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The transition-state ensemble (TSE) is the set of protein conformations with
an equal probability to fold or unfold. Its characterization is crucial for an
understanding of the folding process. We determined the TSE of the src-SH3
domain protein by using extensive molecular dynamics simulations of the
GO model and computing the folding probability of a generated set of TSE
candidate conformations. We found that the TSE possesses a well-defined
hydrophobic core with variable enveloping structures resulting from the
superposition of three parallel folding pathways. The most preferred
pathway agrees with the experimentally determined TSE, while the two
least preferred pathways differ significantly. The knowledge of the different
pathways allows us to design the interactions between amino acids that
guide the protein to fold through the least preferred pathway. This
particular design is akin to a circular permutation of the protein. The finding
motivates the hypothesis that the different experimentally observed TSEs in
homologous proteins and circular permutants may represent potentially
available pathways to the wild-type protein.
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Introduction

set of conformations corresponding to the minimum
saddle point in a high-dimensional free-energy

The folding process of many small globular
proteins can be thermodynamlcally characterized
as a two-state process.'”” A subset of the conforma-
tions not belonging to these two states forms the
transition-state ensemble (TSE),>° which can be
defined as either (i) the set of conformations with the
same folding and unfolding probabilities or (ii) the

*Corresponding author. E-mail address:
arlam@buphy.bu.edu.

Abbreviations used: TSE, transition-state ensemble; DH,
distal hairpin; RT, RT loop; DT, diverging turn; NT, N
terminus; DCO, differential contact order.

landscape between the folded and unfolded states.
Determination of the TSE structure allows one to
mod1fy the folding rate of a protein by rational
design” and describe folding intermediates not
directly observed in experiments.

The overall TSE structures can be resolved to low
resolution using the d-value analysis,® which deter-
mines changes in the free-energy profile after a point
mutation®'! if one assumes the preservation of TSE
structure after a mutation. The d-value analysis is
suited for proteins folding through a well-defined
pathway, but it may resultin an average TSE structure
if more than one folding pathway is kinetically
available. For instance, the existence of different

0022-2836/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
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folding pathways in the 27th 1mmunoglobuhn
domain of titin was directly observed'” as the authors
varied the denaturant concentration, and other
experimental'® and computational'* studies report
proteins that switch their preferred folding pathway
after changes in the environmental conditions. Also,
different TSEs were observed in homologous
proteins'®™"” and circular permutants.'®'? These
observations point to the existence of different folding
pathways. From an evolutionary standpoint, TSE
conservation may not be necessary if mutations
preserve the fold. However, evolutionary pressure
affecting folding rates may effectively lead to con-
servation of TSEs.” From the multldlmensmnal free-
energy landscape V1ewp01nt, ! certain mutations may
alter the height of the different energy barriers
separating the native basin from the unfolded
conformations. This rearrangement of the landscape
may result in the emergence of a new preferred
folding pathway and TSE, along with the same native
state.

The computational methods of finding the TSE of
small proteins have given promising results in recent
years.?2733 However, it is still impossible to trace the
folding of an atomic explicit-solvent model of a
protein. Thus, the attempts to find the TSE are made
by using coarse-grained models of a protein. Several
computational works have implemented different
approaches to determine conformations that belong
to the TSE by introducing either the existence of a
transmlssmn coefficient as a single transition coor-
dinate® or no assumption of a reaction coordinate
whatsoever.”> Many groups employed the concept
of reaction coordinate,?+27-29,30,32,36-42 which aims to
record conformations associated to the maximum
value of the free energy. Near the folding tempera-
ture Ty, the Go model of small proteins such as SH3
domain allows production of hundreds of folding
and unfolding transitions during computationally
accessible simulation times. Thus, it is possible to
perform accurate analysis, Proq, for a large number
of conformations obtained during these successful
folding events. Ppoq analysis of the Go model
conformations provides a high-resolution TSE of
the protein under study, allowing for the construc-
tion of detailed amino acid contact maps.

Using the Go model, Borreguero et al.** suggested
that the TSE ensemble of the src-SH3 domain consists
of partially formed R-hairpins and a long-range
contact between the distal hairpin (DH) and the RT
loop (RT). The hydrogen bonds L18-M48 and E16—
M48 specifically are part of the folding nucleus. In
contrast, the contacts between the termini (although
more abundant in the unsuccessful unfolding events
than in the unsuccessful folding events) were found
in the TSE with small probability, from which it was
concluded that they are not representing the main
folding pathway of the src-SH3 Similar conclusions
were drawn by another group® where the d-value
analysis of src-SH3 domain was performed with 58%
correlatlon with experimental values. Borreguero et
al." suggested that there are two folding pathways
of src-SH3 domain: fast and slow. The fast pathway

involves formation of the RT-DH contacts, while in
the slow pathway the contacts between the termini
and the diverging turn (DT) are first formed. This
slow pathway gives rise to an intermediate state at
low temperatures.

