar in character among the SEM5 C-SH3 variants: only the breadth and
positioning of the conformation envelope along each principal axis varied, albeit subtly, among
the mutants.

To understand the structural effects of Ala and Gly substitutions, we note that the absence of
a p-carbon in Gly, relative to Ala, dramatically increases the accessible ¢ and ¥ space for a
residue in a protein 29 This mutation strategy as applied to positions 170 and 171 in SEM5
C-SH3 is expected to affect the binding energetics in distinct position-specific ways. First,
according to the high-resolution X-ray and NMR structures of the apo and holo protein 6,13
the ¢ and ¥ angles for position 170 are in a region that is accessible to both Ala and Gly (i.e.,
¢ =-140, ¥ = 150) (Fig. 4A). Thus, substitution of Ala for Gly at 170 expands the
conformational space of the RT loop, whereas the reverse substitution (Gly for Ala) constricts
the ensemble. For position 171, the ¢ and ¥ angles are in a region that is accessible only to
Gly. Consequently, substitution for Ala at position 171 would introduce conformational strain
in the ensemble and should shift the allowable space. The effects of introducing conformational
strain, and/or increasing the allowable conformation space were clearly observed in the
principal space. As shown in Figure 4B, the Ala to Gly substitution at position 170 increased
the allowable conformational space of the SEM5 C-SH3 ensemble dramatically. Interestingly,
the increase in conformational space was not evenly distributed among all three principal
coordinates, suggesting that this substitution increased the up and down displacement of the
RT loop (i.e., pc1) much more so than the other concerted changes. With regards to the Gly to
Ala substitution at position 171, which is shown in Figure 4C, the conformational space was
shifted along the pc1 and pc2 axes with minimal changes in pc3 (i.e., the twisting displacement).

Energetic minima in the RT loop ensemble

Additional information about the structural character of the SEM5 C-SH3 ensemble can be
ascertained from the energetic hierarchy of states in each ensemble. The weighted conformers
of each ensemble, obtained by applying the same surface area-based energy function discussed
above, formed low energy (i.e., high probability) clusters within the principal coordinate space
of each ensemble. The clusters correspond to groups of states that occupy similar regions of
principal space, and as such, the states within a cluster have similar structural character, shown
schematically in Figure 5 (Note: the simulated data that produced Fig. 5 is provided in the
online supporting material, Fig. S4). In this figure, conformational clusters having a significant
statistical weight (an aggregate probability of the states of the cluster >10%) were plotted
against pcl and pc2. These two principal coordinates retained ~ 70% of the total variation in
the original dataset. As the data in the figure show, the distribution of high occupancy clusters
varied from mutant to mutant. The least constrained mutant, G171G170, exhibited a greater
number of clusters, which was expected since the lack of Cf's at positions 170 and 171 would
allow the RT loop to sample a larger conformational space relative to an Ala residue at one or
both of these two positions. Accordingly, the G171G170 mutant can be considered as having
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the set of “basis” clusters for the mutant cycle. The G171A170 mutant showed two fewer
clusters, relative to G171G170, reflecting a significant contraction of the conformational space,
which was visible also in Figure 4B. The A171G170 mutant provided access to one more
cluster than G171A170, but did not have access to two others present in G171A170, reflecting
a shift in the conformational space in response to the transposition in the location of the Gly
residue. The most constrained mutant, A171A170, showed exclusion of all but one cluster and
exhibited the smallest allowed space. In total, the effect of energetically weighting the
ensembles was to differentially induce basins in the free energy landscapes of each mutant.
The phenomena of conformational strain and degeneracy as introduced by the individual
substitutions, however, were clearly apparent in these data.

