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We use an integrated computational approach to reconstruct accurately the
transition state ensemble (TSE) for folding of the src-SH3 protein domain.
We first identify putative TSE conformations from free energy surfaces
generated by importance sampling molecular dynamics for a fully atomic,
solvated model of the src-SH3 protein domain. These putative TSE
conformations are then subjected to a folding analysis using a coarsegrained representation of the protein and rapid discrete molecular
dynamics simulations. Those conformations that fold to the native
conformation with a probability (Pfold) of approximately 0.5, constitute
the true transition state. Approximately 20% of the putative TSE structures
were found to have a Pfold near 0.5, indicating that, although correct TSE
conformations are populated at the free energy barrier, there is a critical
need to refine this ensemble. Our simulations indicate that the true TSE
conformations are compact, with a well-defined central b sheet, in good
agreement with previous experimental and theoretical studies. A structured central b sheet was found to be present in a number of pre-TSE
conformations, however, indicating that this element, although required in
the transition state, does not define it uniquely. An additional tight cluster
of contacts between highly conserved residues belonging to the diverging
turn and second b-sheet of the protein emerged as being critical elements
of the folding nucleus. A number of commonly used order parameters
to identify the transition state for folding were investigated, with the
number of native Cb contacts displaying the most satisfactory correlation
with Pfold values.
q 2005 Elsevier Ltd. All rights reserved.
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Introduction
Most small, single-domain proteins fold in a twostate manner, populating either the unfolded or the
folded state, but not any detectable, partly structured intermediate state.1,2 Much of the effort aimed
at understanding the folding mechanism of such
proteins has focused on characterizing the transition state for folding. Given “the” reaction
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coordinate for folding, this transition state presents
itself as the maximum in the free energy barrier
separating the native and denatured state. This
barrier arises from the incomplete cancellation of
the entropic and enthalpic contributions to folding.3–6 Folding can proceed through a multiplicity
of routes, and the transition state consists of an
ensemble of structures rather than of a single
conformation. Despite decades of effort, the identification of this transition state ensemble (TSE) still
poses serious challenges, both experimentally and
computationally.7–9
The main experimental methodology for characterizing the folding transition state is the f-value
analysis developed by Fersht and co-workers.1,10,11
The f-value probes the extent of destabilization
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Figure 1. A cartoon of (a) the src-SH3 protein domain, ((b) upper quadrant) native side-chain contact map and
((b) lower quadrant) native Cb contact map. A native contact is defined between two residues if the center of geometry of
the side-chains is within 6.5 Å. A native Cb contact is defined if the Cb atoms of the two residues (Ca is used for Gly) are
within 7.5 Å. A total of 57 native side-chain contacts and 162 Cb contacts are obtained in this manner.

of the transition state upon mutation of a given
side-chain, fZ(DDGT–D/DDGN–D), where DDGT–N
is the free energy change between the transition and
the native state and DDGD–N is the free energy
change between the denatured and the native state
upon mutation. A f-value of 0 indicates that the
conformation is as unstructured in the transition
state as it is in the denatured state, while a f-value
of 1 indicates as much structure as in the native state
at the site of the mutation.1 Intermediate f-values
are notoriously difficult to interpret, as they indicate
either partially formed structure or the presence of
different transition state structures belonging to
different folding pathways. The meaning of an
abnormal (O1 or negative) f-value is also a
contentious issue.12 The validity of experimental
f-values for which DDGD–N!1.7 kcal/mol has
recently been brought into question by Kiefhaber,13
with a rebuttal by Fersht11 stating that reliable
f-values can be obtained in the range 0.6!
DDGD–N!1.7 kcal/mol.
Computer simulations are critical complements
to the f-values analysis, as they can provide
additional atomistic detail of the transition
state.14–23 Significant success has been achieved in
locating the transition state for simplified protein
models; however, the identification of the TSE when
both the protein and solvent are described explicitly
poses a formidable computational challenge. While
a full kinetic study of folding involving several
hundred simulations from a random coil to the
folded state is impractical, the thermodynamics of
folding can be characterized using special sampling
techniques, such as a combination of high-temperature unfolding and umbrella sampling,24 or replica
exchange molecular dynamics methods.25–28 In
principle, the TSE can be obtained from the
maximum in the free energy surface projected
onto the reaction coordinate for folding. In practice,
we do not know the “correct” reaction coordinate
and can hence only infer a putative TSE by
projecting the free energy surface on aptly chosen
order parameters characteristic of the folding