One can argue that although the Go model gives
detailed predictions of the TSE, these predictions
can be wrong, because the Go model does not use
the correct energetics of the amino acid 1nteract10ns
The importance sampling technique of Ding et al.,*
based on the use of the potential energy and rad1us
of gyration as reaction coordinates, determined the
putative TSE of the src-SH3 domain. This putative
TSE does not contain the RT—DH folding nucleus
determined by Borreguero et al.,** but contains the
long-range termini contacts correspondmg to the
slow folding pathway."” Thus, realistic energetics
may result in an alternative pathway, which the Go
model tends to avoid. However, both termini in the
src-SH3 domain have small experimental & values,
while DH has high & values, suggesting that the
kinetic predictions of the Go model are more
accurate than the thermodynamic predictions of
importance sampling, which may completely miss
the real TSE. Thus, these studies show that the
kinetic Go model has a large potential to determine
the TSE. Indeed, the Go model excessively samples
all topologically possible folding trajectories and
thus must contain the true TSE. The true amino acid
energetics may alter the probability of the possible
pathways. Accordingly, the most preferred pathway
of the GO model may not be the correct most
preferred pathway. The differences in the experi-
mental TSEs of Sso7d, a- spectrm and the src-SH3
found by Guerois and Serrano,*” of which all three
proteins have similar folding, prove this assertion.
Nevertheless the Go model dramatically narrows
down the putative TSE and thus generates very
specific experimentally verifiable predictions.

Several computational studies have investigated
the properties of circular permutants of the SH3
domain, S6, and chymotrypsin inhibitor 2.72!%
These studies find that differences between the
folding mechanisms of the permuted and wild-type
proteins are strongly related to the change in their
sequences. Using @ values and modifying the
energetics of certain set of contacts in a protein, we
can characterize the possible pathways through
which the protein folds, and determine both which
contacts are preserved and which contacts could be
used to modify the preference of a possible pathway
in the TSE structure.

In this paper, we further develop the refinement of
the Go model predictions by dissecting its putative
TSE into three clusters, each cluster representing a
different structural rearrangement by which the
protein may cross the free-energy barrier en route to
its native fold. Our goal is to determine not only the
preferred folding pathway of src-SH3, but also any
additional pathways compatible with the native
state. Moreover, we show that we can make one of
those pathways to be dominant by altering the Go
model energetics. Pande et al.*’ reported the
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Fig.1. Contact maps for TSE and clusters. (a) Upper triangle, native contact map. Lower triangle, average contact map
of the TSE. (b) through (d) The partition of TSE into three clusters. Upper triangle, contact map of the cluster
representative. Lower triangle, average contact map of the cluster. Percentage value on top of the graphs indicates

percentage of total TSE.

existence of transition-state classes by using the Pro14
method on different lengths of polymers and they
found that fast-folding proteins contain a single
transition-state class that can go from one state to
another through different pathways.

Results

Determination of the transition-state ensemble

We generate 114 folding events at equilibrium
conditions and extract 5200 TSE candidates within
the [-90, 80] energy window. We employ the Pgo4
value test to filter out those conformations belong-
ing to either the folded or unfolded states that are in
the aforementioned potential energy window for a
short period of time (see Methods). We deem a
conformation as a TSE member if its Pg,q value is
located within the [0.4, 0.6] probability range. Out of
the 5200 candidates, 1525 conformations turn out to

be TSE members after the Pg,q value test. We
calculate the probability of every native and non-
native contact to be present in the set of 1525
conformations and plot all contact probabilities in a
grayscale contact map (Fig. 1a, lower triangle). The
division of the sequence into the native loops and
hairpins allows us to coarse-grain the contact map
into a series of medium- and long-range clusters of
contacts (Fig. 1a, upper triangle). We group contacts
(i) within the RT loop (RT-RT), (ii) within the
diverging turn (DT-DT), (iii) within the n-Src loop
(SL-SL), (iv) within the distal hairpin (DH-DH), (v)
between the N terminus and the diverging turn
(NT-DT), (vi) between the RT loop and the distal
hairpin (RT-DH), and (vii) between termini (NT-
CT). The contact probability for each of these groups
of contacts is the average of the contact probabilities
for all the contacts included in the group, and we
present these probabilities in Table 1. The TSE has
the highest probabilities for DT-DT, DH-DH, and
RT-RT, while NT-CT contacts have the lowest

Table 1. Average percentile probability of segments of the protein (defined in Fig. 1a) for TSE and clusters

NT-DT RT-RT CT-NT RT-DH SL-SL DH-DH DT-DT
TSE 51.35 72.34 10.61 51.07 63.82 67.19 66.77
C1 50.35 72.42 4.03 55.98 65.94 67.37 70.22
C2 58.41 66.62 48.34 0.03 63.70 71.94 42.24
C3 57.36 85.91 73.70 65.01 10.87 50.04 46.42
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probabilities. The rest of the contacts have moderate
probabilities.

Are contacts with moderate or low probability
values mere accessory contacts, uncorrelated to the
presence/absence of other contacts? To address this
question, we partitioned the TSE into clusters (see
Methods) and obtain three clusters with differen-
tiated secondary and tertiary structural charac-
teristics. In particular, no two clusters share the
same pattern of contacts between different loops
and hairpins. When compared to the native state,
cluster 1 (C1, Fig. 1b) lacks NT-CT, cluster 2 (C2,
Fig. 1c) lacks RT-DH, and cluster 3 (C3, Fig. 1d)
lacks SL-SL contacts. We show in Table 1 the actual
contact probabilities between the different loops
and hairpins for the three clusters. We also consi-
dered a finer partition of the TSE containing four
clusters but it did not provide any additional
pathways. The populations of the clusters vary
considerably. C1 comprised 87.13% of the TSE, C2
9.4%, and C3 3.47%. C1, with the highest popula-
tion, represents the preferred folding pathway. In
all three clusters, the contact map of the represen-
tative conformation (Fig. 1b—d, upper triangle) is
similar to the average contact map (Fig. 1b—d,
lower triangle), indicating that each cluster is co-
hesive. Within each cluster, we observe regions
having significantly higher contact probability than
other regions (see Table 1).

