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We perform a detailed analysis of the thermodynamics and folding
kinetics of the SH3 domain fold with discrete molecular dynamic simu-
lations. We propose a protein model that reproduces some of the experi-
mentally observed thermodynamic and folding kinetic properties of
proteins. Specifically, we use our model to study the transition state
ensemble of the SH3 fold family of proteins, a set of unstable confor-
mations that fold to the protein native state with probability 1/2. We
analyze the participation of each secondary structure element formed at
the transition state ensemble. We also identify the folding nucleus of
the SH3 fold and test extensively its importance for folding kinetics. We
predict that a set of amino acid contacts between the RT-loop and the
distal hairpin are the critical folding nucleus of the SH3 fold and propose

a hypothesis that explains this result.
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Introduction

Studying the protein folding kinetics is a chal-
lenging task because it involves the identification
of the transition state ensemble (TSE), a set of
unstable conformations that form at the top of the
free energy barrier separating the unique folded
state from the misfolded and unfolded states.'
The TSE has been the subject of numerous
experiments® *® and theoretical studies” > of
globular proteins. The TSE is defined as the set of
protein conformations with a probability to
fold, pron, equal to 1/2.' Protein engineering
experiments® ' suggest that in two-state proteins,
there is a specific set of amino acid residues that
determines the folding properties. Theoretical
studies'~* of the TSE support the hypothesis of a
specific folding nucleus scenario. Passing through
the TSE with the subsequent rapid assembly of
the native conformation requires the formation of
a set of specific obligatory contacts, which are
called the protein folding nucleus.’

Lattice simulations'** suggest that the folding
nucleus location is identical for two different pro-

Abbreviations used: TSE, transition state ensemble;
rmsd, root mean square displacement.
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tein sequences, designed with various potentials
to fold into the same structure. In protein engineer-
ing experiments® on the Src SH3 domain'*'>*~3
and the a-spectrin SH3 domain,"""*** authors find
the same structural characteristics for the TSE of
the two homologous proteins. These studies
suggest that the location of the TSE and the folding
nucleus in the native structure of the protein
depends more on the topology of the native struc-
ture than on the specific protein amino acid
sequence folding into that structure. Several
groups™ > attempted to identify the TSE of some
well characterized globular proteins and obtained
a significant correlation with experimental kinetic
data. However, these models assume the number
of ordered residues as an approximation to the
reaction coordinate for the folding process. The
main difficulty with these studies is that the num-
ber of ordered residues does not characterize the
TSE. Ding et al. (unpublished results) studied the
TSE of the Src SH3 domain and found that differ-
ent conformations with the same number of native
contacts as TSE conformations had drastically
different probabilities to fold. Another simplifica-
tion is the assumption that the folding process
occurs through the meeting and adoption of native
structure of only two fragments of the protein. In
contrast, our method to select TSE conformations
does not depend on the number of ordered

0022-2836/02/$ - see front matter © 2002 Elsevier Science Ltd. All rights reserved
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also contains a short 3,y helix near
the C terminus. (b) Contact map of
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the c-Crk SH3 domain using coordi-
nates of C? as the force center and
cut-off distance D =7.5A. Only

half of the map is shown, because

the plot is diagonal with respect to
the diagonal. (c) Structural align-
ment with FSSP database* of c-Crk

(black), Src (green) and a-spectrin

|Crk (red). rmsd between c-Crk and Src

is 1.4 A, and 2.3 A between c-Crk
and a-spectrin. (d) Superposition

of related contact maps, again
using coordinates of CP as the
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residues, and we employ discrete molecular
dynamic simulations that do not constrain the
number of native elements of structure.

We select the c-Crk SH3 domain®~* (Figure
1(a)), as the representative of the SH3 fold family
(from the FSSP database®?). Currently, there are no
experimental studies on the folding process of
the c-Crk SH3 domain. We aim to understand the
folding kinetics of this protein by performing a
detailed analysis of the TSE and identifying its
folding nucleus. Due to the homology* and high
structural similarity of c-Crk SH3 domain to
Src SH3 (sequence similarity 33%, rmsd = 1.4)
and a-spectrin SH3 (sequence similarity 34%,
rmsd = 2.3) domains,”~**° our model for c-Crk is
virtually identical to that of Src and a-spectrin
(Figure 1(c) and (d)). This similarity allows us to
compare our predictions for cCrk with the
extensive experimental data of Src and a-spectrin.