reaction. This choice of order parameters which
simplifies the problem from 3NK6 dimensions to a
few dimensions causes a loss of information about
the true TSE. The structures residing at the top of
the free energy barrier in simulations include
structures that may not belong to the true TSE.
The purpose of the present research is to identify
a putative TSE from free energy surfaces projected
onto chosen order parameters for folding and then
further refine this putative TSE to extract the true
transition state structures. This refinement can be
performed using the probability of folding (Pfold)
analysis method.29 From a kinetics point of view,
structures belonging to the transition state should
have equal probability (0.5) of proceeding either to
the folded or unfolded basins. Hence, an appropriate test for whether a structure belongs to the
TSE would involve launching a series of simulations to see whether this PfoldZ0.5 criteria is
fulfilled. It is still a challenging task to compute
the Pfold value of a given conformation by multiple
all-atom molecular dynamics simulations. While
traversing the transition state is expected to occur
100 to 1000 times faster than the actual folding time
for the protein,30 this event is still prohibitively long
to simulate for proteins that fold on time-scales of
milliseconds or longer. In recent simulations, Pande
and co-workers implemented a 5 ns cutoff for Pfold
calculations of the microsecond folding miniprotein
BBA5, which would translate to simulations of
the order of microseconds for a millisecond folder.31
In addition, a reliable characterization of the
transition state using the Pfold criterion would
require multiple folding runs from each of the
multiple putative transition state structures. Hence,
rather than using fully-atomic, solvated simulations
to determine Pfold, we employ the discrete molecular dynamics simulations,32,33 using a Go interaction model to calculate the Pfold values for the
selected putative TSE conformations.20 This exercise would be impractical if all conformations
occurring during a folding trajectory were considered. By narrowing the range of test structures
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Figure 2. Free energy surface at 343 K as a function of
the fraction of native contacts r and the radius of gyration
Rg. Contour lines are drawn every 1 kcal/mol.

by using only those belonging to the putative TSE,
the Pfold method becomes a viable means to identify
transition state structures.
The subject of our study is the src-SH3 protein
domain (PDB code 1SRL). The protein domain has a
56 residue b-barrel structure (Figure 1(a)), consisting of two hydrophobic sheets, packed orthogonally to form the hydrophobic core of the
protein. The first sheet consists of the three central
strands of the protein (b2-b3-b4) and the second
sheet of the two terminal strands (b1 and b5) and a
portion of the RT loop. There is also a small 310 helix
between b4 and b5. Due to its small size and
multiple homologues, it has been the target of
extensive experimental and theoretical studies.20,34–39
Experimentally, this protein folds with kinetic and
thermodynamic signatures of a two-state folder,
without any detectable intermediates.34 The
f-value studies have revealed an unusually polar-

ized transition state for src-SH3, in which only the
first hydrophobic sheet (b2-b3-b4) is highly structured (high f-values), while the rest of the protein
appears mostly unstructured (intermediate to low
f-values).40 Theoretical work using both coarsegrained and atomically detailed models were found
to be in good agreement with experimental
findings.20,36,40,41
In earlier work, we located a putative TSE for a
fully atomic model of the src-SH3 protein domain in
explicit solvent from free energy surfaces generated
by importance sampling molecular dynamics.39
Conformations belonging to this putative TSE
were in good agreement with both experimental
and other theoretical studies. The structural characteristics of the putative TSE do not vary significantly with temperature, with the folding
temperature for this protein being around 343 K.42
In the present work, we subject the structures
belonging to the putative TSE to Pfold analysis using
a coarse-grained model of src-SH3. This analysis
enables the extraction of the true transition state
conformations and the identification of the key
contacts distinguishing pre- and post- from true
structures. A detailed discussion of the nature of the
true TSE and the reliability of commonly used order
parameters to identify TSE conformations is presented in Results and Discussion. We refer the
reader to Methods for details of the protein model
and simulations.

Results and Discussion
Structural features of the putative TSE from the
free energy landscape
The folding free energy landscape of the srcSH3 domain generated by importance sampling