N-terminus

®-Value analysis

We calculate & values (see Methods) for the
TSE and for each one of the four clusters (Fig. 2).
We compare predicted and experimental ¢ va-
lues***’ by the computation of the correlatlon coef-
f1c1ent 7, and w1th the average deviation o?=(1/N)
Zl 1((I)th—(1)exp) and correspondmgp value, assum-
ing a null hypothesis in which the predicted ®
values are independent of each other and randomly
distributed within the [-0.22, 1] range, where —0.22
and 1 correspond to the minimum and maximum &
values recorded in protein-engineering experiments
of the src-SH3 domain®**° (Table 2). A low o value
indicates agreement between predicted and
observed @ values, in which case the p value is
also small. Predicted & values for the TSE have
r=0.56, 0=0.34, and p=0.22 to experimental values,
indicating a semiquantitative agreement. C1 has the
best fit among all three clusters (r=0.39), followed
by C2 (r=0.08) (Table 2). C3 is the least populated
cluster and its fit parameters r (r=—0.39), ¢, and p
show disagreement with experimental & values. In
particular, the p value indicates a fit no better than
randomly expected. An important result is that the
computed TSE has a higher correlation with the set
of experimental ® values than with any of the three
clusters. Thus, it is the combination of all three
folding pathways that characterize the TSE. Because

RT-loop Diverging Turn n-Srcloop Distal Hairpin 3, - helix and C-terminus
T T

Experiment

TSE

Cluster 1

®-values

Cluster 2

Cluster 3

TSE (Mutant)

Amino Acid Index

Fig. 2. Experimental (upper panel) and computed & values for the TSE, the three clusters, and the TSE for the mutant.
Alternating white and gray boxes differentiate between six consecutive elements of secondary structure labeled at the
upper panel. For comparison, we plot the experimental & values in the dashed line.



1352

Parallel Folding Pathways in the SH3 Domain

Table 2. Correlation coefficient and p value between calculated and experimental & values

r ALL NT RT n-Src DH CT DCO  DCO’
TSE 056 022(0.34) 020(041) 034045 011 (0.11) 033 (045 0.17(0.23)  0.10 (0.12)

C1 039  026(0.39) 028(0.51) 0.37(047) 0.19(0.26) 0.30(043) 020(0.28)  0.10(0.13) 1.00  1.00
2 008 0.35(047) 042(0.62) 020(0.31) 020(0.28) 0.40(0.52) 029(0.38)  0.67(073) 161 051
C3 -0.39 089 (0.81) 0.75(0.83) 0.66 (0.64) 0.65 (0.51)  0.63 (0.66) 0.35(0.423) 1.00 (191) 2.61 048
Mutant —054 078 (0.73) 0.87(0.92) 097 (0.88) 0.18 (0.25) 034 (047) 075 (0.64)  0.93 (0.98)

The numbers between parentheses correspond to o. ALL, whole sequence; NT, N terminus; RT, RT loop; DT, diverging turn; n-Src, n-Src
loop; DH, distal hairpin; CT, C terminus. Last two column indicate differential contact order before (DCO) and after (DCO’) circular

permutation with cleavage at the n-Src loop.

different fragments are more structured in some
particular cluster, we compared computed and
experimental @ values when restricted to different
regions of the protein (Fig. 2). C1 had low p values
except for the first 20 amino acids including some
residues in the RT loop for which the computed &
values are significantly larger than the experimen-
tal ones, indicating that they may be overstruc-
tured in the Go model. This is not surprising, since
the Go model does not take into account the
absence of strong hydrogen bonds in the RT loop
and treats them in the same way as those in the
more stable R-hairpins. This raises the question of
whether the DH-RT contacts predicted by Borre-
guero et al.*® to be the folding nucleus do indeed
have this role. Cluster C2 has good agreement
with the experiment in the RT loop (RT-DH
contacts are not formed) but has no agreement
with the experiment for the termini, which are
overstructured and form contacts in the Go model.
Cluster C3 has no agreement with the experiment
for any structural elements, and correspondingly
has a negative correlation coefficient. C3 has both
RT-DH and NT-CT contacts, which seem to be
serving as folding nuclei in the two different
folding pathways of the Go model, represented by
C1 and C2, respectively. The Go model presents a
clear picture of folding: the secondary structural
elements are partially formed in the unfolded
state; still, its conformational space is too large and
the potential energy landscape is flat. The protein
spends a certain amount of time searching along
this flat landscape until it finds the funnel to the
native state, at which point one of these two long-
range groups of contacts is formed. This point
corresponds to the overcoming of the entropic
barrier. Whether this picture is correct remains an
open question. In the TSE found by the impor-
tance sampling of the all-atom model of Ding
et al.,** the RT-DH contacts are not present at all
and the NT-CT contacts have relatively small
probability, which is in disagreement with the Go
model TSE. On the other hand, -sheets are well
formed, which is in agreement with the Go pre-
dictions. It is possible that the formation of RT-DH
contacts in the TSE is an artifact of the Go model,
but in this case the folding nucleus of the SH3
domain is still unknown. Only careful experiments
specifically targeting these long-range contacts
may resolve it.