During the folding process, a protein confor-
mation is part of the TSE only for a small fraction
of the required time for folding, because the free
energy of such a conformation is maximal. Thus,
the probability of a protein being found in the TSE
is minimal. Many folding transitions are needed
for a thorough investigation of the TSE, which
makes the study of the TSE time-consuming for
direct computational approaches. Simplified lattice
models**~? became popular due to their ability
to reproduce a significant amount of folding
transitions in a reasonable computational time.
However, the role of topology in determining the
folding nucleus requires study beyond Ilattice
models, which impose unphysical constraints on

20 . 40 50
residue, 1

60 force center and cut-off distance

D=75A.

dihedral angles. All-atom models are the best
candidates to address the issue of topology, but
these models are computationally difficult to treat
because of the large protein conformational space.
Simplified off-lattice models®>*~> are a compro-
mise between lattice and all-atom models. Here,
we determine the TSE and the folding nucleus of
the SH3 fold by performing kinetic studies of a
protein model. Specifically, we: (a) develop a new,
simplified off-lattice model that reproduces the
experimentally observed thermodynamic proper-
ties of globular proteins, (b) implement the discrete
molecular dynamics algorithm (DMD)>*>**-% to
rapidly test the folding properties of the model;
(¢) apply the local fluctuations method (first
employed by Dokholyan et al.® in the kinetic
studies of a protein-like chain) to determine the
TSE and the folding nucleus of the SH3 fold.

In Results we present the thermodynamic
properties of the folding transition. We also present
the structural characteristics of the identified TSE in
terms of formation of the various secondary struc-
ture elements. Finally, we find the folding nucleus
and discuss its kinetic properties with a cross-link-
ing simulation. We describe in detail the model
and the local fluctuation analysis in Methods.

Results

Thermodynamics

We perform DMD simulations and compute the
equilibrium properties of a model of the SH3 fold
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at temperatures above, at, and below the folding
transition temperature, Tr. The dependence of
average potential energy and related specific heat
versus temperature is shown in Figure 2(a) and (b),
respectively. There is a pronounced increase in the
potential energy and a strong peak in the specific
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Figure 3. Normalized histogram of the potential
energies at Tr (thick line, left scale). The bimodality of
the distribution is characteristic of a first order-like tran-
sition, indicating the strong cooperativity of the folding
transition. On the right scale we show the histogram of
potential energies of the FF ensemble (circled line) and
the UU ensemble (crossed line). The last two distri-
butions are non-zero only within a narrow energy win-
dow centered in the minimum of the energy histogram.

heat at Tr. We define Tr = 0.63 as the midpoint in
the abrupt increase of the potential energy versus
temperature. This temperature coincides with the
temperature for which the specific heat is maximal
(Figure 2(b)). Below T, the structure of the globule
is the same as that of the native state. The average
radius of gyration,” Rg, does not exceed 10% of
the value of Rg in the native state (10 A), marking
the stability of the globular shape (Figure 2(c)). At
each studied temperature below Tf, fluctuations of
Rg around the average value do not exceed 3%,
showing that the globule is never disrupted. The
root mean square displacement** (rmsd) with
respect to the native state is never greater than
2 A, showing that the structure of the globule does
not deviate from the structure of the native state
(Figure 2(d)). Above Ty the globule is fully
unfolded. R; doubles in magnitude, indicating
that the average distance between any two pair of
non-bonded amino acid residues is doubled with
respect to their distance in the native state. Fluctu-
ations of Rg amount to 20% of the average value,
indicating the flexibility of the chain and the lack
of any definite structure. Moreover, the rmsd
exceeds 15 A at all times, demonstrating the loss
of any structural similarity with the native state.
The histogram of potential energies of protein
conformations at Tr is bimodal (Figure 3), a charac-
teristic of the first order-like transition.! At Ty, the
protein exists in two states with equal probability.
The folded state corresponds to the left peak of
the histogram and the unfolded state corresponds
to the right peak of the histogram. The potential
energy difference between the maxima of the two
peaks indicates the existence of a free energy
barrier separating the folded and unfolded states.
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Figure 4. Two representatives of a set of five quenches for our model of the SH3 fold. One of the representatives
reaches the native state while the other goes to a kinetic trap. The potential energy (a) and rmsd (b) evolution for
the two representatives start to differ for times in the range 10° < time < 10*, which are typical times needed for the

folding transition of the model.

Kinetics

We test the folding properties of our model of
the SH3 fold by quenching five different, fully
unfolded conformations from temperature T =
2>Tr to T =0.1 < Tg. Three conformations out
of five fold to the native state, and the remaining
two conformations fold into kinetic traps (Figure

ATurning point

Free Energy

U

F

Reaction Coordinate

Figure 5. Schematic diagram for the interpretation of
turning point conformations. The turning point of an FF
event is the closest conformation to the TSE, but without
crossing the free energy barrier to the unfolded state and
with no unfolding of the protein. Analogously, the
turning point of a UU event is the closest conformation
to the TSE, but without crossing the free energy barrier
to the folded state and with no folding of the protein. If
close enough to the TSE along a hypothetical reaction
coordinate, both FF and UU turning point conformations
share structural similarities with protein conformations
belonging to the TSE. In addition, differences between
FF and UU turning point conformations determine the
folding nucleus contacts, defined as the set of contacts
that are formed at the top of the free energy barrier in a
successful folding event.