The introduction of ligand to the ensembles decreased the averaged free energy level for each
of the SEM5 C-SH3 variants, relative to their unbound ensembles, favoring complexed states;
aresult that was not unexpected given the known burial of apolar surface involved in the SEM5
C-SH3:Sos interaction 13. Interestingly, when viewing entire ensembles in principal space,
both the number and the positions of the high occupancy clusters for the unbound and bound
ensembles were different, suggesting a change in the overall character of the SEM5 C-SH3
ensemble upon binding ligand. This is shown in Figure 6A for the G171A170 and A171A170
mutants. In this figure, the energetic landscapes for both the unbound and bound ensembles
were plotted against pcl and pc2. As can be seen, the allowable conformational space for
A171A170 was a subset of the conformational space for G171A170. Also, the regions of
principal space common to both of these mutants had similar, although not identical, terrain
features. This observation suggests that the major differences in the binding energetics between
these two mutants were caused by favorable regions in the conformational space of the bound
G171A170 ensemble that were not allowed in A171A170. These regions of G171A170
conformational space expressed prominent low energy clusters that provided for, in aggregate,
more favorable interactions between SEM5 C-SH3 and Sos, relative to that of A171A170 (i.e.,
G171A170 had a higher affinity for Sos, see Fig. 2B). In addition, the restriction of
conformational space due to the presence of Ala at positions 170 and 171 had a significant
entropic cost to the binding reaction, which is shown in Figure 6B. The conformational entropy,
AS¢ont, Was calculated from the Boltzmann relation,

AScony=—=R- > Pi-InP;.
i (3)

The effect of Ala at position 171 on the allowed conformational space of SEM5 C-SH3
appeared to be amplified by the presence of Ala at position 170. The entropic cost of the Gly
to Ala substitution at position 171 when Gly occupied position 170 was calculated to be ~ 200
cal/mol (-TAScqonf at 25 °C), whereas it was ~ 400 cal/mol when Ala also occupied position
170. Similarly, the presence of Ala at position 171 amplified the entropic cost to binding for
the Gly to Ala substitution at position 170 (300 cal/mol versus 500 cal/mol; which can be
calculated directly from Fig. 6B (not shown)). Thus, the conformational strain introduced by
adjacent Cp's at positions 170 and 171 of the RT loop had a significant cooperative affect on
the binding energetics of SH3 (by ~ 200 cal/mol), and was reproduced accurately by these
HSC-based simulations (see Fig. 2B). Interestingly, this result demonstrates that the
phenomenon of conformational strain can be reconciled in the context of redistributing the
conformational ensemble, as opposed to distortions in bond lengths or bond angles, which are
not accounted for in the current analysis.
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To characterize the structural features of those states in the bound ensemble of G171A170 that
were not represented in the A171A170 bound ensemble, the most probable states (states having
a probability > 20%) from both were selected and visualized. In the low-energy states of the
A171A170 ensemble, the presence of the side chain methyl group of Ala at position 171 caused
a concerted displacement in the backbone throughout the RT loop region. This is shown in
Figure 7A, where instead of extending the backbone of the RT loop outward from the center
of the protein, as was observed in the most probable states of the G171A170 ensemble, the RT
loop was directed tangentially away from the binding site. As such, this low-energy state of
the A171A170 ensemble possessed a binding site that was more open relative to that observed
in many of the low-energy states of the other mutants (Fig. 7B). Thiswould also prevent optimal
surface and residuepair complementarity with the ligand in the double Ala variant (see Fig.
2A).

Conclusions

The results presented here indicate that conformational fluctuations in the RT loop of the C-
terminal SH3 domain of SEM5 are well-represented by a broad conformational repertoire of
unfolded-like states with regard to those residue positions spanning 162-172, residues known
from NMR relaxation experiments to be conformationally heterogeneous both in the apo and
holo forms. By applying Ala and Gly mutations to two solvent-exposed positions in the loop,
and analyzing the mutation-induced changes in the ensemble using PCA, we were able to
decipher the nature of the mutational effects. Our results indicate that the change from Ala to
Gly at position 170 had the general effect of increasing the size of the ensemble of low affinity
conformations, thus decreasing the binding affinity. On the other hand, because the wild-type
Gly at position 171 is in a region of ¢/¥ space that is disallowed for Ala, mutation from Gly
to Ala shifts the ensemble away from high affinity states, decreasing the affinity. The binding
affinity of each of the mutants is a nonlinear combination of these two effects. Importantly,
our analysis was able to reproduce the experimental trends in the data, quantitatively capturing
the cooperativity (i.e., nonadditivity) between sites.