Weak termini linkage and pseudocircular
mutation

In order to change the preferred folding pathway,
we implement a multiple point mutation (see
Methods) that changes the energies of amino acid
interactions from e;; to €j;=¢€;(1+AP;;/«), where AP;;
is the probability that residue i will contact residue j
for C3 conformations, minus the probability that i
will contact j for C1 conformations. « is a tunable
parameter indicating the strength of mutation. This
mutation reinforces native contacts that are more
probable in C3 than in C1 (AP;;>0). We empirically
determine a=4. This value ensures that the new
contact energies preserve the native structure and
the two-state character of the folding process. Lower
values of a parameter resulted in kinetic trapping.
According to C1 and C3 conformations (Fig. 1b and
d), the mutation amounts to a strengthening of con-
tacts between termini and a weakening of contacts
within the n-Src loop. In the extreme case (a=0), this
mutation would produce contact energies strong
enough to permanently bind the termini and weak
enough to prevent the formation of any secondary
structure in the n-Src loop, thus greatly enhancing
the local entropy of this region. Other than the actual
cleavage of the sequence, this mutation is akin to a
circular permutation with cleavage in the n-Src loop.

After mutation, the energy of the native state is
—162.66 (a 1.7% negative increase in energy). The
contact map of the mutated TSE is similar to that of
the wild-type TSE (Fig. 3). There are differences in
NT-CT, SL-SL, and DH-DH contacts. The partition
of the mutated TSE contains four clusters, three
of them (C1, C2, and C3) having corresponding
analogous clusters in the wild-type TSE (Fig. 3b—d).
There is a new cluster, which we term cluster 4 (C4),
with no analogous cluster partition in the wild-type
TSE (Fig. 3e). C4 shows no DH-DH contacts, while
this set of contacts is present in all clusters of the
wild-type TSE and is part of the core in the
experimentally observed TSE. The cluster popula-
tions are markedly different from those of the wild-
type TSE. C1 comprises 18% of the whole TSE (a 3.2-
fold reduction), C2 comprises 16.2% (a 2.9-fold
increase), C3 comprises 38.3%, and C4 comprises
27.5%. Thus, C3 (an 11.0-fold increase) becomes the
preferred folding pathway after mutation. & values
of the mutated TSE (see Fig. 2) are strongly antic-
orrelated to experimental & values (r=—0.54, Table
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Fig. 3. Contact maps for TSE and clusters after mutation. (a) Lower triangle, average contact map of the TSE before
mutation. Upper triangle, average contact map of the TSE after mutation. (b)-(e) Upper triangles, representative of the
clusters. Lower triangles, average contact maps of the clusters.

2), indicating the effectiveness of the mutation in
selecting a TSE unrelated to the experimental TSE,
while preserving the native state and the two-state
character of the folding process.

Discussion

The preferred folding pathway of src-SH3 domain
was recently investigated.*® This study validated our
simplified protein model, as it reproduces the
experimentally observed two-state folding and the
main structural features of the TSE. These results
encouraged us to obtain a detailed description of
the TSE.** However, the elusive nature of the TSE
conformations (being a maximum of the free energy)
makes its determination a time-consuming process
and prone to errors, hence the need of simplified
models to reproduce enough number of folding
events to achieve statistical significance in the re-
sults. The use of experimental & values in simu-
lations**** allows one to alleviate the sampling
problem by effectively restricting the conformational
search in the neighborhood of the preferred folding
pathway. However, we did not use this technique
since it precludes observation of less visited path-
ways that have no correlation to the experimental
@ values, like cluster C3. An interesting variation
employed by Hubner et al>! is the use of all-atom
models using only one subset of the ® value set as
restraints. In their study, the authors found that the
structure of the TSE was not uniquely defined by the
selected subset. Klimov and Thirumalai®”* sug-
gested the heterogeneity of the TSE in a protein
lattice model. They interpreted that the conforma-
tions are grouped in distinctive TSEs that lead to a
diversity of pathways. Later, Klimov and Thiruma-