Figure 3. (a) Probability map of native side-chain contacts obtained from the structures residing at the free energy
barrier of rZ0.3 (left-hand quadrant). The native contact map is shown in the right-hand quadrant. (b) Probability of
forming native hydrogen bonds obtained from the structures residing at the free energy barrier of rZ0.3. Both (a) and (b)
show that structure is present in the first hydrophobic sheet of the protein consisting of the central b2-b3-b4 strands,
whereas the rest of the protein is less structured.
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molecular dynamics is plotted in Figure 2 as a
function of the fraction of native contacts r and the
radius of gyration Rg. The free energy surface
presents two barriers, a major one of 2.5 kcal/mol
(3.5kBT) located at rZ0.3 and a minor one of 1 kcal/
mol (1.4kBT) located around rZ0.8. The major
barrier is attributed to the putative transition
state,39 while the second barrier corresponds to
the desolvation of the hydrophobic core occurring
in the late stage of folding.39,42 This second barrier is
more pronounced at low temperatures than at high
temperatures,42 consistent with recent findings by
Chan and co-workers that elementary hydrophobic
desolvation barriers tend to decrease at high
temperatures.43 This barrier may be responsible
for the alternative folding pathways in simulations
reported recently.44
Our initial putative transition state consisted of
structures residing at the top of the major barrier
(rZ0.3) with 17–18 native side-chain contacts. The
probabilities of forming native side-chain contacts
for these structures are plotted in Figure 3. The
contact probability map shows clearly that most
high-probability contacts lie in the central threestranded b-sheet, in good agreement with experimental f-value. Additional details about the
transition state obtained from the free energy
surface can be found in the publications by Guo
et al.39,42
Pfold analysis
Since the accuracy of the location of the TSE from
the free energy surfaces is not known a priori, we
chose to probe an expanded region around rZ0.3.
Pfold analysis was performed for structures rZ0.25
to 0.5 (with 14–30 native side-chain contacts). This
range allows us to probe structural details right
before (pre-TS), at (TS) and after (post-TS) the
transition. A total of 1661 structures were selected
randomly out of all (about 40,000) structures in this
region, with most structures coming from the
middle of our chosen r range, and subject to Pfold
calculations. The distribution of number of sidechain contacts and Cb contacts for the selected
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structures are shown in Figure 4. In all, 348
structures were found to have Pfold values between
0.4 and 0.6 and hence correspond to TS structures.
375 and 444 structures have Pfold!0.2 and O0.8,
respectively, corresponding to pre-TS and post-TS
structures.
The contact probabilities of the TS, pre-TS and
post-TS structures are illustrated by contact maps in
Figure 5 for both side-chain and b-carbon (Cb)
native contacts, and given in Tables 1 and 2. Cb
native contacts were used in addition to the sidechain native contacts, as they provide additional
structural probes. Before the transition state, both
side-chain and Cb contact maps show that the most
structured element is the central three-stranded b
sheet, with the highest-probability contacts lying
between b2-b3 and b3-b4. Most side-chain contacts
between b2-b3-b4 have intermediate probabilities:
between b2-b3, Leu24-Ala37 (0.71), Leu24-Ser39
(0.58), Ile26-Trp35 (0.64), Ile26-Ala37 (0.58), Val27Leu36 (0.74), Val27-Ala37 (0.19) and Val27-His38
(0.41); between b3 and b4 and the distal loop
connecting them: Trp34-Tyr47 (0.46), Trp35-Ile48
(0.34), Leu36-Thr45 (0.63), Leu36-Tyr47 (0.24),
Ala37-Ile48 (0.48), His38-Thr45 (0.37) and Ser39Thr42 (0.53). Contacts in the n-src loop, which
connects b2-b3, have lower probability: Asn29Asp33 (0.01) and Asn29-Trp35 (0.06), indicating
that this region is still quite open. Contacts in the 310
helix region also have intermediate probability,
with Pro49-Tyr52 (0.43) and Ser50-Val53 (0.30).
The rest of the protein is mostly unstructured,
except for a few contacts with intermediate
probabilities, Thr12-Asp15 (0.42) located in the tip
of the RT loop and Phe2-Val53 (0.31) between b1
and b5. In summary, pre-TS, the central b sheet
b2-b3-b4 is more structured than other regions of
the protein, yet remains incompletely formed (as
most contacts have only intermediate probabilities
of formation). The plot of Cb contact probabilities
(Figure 5(c), upper quadrant) shows a similar
distribution of structured units.
Comparing the side-chain native contact maps
for pre-TS (Figure 5(a), upper quadrant) and
post-TS (Figure 5(a), lower quadrant), the most

Figure 4. The distribution of structures selected around the putative TSE by number of (a) side-chain contacts and
(b) Cb contacts. More structures were selected close to the center than further out.
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Figure 5. Probabilities of forming (a) and (b) native side-chain contacts and (c) and (d) native Cb contacts for pre-TS
((a) and (c), upper quadrant), post-TS ((a) and (c), lower quadrant) and TS ((b) and (d), upper quadrant) determined from
the Pfold test. The (b) and (d) lower quadrant shows the native side-chain and Cb contact maps for the folded state,
respectively. Both side-chain contacts and Cb contacts show that right before the transition ((a) and (c), upper quadrant),
the most structured region is the central three-stranded b-sheet b2-b3-b4, with very little structure in other portions of the
sequence; right after the transition ((a) and (c), lower quadrant), the central three-stranded b-sheet is refined, contacts
between the b1 sheet and diverging turn-b2 region are significantly more structured, and the b1-b5 interactions slightly
more structured.