4). The average folding time during quenches is
10%

To find the TSE and the folding nucleus, we
employ a modified local fluctuations method.***
While the protein is at thermal equilibrium, we
differentiate between two types of fluctuations
that start in the native conformation: (i) “local”
disruption of the native structure followed by
immediate refolding (FF event) and (ii) successful
unfolding of the protein (FU event). We also
differentiate between two types of fluctuations
that start in the unfolded state: successful (UF)
and unsuccessful (UU) folding events. In FF
events, the protein does not cross the free energy
barrier, but is committed to rapidly descend back
to the native state, which is one minimum of the
free energy. Similarly, in UU events the protein
does not cross the free energy barrier and is com-
mitted to rapidly descend back to the unfolded
state, which is the other minimum of the free
energy.

In the framework of the nucleation scenario for
protein folding, the nucleus contacts form at the
top of the free energy barrier in the successful fold-
ing events. If the nucleus forms, the protein folds
into the native state with high probability. If
the nucleus does not form, the protein unfolds
with high probability. Therefore, we assume the
presence of the nucleus at the turning point of the
FF trajectory, corresponding to the conformation
with the maximal potential energy (Figure 5). Simi-
larly, we assume that the nucleation contacts are
not present in the unsuccessful unfolding (UU)
events (Figure 5). On the other hand, we conjecture
that the turning points of both FF and UU events
are protein conformations with a strong structural
similarity to the conformations of the TSE
ensemble.

We generate two ensembles of turning points,
taken from thermal fluctuations of the protein
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Figure 6. Difference contact probability map (

—fi UU). Regions A and Bwithin the ellipses have positive values,

while all remaining contacts have negative Values "We a551gn the putative foldmg nucleus of the SH3 fold to the cluster
of contacts between the RT-loop and the distal hairpin (cluster A). We do not assign the cluster of contacts between the
two termini (cluster B) as part of the folding nucleus because these contacts are not likely to form in the TSE.

near Tg: one ensemble for FF events and the other
for UU events. If a native contact between amino
acids i and j has a high contact probability, f;, in
the FF (ff7) and UU (fjV) ensembles, the contact
is a candidate to be present in the TSE. We assume
that contacts with a positive difference of (fi" —
£UU) form at the top of the free energy barrier as
f*le protein folds, and thus may be identified as
the folding nucleus. We test this assumption exten-
sively in Methods.

We identify two clusters of amino acid contacts
with maximal difference (ff* — fi’¥) (Figure 6). As
discussed above, both clusters may contain the
folding nucleus of the SH3 fold. One cluster is
formed by contacts between amino acids of the N
and C termini. The other cluster is formed by
contacts between the RT-loop and the distal
hairpin. We find that contacts between the N and
C termini have low probabilities (f; < 0.5) in both
FF and UU turning point ensembles. These con-

tacts are not relevant to the folding process because
they are unlikely to form as the protein crosses the
TSE during folding. In contrast, a cluster of con-
tacts between the RT-loop and the diverging turn
has high contact probability values (0.7 < f; < 1)
in the FF ensemble and moderate values
(0.5 <f;<0.7) in the UU ensemble. Thus, these
contacts form when the protein crosses the TSE
during folding and we assign them to be the
folding nucleus of the SH3 fold. Our findings are
in agreement with simulation studies by Ding et al.
(unpublished results) of the TSE of the Src SH3
domain with a different model of the SH3 fold.
We argue that the cluster of contacts between the
RT-loop and the distal hairpin may be stabilized by
a hydrogen bond network. We find two hydrogen
bonds in the native state of the c-Crk SH3 domain
between amino acid residues E16 and L18 in the
RT-loop, with amino acid M48 in the distal hairpin
(E16-M48 and L18-M48). Both hydrogen bonds
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Figure 7. Putative folding nucleus of the c-Crk SH3
domain. Backbone hydrogen bonds E16-M48 and L18-
M48 bring together the RT-loop and the distal hairpin.
We also find backbone hydrogen bonds in the respective
native states of the a-spectrin SH3 domain®™ (R21-F52
and V23-F52) and the Src SH3 domain (T22-Y55 and
L24-Y55) at structurally equivalent positions.

are interactions of the backbone, while the relative
orientation of the respective side-chains suggest
no interaction between residues (Figure 7). We
find hydrogen bonds in a-spectrin (R21-F52 and
V23-F52)"® and Src (T22-Y55 and L24-Y55) at
structurally equivalent positions.

Next, we present our results for the TSE in terms
of formation of secondary structure (Figure 1) of
c-Crk.

N terminus

Residues 1 to 6; AEYVRA: The first six amino
acid residues form the first B-strand of c-Crk,
which forms along with the C terminus a B-sheet
in the native state. Experimental studies of
a-spectrin and Src''*** show that the B-sheet is
not formed in the TSE. In our simulations, we find
that the 13 native contacts of our model within
the p-sheet have a low contact probability
(0 <f;<0.5) to be present in both FF and UU
turning point ensembles (Figure 8). We also find
that these contacts have higher probability values
in FF turning point conformations than in UU
turning point conformations (Figure 6). This result
is not sufficient to assign these contacts as part of
the folding nucleus, since the contacts are unlikely
to form in the TSE due to their low contact
probabilities.