Further, by performing a principal coordinate analysis on the backbone positions of the RT
loop in each ensemble, structural characterization of the fluctuations showed three primary
modes of structural variation in the ensemble, with the nature of each mode varying only subtly
between the mutants. These structural variations in the RT loop involved an up and down
libration, an in and out displacement relative to the protein core, and a twisting of the loop. In
short, the analysis of the RT loop fluctuations using principal space provide a unique and
detailed picture of how structural perturbations remote from binding sites may assert their
influence mechanistically. Indeed, previous studies have demonstrated that high-resolution
structures are often insufficient to account for the observed binding energetics in many
grotein:ligand systems, and in particular, are challenged to account for mutational effects 6,

0. The results presented here demonstrate that conformational fluctuations in the protein, or
in the ligand as shown elsewhere 14 can contribute significantly to the binding energetics, and
that an adequate representation of the conformational manifold is a prerequisite to a
mechanistic understanding of molecular recognition.

Finally, we note that it seems somewhat paradoxical that a coarse-grain (or meso-scale) energy
function, which is based on solvent-accessible surface area, should prove sufficient for the
current studies. The reason for the success is rooted in the details of the energy function as well
as the specific nature of the problem being addressed. Because the energy function was
empirically determined from experimental data and averaged over all types of polar and apolar
surface area, it neglects specific details such as hydrogen bonds. Although such an approach
would be inappropriate if one or a few specific structural states were the determinants of the
observed behavior, the large number and diversity of states that contribute to the SEM5 C-
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SH3:Sos binding (as observed directly in the NMR relaxation data for both the bound and
unbound state — See Fig 2B) apparently provides a reasonable average energy for the different
ensembles. Indeed, the robustness of the results to jackknife analysis suggests that the contours
in the energy landscape (Fig. 5 & Fig. 6), which are derived from the combination of sampling
technique and energy calculations, are sufficient to capture the observed mutational effects.
The success of this approach suggests that in cases where large-scale backbone relaxation of
aregion of a protein may play an important role in function, such as with intrinsically disordered
proteins, a simplified (albeit all-atom) strategy that focuses on enumerating conformationally
diverse states represents a useful alternative to molecular dynamics approaches that may not
yet be capable of adequately sampling the entire manifold of relevant states.

Modeling structural fluctuations in the RT loop

An algorithm based on the HSC model 14 \vas used to generate conformatlonal ensembles of
residues 162—172 in the RT loop, and is described in detail elsewhere 14, The positions of the
backbone heavy atoms of residues 162 and 172 were constrained to the positions that were
observed in the high-resolution structure 13 The HSC model, based upon van der Waals atomic
radii 22, was used as the only scoring function to eliminate grossly improbable conformations.
The GIbbS free energy of each state i, AGynpound i Was determined from an energy function
based upon solvent accessible surface areas, as calculated usmg the method of Lee and Richards

1 and has been calibrated previously and tested extenswel% . The fluctuations in the RT
Ioop were also modeled using the X-PLOR 26 and Gromacs 32 simulation software packages,
using a slow cooling protocol, for comparison to the ensembles obtained using the HSC model,
and demonstrated that the overall conclusions presented in this communication were
independent of the software used to model the RT loop ensemble.