lai*® used coarse-grained models to represent a set of
a/p proteins and determined that the particular
arrangement of the secondary structure elements is
correlated with the diversity of folding pathways.
They point out that a dominant folding pathway
through a unique specific nucleus is expected to
appear for proteins with different arrangement of
helices and strands in the termini, as in the SH3
domain. We observe a dominant folding pathway
with dominant nucleus in the TSE (the biggest cluster
makes for 87% of all TSE conformations) in our
folding simulations, and also in accordance is our
observation of a depolarization of the TSE (the
biggest cluster now makes for 38% of all TSE
conformations) after the multiple point mutation.
This mutation is similar to a circular permutant with
cleavage in the Src loop, and this permutant has a
more similar arrangement of secondary structure in
the new termini. According to the observations of
Klimov and Thirumalai, the permutant should have
a TSE less polarlzed than the wild-type protein.
Ding et al.** employed both a full-atom and a two-
bead protein model with a Pg.4 analysis to obtain
TSE conformations. They explored three Pry4 ranges
([0, 0.2],[0.4, 0.6],[0.8, 1.0]) in order to observe the
transition state before and after the conformations
reached the top of the free-energy barrier. The
clustering algorithm that they used generated a
much larger number of clusters since they imposed
an rmsd cutoff of 3 A between conformations of the
same cluster. They observe that a conformation
belongs to the TSE if it has the following set of
contacts: NT-CT, NT-DT, and central p-sheet
formed by DT-SL-DH. Also, they put the restriction
that the presence of only one of these contacts in a
conformation does not guarantee that it belongs to
TSE. Our results concentrated on the [0.4, 0.6]
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probability range and we made the clustering with
no rmsd cutoff between cluster members (see
Methods) and with no limit in the cluster population.
We obtained three clusters and even with the
limitations of our approach, these clusters present
the set of contacts that Ding et al.** observed. C1 has
NT-DT contacts and a central p-sheet well formed;
C2 has NT-CT and NT-DT contacts and C3 has
NT-CT and NT-DT contacts and a light 3-sheet. The
refinement of the clustering algorithm and the
criteria to define the TSE members indicate that
this protein has local structural variability and the
diversity of these structures lead to the multiple
folding pathway scheme. With changes in the
strength of specific contacts (point mutation), we
obtained a small number of folding pathways for the
mutated TSE of which two of these folding pathways
are present in the wild TSE and a new one emerges in
the conformations. It indicates that the mutated TSE
presents some level of homogeneity with respect to
the wild-type TSE.

Goldbeck et al.>* used circular dichroism measure-
ments on a globular protein, cytochrome ¢, and they
determined heterogeneity in the kinetics of early
folding events that is consistent with the dynamics
for an ensemble of pathways on the energy land-
scape. Other studies by Bieri and Kiefhaber™
observed the folding of lysozyme. They determined
that after a rapid collapse, the kinetics of the protein
takes two folding pathways, where the fast pathway
leads directly to the native structure, whereas the
slow pathway goes through a partially folded
intermediate with nativelike secondary structure in
the o domain. Recent experiments with proline-free
Staphylococcal Nuclease made by Kamagata et al.”®
concluded that the protein has multiple parallel
folding pathways, although each one includes one
metastable intermediate. They suggest that even
proteins with no apparent folding intermediates
may fold though parallel pathways, a hypothesis
observed in our studies of the src-SH3 domain.

The overall structure of the computed TSE shows
good agreement with experimental results, with a
stable core formed by the distal hairpin and
diverging turn, concomitant to unstructured termini.
As in the experiment, we observed intermediate ®
values that could be the result of an average over two
or more parallel folding pathways, where some
contacts are absent in one pathway but present in
others, a scenario proposed by the authors.”*® Still,
we find that most of the residues have intermediate
& values in all three clusters. In addition, since
clusters C2 and C3 have a relatively low population
when compared to C1, most of their ® values bear
little influence on the resulting & values for the
whole TSE. It is only for residues 20-24 that one can
discern ® values with an excellent match to experi-
mental values due to average over different path-
ways. In this case, calculated & values for C1 are
higher than experimental values, while @ values
for C3 are lower. The net @ values are closer to
experimental values than in any of the two path-
ways. This adjustment gives rise to the higher

correlation of the TSE to experimental & values.
DH is the most structured region of the TSE in
accordance with the nucleating role described by
experiment.”>***® DH-DH contacts have high
probability in all three clusters, which may be a
consequence of a previous observation stating that
DH-DH contacts are present in pre-TSE confor-
mations.*” Thus, these contacts may be a common
requirement for all subsequent TSE conformations,
and hence for all clusters. The presence of NT-CT
termini contacts correlate with cluster population.
Conformations belonging to C1, the most populated
cluster, tend to lack NT-CT contacts. On the other
hand, NT-CT contacts are present in conformations
of C2, and specially C3, which are clusters of much
lower population than C1. A plausible reason for the
observed correlation may be the entropic cost of
bringing the two termini together. In fact, the
differential contact order (DCO; see Methods) and
cluster population are anticorrelated, with C1 having
the smallest DCO and C3 having the highest value
(DCOyc1,c2,c31-c1=1.00, 1.61, 2.61). Given the experi-
mentally determined correlation between contact
order and folding rate,®" it was reassuring to find
that most of the simulations folded through C1.

The observed anticorrelation between cluster pop-
ulation and DCO suggests that mutations with very
different DCOs, a circular mutation for instance,
would alter the relative population of the folding
pathways. An ideal circular mutation changes the
configurational entropy of the protein while main-
taining the enthalpic contribution to the free energy:.
If this type of mutation would conserve the partition
of the TSE into clusters, then a cleavage of the protein
at the Src loop and subsequent fuse of the termini
would result in C3 having the lowest DCO (DCO¢3 1=
0.50). C3 might then become the preferred folding
pathway. We attempt to reproduce the effect of a
circular mutation not with a cleavage of the chain,
but through correlated perturbations in the interac-
tion energies. The implemented perturbations rein-
force termini contacts and weaken the contacts
stabilizing the n-Src loop. After this “mutation,” C3
still has the highest DCO, but the entropic barrier is
now overcome by energetically favorable termini
contacts. The change can be rationalized as an
alteration in the height of the free-energy barriers
separating native state and unfolded conformations.
The barrier corresponding to C3 becomes the lowest
in free energy and C3 becomes the preferred folding
pathway. After mutation, the populations of the
clusters are more similar to each other, indicating a
depolarization of the TSE. The presence of a new
cluster (C4) with a differentiated structure with res-
pect to the others cluster could mean that proper
changes in the configurational entropy of the protein
via circular mutations would lead to the emergence
of new pathways. This result suggests that experi-
mentally observed TSE in circular permutants'®!°
and homologous proteins'®'”*> may be potential
folding pathways of the wild-type protein.