The N terminus and the diverging turn make
16 contacts in the native state of ¢-Crk, of which
nine contacts have low probabilities (0 < f; < 0.5),
five contacts have moderate probabilities, and two
contacts (A6-K22 and A6-G23) have high proba-
bilities (0.7 < f; < 1). Thus, the N terminus is not
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Figure 8. Contact probability maps for the FF (upper
half) and the UU (lower half) ensembles of turning
point conformations. Contacts within squares are local
contacts for each of the secondary structure elements of
the SH3 fold. Encircled contacts have high contact
probability values (0.7 < f; < 1) and represent the struc-
ture of the TSE, namely: (i) turn of the RT-loop; (ii) con-
tacts between N terminus and diverging turn; (iii)
diverging turn; (iv) turn of the n-Src loop; (v) contacts
between the n-Src loop and the distal hairpin; (vi) puta-
tive folding nucleus contacts between the RT-loop and
the distal hairpin; (vii) distal hairpin.

likely to contact the diverging turn in the TSE.
Residue A6 is located in the c-Crk sequence at the
end of the N terminus, before the beginning of the
RT-loop, and residues K22 and G23 are located at
the beginning of the diverging turn, before the
end of the RT-loop. Thus, contacts A6-K22 and
A6-G23 form in the TSE the structured base of an
elongated RT-loop.

RT-loop

Residues 7 to 19; LFDFNGNDEEDLP: Several
experiments''** show that the RT-loop has no
native structure in the TSE. There are 18 local
native contacts in the RT-loop of our model, the
majority found with moderate (0.5 < f; < 0.7) con-
tact probabilities in the TSE. Contacts in the turn
of the loop (G12-D14, N13-E17, D14-E16 and
D14-E17) have high contact probabilities in both
FF and UU ensembles, thus we conclude that the
turn of the RT-loop is structured to the same
degree in the TSE as in the native structure. In
realizations at temperatures higher than Ty the
turn is still formed while the two strands forming
the loop are unordered, in accordance with the
experiments® *® showing that the rate-limiting
step in the formation of a long loop is the for-
mation of contacts between the two strands,®
while the turn is usually formed. Residues D17
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Figure 9. (a) The histogram of (flfF — fi}JU) values
has two Upeaks, the smaller for contacts with positive
(ffF — fY) values. Most of the contacts have negative
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algorithm we use for FF and UU turning point confor-
mations. (b) Estimation of the error in the value
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) in the two statistically significant regions.
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and P19, located in the middle of one of the
strands, have a high probability to contact with
the amino acid residues across the loop in the
other strand, G12 (fi¥ = 0.8) and N11 (flf =0.81).
However, D17 anél P19 have only moderate
(0.5 <f; <0.7) contact probability with residues
adjacent in sequence to G12 and N11. We conclude
that the structure of the RT-loop in the TSE is not
stable and is flexible.

The number of non-local native contacts between
the RT-loop and the rest of the protein amounts to
28 contacts. Of these 28 contacts, the diverging
turn participates with six contacts and the distal
hairpin participates with 15 contacts. We find
moderate (0.5 < f; <0.7) contact probabilities
between residues L7, E§, D9 and F10 in the begin-
ning of the RT-loop with residues F20 and K22 in
the diverging turn. We find contact D9-K21 with
a high probability (" = 0.71). The 15 contacts
between the RT-loop and the distal hairpin span a
range of all values. Only a cluster of six contacts
(out of the 15) has high contact probability values
(0.7 <f;<1) in the FF ensemble and moderate
values (0.5 <f; <0.7) in the UU ensemble (con-
tacts E16-M48, D17-G47, D17-M48, L18-R46,
L18-G47 and L18-M48). Contacts in this cluster
are more likely to form in the FF ensemble than in
the UU ensemble (Figures 6 and 8). Thus, the con-
tacts form preferentially as the protein crosses the
TSE during folding and we assign them to be the
folding nucleus (Figure 7).

Diverging turn

Residues 20 to 27, FKKGDILR: The turn
(F20-D24) and the B-strand following the turn
(I25-R27) are highly structured in the TSE of both
a-spectrin and Src experiments.""'** There are
five local native contacts in our model, three of
them with high contact probabilities and two with
moderate contact probabilities. Non-local contacts
between the B-strand (I125-R27) and strand B; of
the distal hairpin have high contact probability for
UU turning points and moderate probability for
FF turning points (contacts 126-V39, L27-V39,
126-E40 and 127-E40). Thus, we conclude that
the diverging turn is structured in the TSE as it is
in the native state.