Calculation of pKa values for ionizable groups within and near the binding interface

The pKa values of ten residues within 10 A of the binding interface were calculated using the
H++ web-program (http://biophysics.cs.vt.edu/H++; refs 23,24 ), as applied to the SEM5 C-
SH3 structure 13, The pKa calculations were repeated on a random sampling of 10% of the
ensemble states for each SH3 variant, parameterized to a solvent ionic strength of 150 mM, an
internal protein dielectric of 6, and a temperature of 25°C. Variations in the calculated pKa
values for the ten residues among the random sampling of states is provided in the online
supporting material.

Simulating the SH3:Sos binding reaction

The binding interaction between SH3 and Sos was simulated by docking the Sos peptide to
each state in the RT loop ensemble, using the Sos peptide as represented in the high-resolution
structure of the native complex 13 as the template for the peptide's position and orientation
with respect to the SH3 molecule. The composition of the Sos peptide was also modeled as
identical to its representation in the high-resolution complex. Upon docking the ligand, those
states with steric collisions between SH3 and Sos (complexes that violated radii contact limits
22 ) were considered binding incompetent in our simulations. The Gibbs free energy of each
bound state in the ensemble (AGpoyng,i) Was determined using the same structure-based energy
function used for the unbound ensemble, with the exception of bound Sos being present in each
state. The difference in free energies between the bound and unbound ensembles was calculated
as given by Eq. 1 to yield a simulated binding free energy. The cratic entropy 3 which is the
entropic cost related to the reduction in the number of system components, was not included
in these calculations as this term would cancel when determining the AAGyjng Values as given
by Eq. 2.

J Am Chem Soc. Author manuscript; available in PMC 2010 May 20.
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Structural refinement of binding incompetent states

The structures of the binding incompetent states of an ensemble were refined by the X-PLOR
software package 26, using Powell’s conjugate gradient minimization technique 21,

Principal Coordinate Analysis of the RT loop ensembles

PCA applies a coordinate rotation on a data set such that the transformed axes become aligned
with the directions of maximum variance, which often allows for the reduction of a
multidimensional data set to a smaller set of characteristic dimensions 1734  In our
simulations, PCA allowed the majority of the structural variations in the RT loop ensembles
to be reduced to a manageable number of coordinates that served to order the random set of
conformations into a meaningful landscape. A feature vector representing backbone structural
variations in the RT loop ensemble was defined as,

ci=[ry, -l {j:1m}, (4)

, where c; is a vector of each state i in an ensemble, ry are the components of the vectors
describing the Ca and CP atomic positions, and j:1,m is the index spanning the contiguous
residues (162-172) of the RT loop. This metric has the virtue of capturing the position of each
residue and its orientation along the backbone. PCA was then applied to a metric distance
function between the different feature vectors, which was defined as

|

5) 12

di.F[Z(’;i - i’,{,)z] ;
k

(5)

, where the distance between conformers i and j, d; j, was determined over all components k of
the position vectors. Full details for applying PCA to the RT loop ensembles via the metric
distance function given by Eqg. 5 are provided in the online supplementary material.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Conformational fluctuations in the RT loop region of SEM5 C-SH3. A) View of the Sos binding
site in SH3 13, The Sos peptide is shown by a stick cartoon representation and SH3 is shown
by space-fill spheres. The regions near the binding site considered to be rigid were colored
blue, whereas the flexible regions were colored purple. Those regions of SH3 that do not contact
the Sos ligand were colored white. Mutated positions 170 and 171 are shown at the tip of the
RT loop (green). B) NMR order parameters versus position for the liganded and unliganded
SH3 13, Positions 162-172 show low order parameters indicating conformational
heterogeneity. C) Overlay of 20 randomly selected conformations, from among 500 successful
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conformations generated by an HSC model, showing the conformational diversity of the RT
loop.
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The effects of substitutions in the RT loop on SEM5 C-SH3 binding energetics. A) The buried
surface area due to docking the ligand in each SH3 ensemble was dependent on the Gly to Ala
substitution. Shown is a histogram in which the states were binned according to the amount of
buried surface area upon docking the Sos peptide, with each column colored according to the
SH3 variant, as indicated in the figure. B) Correlation of calculated difference binding free
energies (abscissa) to measured (ordinate) 12. The error bars for the experimental values
represent the range of experimental error in the measured energies, as determined from multiple
measurements of the binding energies by ITC. The error bars for the calculated values represent
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the variation resulting from random removal of 10% of the ensemble states. The correlation
between the calculated and measured values was 0.95.
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Figure 3.