Viguera et al.® performed protein-engineering
experiments with all possible permutants that
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disrupt the covalent linkage between two {3 strands
forming a p-hairpin in the a-spectrin SH3 domain.
They found that those mutants had similar stabilities
but different folding kinetics. They concluded that
both the order of secondary structure elements and
the preservation of any of the p-hairpins present in
this domain are key players in determining the
folding pathway. They also performed®* two circu-
lar mutations in the a-spectrin SH3 domain to
produce mutants with cleavage in RT and the distal
loop, respectively. They reported that both cases
folded into the same three-dimensional structure as
the wild-type SH3. However, the structure of the
TSE of each protein as inferred from the & values
differed significantly from each other.

Several computational studies®***® have ad-
dressed the implications of mutations in the TSE
structure. Hubner et al.®® studied the TSE topology
of ribosomal o/ S6 and stated that some contacts
are preserved in the whole TSE after a mutation,
concomitant to changes in other parts of the TSE
structure. We observe the preservation of RT-DH
contacts as well as local to medium-range contacts in
RT and DH, in agreement with the Hubner et al.
findings. Also, Lindberg et al.®® observed that
changes in @ values could be quantifiably linked
to changes in sequence separation. They performed
circular permutations in mutants of S6 protein and
determined that drastic changes in & values occur
near the new termini. The changes in the population
of the clusters that we determined before and after
mutations also result in d-value changes that are
more pronounced in and close to the termini.

Several reports address the validity of the Go
model and its implementation as a tool to capture the
essential elements of potential energy landscapes,
TSE, and folding trajectories. Paci et al.” made a
systematic comparison with an atomic model where
they used a molecular mechanics energy function
with implicit solvation and they found that the
energy contacts defined in the Go models described
in very good approximation the folding/unfolding
kinetics of the studied proteins such as acylpho-
sphatase (ACP, composed of a p-sheet structure with
two short a-helical segments), chymotrypsin inhi-
bitor 2 (CI2, 1 a-helix with a B-sheet structure),
a-lactalbumin (a-LA, a plus B), and the third fibro-
nectin type III repeat from tenascin (1TEN, a p
sandwich). Rhee and Pande®® made comparative
studies of all-atom and simplified models on a
mutated ribonucleoprotein catalyst (BBA5). They
concluded that for this protein, the folding kinetics of
explicit-solvent atomic models are different from
those of implicit-solvent atomic models, and even
more different from those of simplified models. They
quantified differences between models in terms of
correlations between corresponding Pr14 Values that
were calculated for a set of conformations initially at
equilibrium in explicit-solvent simulations. BBA5is a
miniprotein (23 residues) with a very low contact
order. As a result, BBA4 has a fast and weak
cooperative folding transition.”” Under these fold-
ing-favoring conditions, Go models may fail to

reproduce two-state folding behavior and instead
produce a “downhill” folding process with no
apparent free-energy barriers. Rhee and Pande®
observed that while all-atom models were able to
capture the small free-energy barrier and produce
two-state folding, Go models did not reproduce it.
Rhee and Pande concluded that Go models may be
more suited to describe the folding process of bigger
proteins where topology is a main factor in deter-
mining the free-energy barrier. This is the case of
SH3, for which the Go model produces a TSE in
semiquantitative agreement with experimental
results, while all-atom models are currently unable
to drive the protein from the unfolded to the folded
state. Bigger proteins were also studied by Paci,”
who assessed the validity of Go models with eight
proteins in the 50- to 200-residue range and spanning
a range of different folds (two «, three B, and three
a—p proteins), including the SH3 fold. The authors
found a significant correlation between single-
residue energies of Go and all-atom implicit-solvent
models when applied to conformations belonging to
the TSE of these proteins. This finding, according to
the authors, provides a justification that Go models
are as well suited to describe the TSE of the studied
proteins as do more complex models.

The application of the Go model to the folding of
the SH3 domain has provided insights into the role
of specific residues as well as whole secondary
structure elements. Studies with a G6 model made
by Ding et al.’® with C-Src-SH3 (a B protein)
provided a comprehensive picture of the folding
mechanism with a semiquantitative agreement with
experimental data. Borreguero et al.*3 studied the
thermodynamic properties and folding kinetics of
the SH3 and analyzed the contribution of each
secondary structure element of the SH3 in the TSE
reproducing some of the features observed in
experiments. Studies made by Dokholyan et al.’
employed a combination of Go potential and
experimental ® values and they reported a correla-
tion between the topological properties of proteins
with their folding mechanisms. Clementi et al.*°
simulated circular permutations of SH3 and CI2 and
addressed the question of how these permutations
affected the folding mechanism. Their results deter-
mined which sequence fragments were more rele-
vant in the folding process and how they could be
disrupted in order to change the folding pathways.