n-Scr loop

Residues 28 to 37; IRDKPEEQWW: In our model
there are 12 native local contacts and only E33-
Q35 and E33-W36, located at the turn, have high
contact probabilities (flfF =0.92,0.73). Residue
W37, located at the end of the loop, has contacts
with the first half of the loop (128—-E33), which is
the part with no secondary structure in the native
state. We find these contacts to have moderate
contact probability values (0.5 <f; <0.7) in the
TSE. We conclude that excluding the structured
turn, the loop is only partially structured in the
TSE. The n-Zrc loop has non-local native contacts
with the distal hairpin, the 3, helix following the
distal hairpin and the N terminus. We distinguish
two different clusters of contacts between the
n-Src loop and the distal hairpin: (i) the beginning
of the n-Src loop forms contacts with the beginning
of the distal hairpin (I28—-N38, 128—A39, R29-A39,
D30-N38, D30-A39) and (ii) the end of the n-Src
loop forms contacts with the end of the distal
hairpin (W36-M48, W36-149, W36-P50, W37-
M48, W37-149). The first cluster is made of con-
tacts with high probability values (0.7 <f; <1),
and is adjacent to the cluster of contacts between
the diverging turn and the distal hairpin, which is
also made of contacts with high probability values.
The second cluster is made of contacts with low to
moderate contact probability values (f; < 0.7) and
is therefore not stable in the TSE. The remaining
non-local contacts with the 3,y helix and the N
terminus have low contact probabilities and are
therefore not likely to form in the TSE.

Distal hairpin

Residues 38 to 50; NAEDSEGKRGMIP: Accord-
ing to experiments in a-spectrin and Src,"'*** the
distal hairpin is the most stable structure in the
TSE of the SH3 fold. These experiments find that
the turn is fully formed and the two B-strands of
the hairpin are brought together, forming part of
the hydrophobic core of the protein. The previous
experiments also identify stable non-local inter-
actions between the distal hairpin and the
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Figure 10. proip analysis of four
different FF turning point confor-
mations. Each box contains the con-
tact map of the initial turning point
conformation, from which 120
simulations with identical initial
amino acid coordinates, but with
different initial velocities, evolve
for 10* time steps. We record the
potential energies of the last five
measurements for each of the 120
simulations, totaling 600 energy
values gathered in the histogram
plot next to the contact map. From
the normalized histogram, we cal-
culate prorp (the number shown
above the histogram) as the area of
the histogram in the potential
energy range (ENS = —160, Emin =
—82). The potential energy gap
between the two peaks of the histo-
grams, averaged over all the histo-
grams, is 70 units. The gap cannot
be accounted for only by the
appearance/disappearance of the
long range clusters (broken ellipses
in (a) and (b)), but because of the

folding/unfolding of the protein. We show in (a) the folding nucleus within the broken ellipse. Conformations
(a)—(c) have prorp >1/2 and correlate with the number of present nucleus contacts. Conformation (d) has
proip < 1/2, but it has only three contacts belonging to the folding nucleus.

diverging turn and partially stable interactions
with the n-Src loop. From our simulations, out
of a total of 18 local native contacts, we find 12
contacts with high contact probability values
(0.7 <f;<1) and four contacts with moderate
values (0.5 <f; <0.7). The turn (542, E43 and
G44) has the highest values, making the turn the
most stable fragment of the hairpin. Thus, we find
that the hairpin is the most stable fragment of the
secondary structure in the TSE of the SH3 fold.
Non-local native contacts with the diverging turn
(11 contacts), the n-Scr loop (13 contacts) and the
RT-loop (13 contacts) have already been discussed
in the previous respective subsections.

C terminus

Residues 54 to 57, VEKY: The C terminus makes
contacts only with the N terminus, already dis-
cussed in the N terminus subsection.

Discussion

Error analysis

We address the question of whether our numeri-
cal results for the different ( fUU) values are
statistically significant or if they are the result of
insufficient sam%hng First, we compute the histo-
gram of ( U) values, which has two peaks,
the smaller one corresponding to the positive
values of (fif —fV) (Figure 9(a)). Next, we

estimate the expected error for each (fi" —f’¥)
value. We assume that the presence of a spec1f1c
contact ij at any time is a random variable, with
an output of 0 or 1. We analyze uncorrelated FF
and UU events separated by at least an interval of
2500 time units, which is longer than the typical
folding transition time. We collect N*f =153 FF
events and NUU = 181 UU events, then estimate
the error in ( fUU) as O'FF + UUU, where

FF(UU) \/(fFF(UU)(l fFF(UU))/NFF(UU)) We deﬁne
—fi’¥) to be statistically significant if Iff

fUUI > oi" + oV and find (fi" — £Y) > 0.06 to be
statlshcally 51gn1f1cant (Figure 9(b)).