Characterizing the fluctuations in the RT loop by PCA. A) Comparison of conformational
envelopes in principal space (showing the first three principal modes) of mutants with the
highest (mesh) and lowest (surface) binding affinity. Shown are surface maps representing the
regions of principal space where the density of states was greater than at least 10% of the
maximum observed density. Variances and corresponding structural extrema along principal
axes of the first three principal modes (pc1—pc3) for the G171A170 variant is shown in panels
B-D.
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Figure 4.

The effects of substitutions in the RT loop on conformational space. A) Comparative plots of
the allowed regions for Ala and Gly illustrating the difference in allowed space for a single
amino-acid position in a polypeptide chain. The ¢/y coordinates of positions 170 and 171 found
within the crystal structure for the wild-type SH3 are labeled. Note that position 171 falls within
the positive phi region for the complexed crystal structure. B) Conformer density plots for the
allowed conformational space for the RT loop in principal space is given for the Ala to Gly
substitution at position 170, and demonstrates a clear increase in degrees of freedom for the
RT loop associated with this sequence change. C) For the Gly to Ala substitution at position
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171, Ala in position 171 shifts the allowable region in principal space, reflecting the effect of
conformational strain on the ensemble.
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Comparison of energy landscapes among the SH3 variants. The fractional occupancy
(Boltzmann probability) plotted against the first two principal coordinates is shown for each
mutant, presented in increasing order of conformational constraint (bottom-top). Energetically
favorable clusters are seen to appear and disappear as the allowable region is changed through
mutation. Contours in each two-dimensional plane represent increasing structural (rmsd)
distance from the crystal structure complex located at origin. The rmsd between two structures
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ra,i is the cartesian position of atom i within structure a and Ib,i is the position of atom i within

structure b.
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Figure 6.

Comparison of energy landscapes between the unbound and bound ensembles of SH3 variants
G171A170 and A171A170. A) The fractional occupancy of the unbound (upper) and bound
(lower) ensembles for the two SH3 variants was mapped onto the first two principal modes.
The region delineating the allowed space has been raised in the figure for clarity. The common
regions of both these mutants have similar, but not identical, terrain features, which suggest
that the predominant differences in the simulated binding thermodynamics were caused by the
non-overlapping region of G171A170. B) The change in conformational entropy for the
ensembles upon binding ligand was determined from Eq. 3. The constriction of conformational
space (T*AScqnf) due to the Gly to Ala substitution at position 171, which is readily apparent
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in panel A, was calculated to be ~ 400 cal/mol and was observed to be strongly dependent on
the amino acid type in position 170.
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Figure 7.

Structural description of the Gly to Ala substitution at position 171 in the RT loop. A) Cartoon
rendering of the most highly weighted conformers (within the unbound ensembles) of mutants
G171A170 (white) and A171A170 (blue) showing the effect of the G171A mutation on the
backbone. The A171A170 mutant shows a pronounced conformational displacement in the RT
loop away from the structure of the G171A170 mutant. B) The corresponding molecular surface
diagrams show a significant difference in the binding surface. The surface of the A171A170
state from panel A (blue mesh) was markedly different from the surface of the G171A170 state
(white surface), which corresponded to differences in buried surface areas associated with
binding (see Fig 2A), and ultimately to differences in binding energies between the two SH3
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variants (see Fig. 2B). The ligand was offset slightly to the right in panel B (relative to its
position in the high-resolution complex structure 13 ) to better show the binding surface.
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