Conclusions

In this study, we record an ample set of protein
conformations that make up the TSE of src-SH3
domain and group them into three clusters. The least
populated cluster represents a folding pathway with
@ values largely deviating from experimental
reports, although one needs to combine all three
clusters in order to obtain the TSE with the highest
correlation to the experimental set of ® values. Our
results show that by tuning the energetics of the
GO model it is possible to change the most preferred
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TSE cluster, thus simulating actual TSEs of different
representative proteins of the same fold. For
example, we have shown that cluster C1, containing
the RT-DH contacts present in the TSE of the src-
SH3 domain, becomes less abundant after altering
the Go interactions, while the clusters C2, C3, and
C4, containing the CT-NT and DT-NT contacts
present in the TSE of the structural homology Sso7d,
become more abundant in accord with experimental
& values of Guerois and Serrano®. Moreover, our
changes in the Go interactions lead to changes in &
values similar to those observed in the circular
permutations of Viguera et al.®* which decreased
the role of V44 in the DH and increased the role of
V53 in the CT. The implication of this result and our
studies suggests the existence of multiple parallel
folding pathways each with their own well-defined
TSE. The mutations made by experiments that either
weaken the RT-DH contacts or the CT-NT contacts
will determine the preference of a protein to follow
a folding pathway. Our results indicate that these
parallel folding pathways are always present, and
the change in the TSE structure because of muta-
tions preserving the native fold would result in the
prevalence of some pathways over the others.

Methods

Protein model and simulation technique

The src-SH3 domain is an all-p-domain protein made
up of two semiperpendicular p-sheets.’*>° The various

(a) (c)
60

DH

NT DT

(b)

loops and hairpins of the native state provide a natural
framework to describe the structural differences arising
when the protein folds through the different folding path-
ways. Accordingly, we divide the amino acid sequence
into the following fragments (Fig. 4a): N terminus
(NT residues 1-7), RT loop (RT 8-20), diverging turn (DT
21-30), n-Src loop (SL 30-38), distal hairpin (DH 39-50),
and 3jp-helix and C terminus (CT 51-57). Due to the
computationally demanding nature of this study, we em-
ployed a C*-CP representation per amino acid®*”* (Fig.
4b). C® beads interact via a modified version of the Go
potential,”> whereby we assign a binding energy of e=—1
to each native and e=+1 to each nonnative contact, and a
7.5-A interaction range. The resulting set of 162 native
contacts reveals the secondary and tertiary structure when
plotted on the contact map (Fig. 4c).

We implemented discrete molecular dynamics,
which is event-driven, with implicit solvation, and faster
than traditional molecular dynamics due to simplified
interparticle potentials that are reduced to one or more
square wells.””> A pair of particles moves with constant
velocities along straight lines until a distance is reached at
which the interparticle potential is discontinuous, and an
ensuing collision occurs. At that moment, particle velocities
and directions of motion are recalculated such that the total
energy, momentum, and angular momentum are conserved.

37,71,73,74

Determination of the transition-state ensemble

Our strategy to determine the TSE is twofold: we collect
a subset of all sampled conformations to build a putative
TSE. The collected set will contain conformations with
degrees of freedom corresponding to the minimum saddle
point in a high-dimensional free-energy landscape bet-
ween the folded and unfolded states. A free-energy profile
versus one or more folding reaction coordinates allows

Fig. 4. The protein model. (a) Cartoon representation of the SH3 protein. (b) Two-bead representation of the src-SH3
domain. C* beads represent the backbone and C"s the side chains. Lines represent different types of bonds to reproduce
the correct geometry and conformational freedom. (c) Native contact map with gray bands mapping the different
segments of secondary structures. We show as an inset the potential energy function of a native contact versus

interparticle distance (a9=3.3 Aand a;=7.5 A).
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one to record conformations with reaction coordinates
values corresponding to the maximum in the free-energy
profile.24-27.29303236-42

Unfortunately, a precise reaction coordinate is not
possible for a complex process like the folding of a
protein. Therefore, we use the potential energy (U) to play
the role of the reaction coordinate to construct a free-
energy profile and also take into account the trajectories
that follow along the route from the unfolding state
toward the folded state. These criteria are not sufficient to
consider the putative conformations to be full TSE
members, since there are conformations obtained from
the simulations either in the folded state or in the unfolded
state that stay for a short period of time within the energy
window. We call these conformations false positives.

We use the discrete molecular dynamics algorithm to
generate 114 folding events at equilibrium conditions at
the folding transition temperature Tr=0.91 (Fig. 5a).”® A
folding event is defined when the protein has in its
potential energy a bimodal structure or two states, folded
and unfolded. We only record conformations with U in the
range [-90, —80], which is the region enclosing the
minimum of the distribution of U values (Fig. 5b), P(U),
or analogously, the maximum of the free-energy profile:

F(U) = —ksTInP(L1). 1)

After recording Nc=5200 candidate conformations, we
apply the Pp4 test based on the kinetics definition for a
conformation belonging to the TSE, which states that the
conformation should have the same probability to either
fold or unfold.**?°*” Thus, we calculated Pryq of a
conformation by performing N=32 simulations each
starting from the conformation in question and counting
the number N4 of times that the protein folds:

NFold n 1

Prog = ——+t —=- 2
METN TN 2

All N simulations start with the same structure but
different particle velocities, generated from a Maxwell-
Boltzmann distribution. We consider a simulation to be

folded when the potential energy entered in the U<-120
region, the typical U’s of the folded state, and remained in
the region for a time ¢ > Tg~ 10, the typical folding time
(for a comparison of time scales, the typical time of a
protein to stay in the folded state at T=Tf in equilibrium
condition is about 10°). Finally, we assign a conformation
to the TSE if its Pgo1q value ranges within [0.4, 0.6] (Fig. 5c).
In order to represent the overall TSE structure, we report
the contact map averaged over the TSE conformations.