f, --FF

Prowo Analysis

We test the hypothesis that the FF and UU
ensembles have structural similarities with the
TSE in two complimentary tests. In the first test,
we assume that the energy is the reaction coordi-
nate for the folding—unfolding transition. This
assumption is supported by the bimodality of the
potential energy histogram at T (Figure 3). We
then estimate the TSE as the set of conformations
with energies within a narrow energy window
centered in the minimum of the histogram, Eni, =
—82. According to this criterion, both FF and UU
ensembles are candidates to represent the TSE
(Figure 3). Even though we accept FF turning
point conformations with energies far above the
minimum of the histogram (Eq¢= —56), we do
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Figure 11. prop analysis of four
different UU turning point confor-
mations. (a) The presence of long

range contacts between the two ter-

mini (broken ellipse) does not guar-
antee prorp > 1/2 because these

contacts are not the folding nucleus
(broken ellipse in (b)). (b) The con-
tact map represents an entangled
conformation. Thus, the protein
unfolds first in order to fold to the
native state, and proip < 1/2 even
though the entangled conformation
contains most of the nucleus (bro-
ken ellipse). Contact maps in (c)
and (d) have most of the contacts
that make the TSE, yet proip is

much lower than 0.5 because they
lack the putative folding nucleus.

not find any FF turning point with an energy
bigger than E = —68, out of an ensemble of 2620
FF turning point conformations. We retrieve 95%
of the FF ensemble with an energy threshold even
closer to E.in, Ew:= —76. We also find analogous
results for the UU ensemble (Figure 3).

The second test is to apply the prorp criterion
according to which a conformation belongs to the
TSE if it has a probability prorp = 1/2 to evolve
either to the folded or unfolded state. If a turning
point conformation is structurally similar to the
TSE conformations, then proip is close to 1/2.
Moreover, if the turning point conformation
belongs to a FF event, the nucleus is likely to be
present and we expect prorp to be larger than 1/2.
Analogously, if the turning point conformation
belongs to a UU event, the nucleus is likely to be
absent and we expect prorp to be less than 1/2.
Thus, prorp is @ measure of the presence or absence
of the folding nucleus in a turning point
conformation.

The proip analysis for one turning point confor-
mation has five steps: (i) random selection of the
turning point conformation; (ii) change of initial
conditions by replacing all amino acids and heat
bath particle velocities with random velocity
values from a Maxwell velocity distribution corre-
sponding to thermal equilibrium at Tr (We perform
the velocity replacement 120 times, creating 120
different initial conditions); (iii) subsequent time
evolution for 10* time steps, which is above the
typical time of folding or unfolding; (iv) collect
the potential energy values of the last five
measurements, giving a total of 5x120 = 600
energy values that we plot in a normalized histo-
gram; (v) compute proip as the area below the

histogram curve in the range of potential energies
(EN$ = —160, Eyn = —82).

We compute an estimate of the average proip for
the FF ensemble, (prorp)rr, With the analysis of 16
randomly selected FF turning point conformations
totaling 16 X 120 = 1920 different conformations
plus initial conditions. Once simulations are over,
we find that 1113 fold and 807 unfold, thus
{proLp)pr = 0.58. The same analysis on 13 ran-
domly selected UU turning point conformations
produces 1560 different conformations plus initial
conditions, of which 622 fold and 938 unfold, thus
(proLp)uy = 0.40. The difference of (prorp) with
respect to 1/2 states the preference of the FF (UU)
ensemble toward the folded (unfolded) state. As
expected, we find that both proip values are close
to 1/2, indicating the closeness of both FF and UU
ensembles to the TSE.

In addition, prorp analyses quantify the ability of
the various structural elements of the TSE to bias
the protein toward the folded or the unfolded
states. For this study, we randomly select eight FF
turning point conformations and eight UU turning
point conformations with different contact maps
and perform prorp analysis for each of them.

We find seven out of the eight FF turning point
conformations with prorp = 1/2 (Figure 10), and
the correlation coefficient between prorp and the
number of present folding nucleus contacts is 0.98.
The coefficient drops to 0.86 when we include the
turning point conformation with prop <1/2
(Figure 10(d)). A similar analysis of prorp versus
number of present contacts between the two
termini gives a correlation coefficient of 0.0. In the
analogous analysis of the UU ensemble, we find
two turning point conformations with prorp > 1/2.



872

SH3 Domain Thermodynamics and Folding Kinetics

nucleus linked |
0.02 | termini linked |
!
S
0.01 4
o ,,,,,
-160 -110 -60 -10

Potential energy (E)

Figure 12. Potential energy histogram for two cross-
linking simulations at T = 0.64. Protein with linked
termini has a bimodal histogram with equal probability
for the folded and the unfolded states (light line). In
contrast, the protein with a linked folding nucleus (thick
line) has three times more area under the left peak than
under the right peak, thus favoring the folded state
more than the unfolded state.

The two conformations with prorp > 1/2 contain
the folding nucleus, thus belonging rather to the
FF ensemble than to the UU ensemble. We find
that conformations with no folding nucleus
contacts and with no contacts between termini
have the lowest prorp values (Figure 11). It is inter-
esting to observe that one of the eight UU turning
point conformations contains most of the folding
nucleus contacts, yet prorp equals only 0.24 (Figure
11(b)). Inspection of the structure reveals that this
conformation is entangled and it is necessary for
the protein to unfold first in order to fold to the
native state. In summary, prorp analysis confirms
that the putative folding nucleus plays an impor-
tant role in the folding transition.

Cross-linking of folding nucleus

We explicitly confirm the effect of a specific
folding nucleus contact in the stability of the pro-
tein by a cross-linking simulation, in which we
impose a permanent bond in the nucleus contact.
A permanent bond reduces the entropy of the
unfolded state and leaves the entropy of the folded
state unchanged, thus increasing the probability of
the folded state. At Ty, the probability of the folded
and unfolded states must be equal and therefore,
the folding temperature of the cross-linked protein,
Trnew is large than the original folding tempera-
ture, T First, we perform a control simulation
in which we cross-link the N and C termini by
imposing a permanent bond between Y3 in the N
terminus and Y57 in the C terminus. We selected
this contact because cross-linking of the termini of
a homopolymer maximally changes the entropy of

the unfolded state. We find a temperature Tgpew =
0.64 such that the histogram of potential energies
has equal probabilities for the folded and the
unfolded states. The new folding temperature is
close to the original temperature Tr = 0.63. Next,
we perform at Tgn.. a different simulation in
which we replace the putative folding nucleus
contact E16-M48 by a permanent bond. We find
that the folded state is roughly three times more
probable than the unfolded state (Figure 12) and
conclude that E16-M48 is a folding nucleus
contact that favors the folded state more than the
control termini contact Y3-Y57.

Conclusion

We perform systematic thermodynamic and
folding kinetic studies of a model of the SH3 fold
with DMD. We find a strong cooperative transition
at a specific folding temperature. We find that the
structure of the TSE in simulations is similar to
the structure emerging from experimental studies
of SH3 fold members Src and a-spectrin. We
predict the TSE of the SH3 fold to have the distal
hairpin and diverging turn structured as in the
native state. The n-Src and RT loops are structured
but flexible, and do not adopt the native con-
formation except for their turns, in contrast with
previous theoretical predictions® ™ where the
RT-loop was fully ordered in the TSE. The reason
for the disparity may be due to the assumption of
these studies that each amino acid has only two
possible configurations, either ordered as in the
native state or disordered. While this assumption
may be more appropriate for amino acids that
adopt a o-helix, B-strands or tight turn confor-
mation in the native state, it overemphasizes the
change of entropy for amino acids with no second-
ary structure, like the RT-loop. We address the role
of flexibility on the change of entropy with our
protein model, which reproduces a strong coopera-
tive transition yet does not over-restrict the
number of accessible conformations of each amino
acid.

We predict that the folding nucleus forms when
E16, D17 and L18 in the RT-loop form contacts
with R46, G47 and M48 in the distal hairpin. We
hypothesize that the backbone hydrogen bond net-
work E16-M48 and L18-M48 is the folding
nucleus of c¢-Crk. Due to the structural similarity
between c-Crk and other members of the SH3 fold
family (Figure 1(c) and (d)), our results are not
only applicable to c-Crk, but to these members as
well. Analogous hydrogen bonds are found in the
native states of a-spectrin (R21-F52 and V23—
F52)"® and Src (T22-Y55 and L24-Y55) SH3
domain proteins. The variety of amino avids (E,
M, L, V,R, E T YY) involved in the two backbone
hydrogen bonds of c-Crk, Src and a-spectrin
altogether, indicates that backbone interactions are
resilient to evolutionary pressure and, thus, pro-
vide a way to conserve the dynamics of folding.
Experimental verification of our prediction may
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Figure 13. Interaction potentials used between each
pair of amino acid residues (a) Covalent-like bonding
for neighboring amino acid residues along the backbone.
dNS, is the native distance between two particular
neighbor CPs (C* in case of Gly). (b) Attractive inter-
action with strength ¢ for the native contact formed by
amino acid i and amino acid j. We set a repulsive barrier
due to excluded volume slightlgl below their mutual
distance in the native state, dﬂ (we take O.99><d{§5).
(c) Repulsive barrier between amino acid i and j when
their native distance is bigger than the predefined cut-off
distance D = 7.5 A.

come from an attempt to inhibit formation of
hydrogen bonds. According to our prediction, inhi-
bition of formation of the hydrogen bond network
E16-M48, D17-M48 in c-Crk, R21-F52, V23-F52

(a)

A\

_FF _______

-150

in a-spectrin and T22-Y55, L24-Y55 in Src would
reduce the folding rate of these proteins.

Methods

Model

As the unfolded protein approaches the TSE, the
number of allowed conformations reduces drastically,
resulting in an abrupt decrease of entropy." A successful
model for protein folding must reproduce this abrupt
entropy reduction. Flexibility is the main factor contri-
buting to entropy and thus, it is crucial to define an
appropriate set of effective constraints among amino
acids. First, we study the folding transition of the SH3
fold with the beads-on-a-string model.” We find that
the protein folds into the native state by passing through
a series of meta-stable intermediates, giving the beads-
on-a-string model a flexibility that does not reproduce
the cooperative transition experimentally observed in
globular proteins. Next, we introduce a set of additional
constraints among amino acids in order to make the fold-
ing transition strongly cooperative.