Clustering of the transition-state ensemble

We sort the TSE members into different clusters, with
conformations belonging to the same cluster having a
similar structure (low rmsd). Another possible criterion
like common native contacts between conformations has
been employed.” A particular arrangement of the TSE
into a discrete number of clusters constitutes a partition.
The clustering procedure starts with every conformation
considered as a cluster. Then the algorithm (i) calculates
the rmsd between all pairs of clusters and determines the
pair with the lowest rmsd value and (ii) merges the pair
into one cluster and repeats previous step. We define the
rmsd between two clusters A and B as the average rmsd
value resulting from all possible pair combinations of one
conformation from cluster A and one from cluster B.
Every iteration diminishes by one the number of clusters
until there is but one cluster encompassing the whole TSE.
To determine the partition with an optimal number of
clusters, we construct the average contact map of each one
of the clusters contained in each partition. If the map of
two clusters within the same partition convey the same
information in terms of formation of secondary and
tertiary structure, then we do not need as many clusters to
describe the TSE. On the other hand, a quantitative
criterion is implemented. We determined the average
rmsd of the largest cluster. From the last stage, the TSE
itself, we go up along the tree until the stage where
the largest cluster has a significant difference in the
average rmsd with respect to the largest cluster of the
next stage (see Fig. 6). Thus, the optimal partition will

um) (a) (b) (c)
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Fig. 5. Two-state folding of src-SH3 model. (a) Histogram of Pr4 for the TSE candidates. The area in gray indicates
number of candidates belonging to the TSE. (b) Folding events are marked by a sudden decrease of potential energy (U).
(c) Normalized distribution of U values. The shadowed region denotes the U range for recruitment of candidate TSE

conformations.
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Fig. 6. Number of clusters versus size of the largest
cluster. The inset shows abrupt increase in the cluster size
for less than three clusters.

contain the maximum number of clusters with different
average contact maps. We assign to each cluster a
representative, which is defined as the member of the
cluster having the lowest average rmsd value relative to
the other members.

The virtual point mutation method

The virtual mutation allows us to calculate the & value
for a particular amino acid by removing all nonbonded
interactions between C” of the mutated residue and the
rest of C*.” From a computational point of view, the
method has the advantage that it allows one to compute ®
values without the need to run additional molecular
dynamics simulations of the mutated protein. In addition,
we assume that the virtual mutation preserves the folded,
TSE, and unfolded states, in the sense that any conforma-
tion belonging to either of these states will still belong to
the same state after mutation. The resulting change in free

energy is:
. AU
(0 — _ -
AG; kBT1n<exp ( ko ) >X7 (3)

where x indicates folded (F), unfolded (U), or TSE, and
AU is the number of native contacts minus the nonnative
contacts that amino acid i makes with the other amino
acids when in a particular protein conformation. More
generally, it is the total nonbonded interaction energy
between amino acid i and the rest of the protein. (.)
indicates the average with the Boltzmann weight. We
calculated the ®; value as:®

0 — (MG — AGY) @
(Gl —acl)

To compute AG%E, we first obtain the TSE conformations.
For AGg and AGy, we record folded and unfolded
conformations from simulations in equilibrium at T

The multiple point mutation method

We propose a simple and novel method to introduce
controlled changes in the free-energy landscape in order to
shift the preferred folding pathway. Let A and B be two

ensembles of protein conformations representing the TSE
along the preferred folding pathway and the TSE along
other less visited folding pathways, respectively. We
perturb the set of native binding energies, €;;, via the
linear transformation

AP;;
€ =€ (1 + ’), (5)

o

with —1< Ap,']‘< 1. APZ]:PZJ(B) _Pl](A) is the probablhty
that amino acids i and j make a contact in conformations of
ensemble A minus analogous probability for conforma-
tions in ensemble B. 1/« is the perturbation strength
parameter. In our simulations, we estimate a lower bound
to a by trial and error, while ensuring that the energy
perturbations preserve the native structure and guarantee
the absence of intermediates in the folding process.

Differential contact order

The contact order of a conformation is defined as®!

1 M
CO= mz AL;;, (6)

where L is the length of the protein, M is the number of
contacts, and ALj; is the sequence separation between
amino acids i and j forming a contact. While CO is a valid
measure of global topological complexity, it is not as
useful when we compare two conformations differing by a
few contacts, because CO will be largely determined by
the contacts that are common to both conformations. For
this type of comparison, we define the differential contact
order as the contact order of contacts in A but not present
in B, divided by the contact order of contacts in B but not
present in A, that is, DCO4_p=G(A, B)/G(B, A) and:

5[ = 8(D — |8 — B ]JO(D — | — rA]) i —

>l —0(D — [rf —7f])]6(D — [rft —rf)

G(A, B) =

(7)

where D=7.5 A and 6(x) is the Heaviside step function.
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