We use the G6 model”~"* of interactions (Figure 1(b)),
determined with the knowledge of the native topology
of the protein under study. We represent each of the 57
amino acid residue by beads centered in their respective
CP coordinates' (C* in case of Gly). We model the pep-
tide bond between to neighboring amino acids i and
i+ 1 along the sequence by a narrow, infinitely high
potential well (Figure 13(a)), so that the bond length can
fluctuate within 2% of the distance in the native state,
dNS,, between the CP coordinates of the two amino
acids. We define a contact between two non-bonded
amino acids i and j to be a native contact when the dis-
tance between their respective CP is in the native state,
dNS, is smaller than some predefined cut-off distance D.

e use C* in case of Gly. We plot the resulting set of
native contacts on the contact map (Figure 1). We model
a native contact between amino acids i and j by an attrac-
tive square-well potential®*”*”" of depth & with a hard-
core distance 0.99><d§IS and an attraction distance D

Figure 14. (a) A diagram of the
histogram of potential energies at
Tr. The two peaks with respective
energies E; and E, correspond to
the folded and unfolded states.
Crossing the peaks are schematic
diagrams for FF and UU events.

-50 An FF event originates below the E;

level, crosses the minimum of the
Q histogram but not the E, level and
5 finally returns below E; Analo-
§ gously, a UU event originates

above the E, level, crosses the mini-
mum of the histogram but not the
E; level and finally returns above
E.. (b) Typical trajectory of the
potential energy of the protein at
Tr. Some of the FF (up triangle)
and UU (down triangle) turning
point conformations are marked.
Note that FF turning point confor-
mations have higher potential
energies than UU turning point
conformations.
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(Figure 13(b)). If two amino acids are neither neighbors
along the sequence, nor form a native contact, i.e. if
dNS > D, we model their interaction by a hard core
potential barrier located at distance D (Figure 13(c)).
The latter constraint stiffens the backbone, a property
reported to increase the cooperativity of the coil-to-
globule transition.’”*”* In our model ¢ = —1, D = 7.5A”
and all amino acids have unit mass.

We thermally equilibrate the protein model with a
heat bath by elastic collisions between the amino acids
and a 10° heat bath particles. The total energy of the
system, consisting of the protein chain plus the heat
bath particles, is conserved. We set the initial tempera-
ture of the system by adjusting the kinetic energy of all
the particles and we define the temperature of the
simulation, T, as 2/3 of the time average kinetic energy
per particle in units of lel/kg. We perform simulations
for 10° time units in the range of temperatures
0.1 < T <0.8. Near Ty, we increase the simulation time
to 10° time units to make a more precise determination
of Tr After each simulation is equilibrated for 10* time
units, we compute time averages of the temperature T,
potential energy E (measured in units of lel), specific
heat C, (computed from fluctuations of the potential
energy), radius of gyration R, and root mean square
distance rmsd.**

Kinetics

In the narrow temperature range near the folding tran-
sition, the protein frequently undergoes reversible fold-
ing and unfolding transitions (on average, one
transition per 4 X 10° time units). The distribution of the
potential energy at Ty is bimodal, with two well-
separated peaks centered at E; and E,, corresponding to
the folded and unfolded states, respectively (Figure
14(a)). At this temperature, we define an FF event as a
fluctuation that: (i) begins in the folded state with a
potential energy below E; (ii) crosses above the mini-
mum of the potential energy histogram, E,.;; (iii) reaches
a maximum potential energy which must be smaller than
a threshold energy Ew¢=(1— o)Ef+ aE,, where
0.5 <a <1 is a predefined constant and (iv) returns to
the folded state with an energy again below E;. We
introduce the thresold energy Eg.¢ < E, in order to dis-
criminate FF events from successfully unfolding (FU)
events in which the potential energy exceeds E,. Simi-
larly, we define a UU event as a fluctuation that: (i)
begins in the unfolded state with a potential energy
above E,; (ii) crosses below the minimum of the energy
histogram, E,.; (iii) reaches a minimum potential
energy, that must be larger than a threshold energy
Ethu = (1 — 0)Ey + aEf with the same constant o and
(iv) returns to the unfolded state with an energy again
above E,.

We define the turning point conformation of an FF (or
a UU) event to be the confirmation with the highest (or
lowest) potential energy reached during such an event.
We generate ensembles of FF and UU turning point con-
formations from a set of ten simulations at Ty each
5% 10° time step units (Figure 14(b)). We fix the energy
thresholds Eg and Eg,. by choosing the parameter
a = 7/8. For each native contact, we measure its prob-
ability fIF to be found in the FF turning point ensemble
and its probability £’V to be found in the UU turning
point ensemble. Due to the specific sampling algorithm
of FF and UU events that we use, FF turning point con-
formations have higher potential energies that UU turn-

ing point conformations. Consequently, FF turning point
conformations have less number of native contacts than
UU turning point conformations. As a consequence,
(fi" = fi’V) is negative for the majority of native contacts.
However, some contacts have positive ( fuFF — fIY) differ-
ences and we select these contacts as candidates for the

folding nucleus.
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