significant increase in side-chain contact probabilities post transition occurs between b1 and b2,
and between the lower ends of the RT loop (due to
the sequence connectivity). Side-chain contacts
Phe2-Ile26, Ala4-Glu22, Ala-4-Leu24, Asp7-Lys20
and Ser10-Ser17 all have increased from around 0.1
to 0.4. This is even more obvious in the Cb contact
map, which shows that the probabilities of most Cb
contacts in this region have increased from around
0.1 to 0.6. Also increased are the contacts between
b1 and b5, although not as systematically as in the
b1-b2 region, with only the side-chain contact Phe2Val53 increased from 0.31 to 0.70, while other
contacts retained low probabilities of formation.
The Cb contact map (Figure 5(c)) shows a more
systematic increase in this region, albeit only from
0.1 to 0.3. Despite the presence of contacts between
b1-b5 (such as Phe2-Val53), the secondary structure

is not fully formed. The side-chain contacts in the
central b-sheet have been refined to higher probabilities: especially, Leu24-Ala37 (0.84), Leu24-Ser39
(0.70), Ile26-Trp35 (0.88), Ile26-Ala37 (0.75) and
Val27-Leu36 (0.84). The contacts between the RT
loop and b3-b4, which connect the two sheets and
close the hydrophobic core in the native state,
remain unchanged, with low probabilities of
contact formation both before and after the transition.
As expected, most (side-chain and Cb) native
contact probabilities of the TS structures (Figure 5(b)
and (d), upper quadrant) lie between the pre-TS and
post-TS contact probabilities. The transition state
determined from the Pfold analysis appears to
possess structured central b-sheet (b2-b3-b4), in
good accord with experimental f-value. The b1-b2
contacts and the RT loop, although not as well
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Table 1. Probabilities of forming native side-chain contacts for pre-TS, TS and post-TS structures as determined by the
Pfold test
Contacts

Pre

TS

Post

Contacts

Pre

TS

Post

Thr1-Val3
Phe2-Ile26
Phe2-Trp35
Phe2-Val53
Val3-Ala54
Ala4-Phe18
Ala4-Glu22
Ala4-Leu24
Leu5-Ala54
Tyr6-Tyr52
Asp7-Lys20
Tyr8-Ser10
Tyr8-Pro49
Tyr8-Tyr52
Ser10-Asp15
Ser10-Ser17
Thr12-Thr14
Thr12-Asp15
Glu13-Gln44
Thr14-Tyr47
Asp15-Pro49
Leu16-Phe18
Leu16-Leu24
Leu16-Ala37
Leu16-Ser39
Leu16-Ile48
Phe18-Leu24
Phe18-Ile48
Phe18-Pro49

0.27
0.10
0.09
0.31
0.05
0.01
0.13
0.11
0.03
0.22
0.11
0.04
0.06
0.05
0.20
0.10
0.14
0.42
0.00
0.00
0.00
0.27
0.00
0.00
0.00
0.00
0.02
0.03
0.02

0.22
0.16
0.12
0.45
0.25
0.01
0.33
0.35
0.14
0.51
0.43
0.02
0.06
0.09
0.11
0.23
0.13
0.50
0.00
0.00
0.00
0.20
0.00
0.00
0.00
0.00
0.04
0.01
0.03

0.32
0.36
0.29
0.70
0.11
0.09
0.47
0.49
0.19
0.29
0.56
0.03
0.05
0.10
0.15
0.39
0.14
0.47
0.00
0.00
0.00
0.16
0.00
0.00
0.00
0.03
0.31
0.13
0.04

Phe18-Val53
Leu24-Ala37
Leu24-Ser39
Leu24-Ile48
Leu24-Val53
Gln25-Leu40
Ile26-Trp35
Ile26-Ala37
Val27-Leu36
Val27-Ala37
Val27-His38
Val27-Thr45
Asn28-Leu36
Asn29-Asp33
Asn29-Trp35
Trp34-Tyr47
Trp35-Ile48
Trp35-Ser50
Leu36-Thr45
Leu36-Tyr47
Ala37-Ser39
Ala37-Ile48
His38-Leu40
His38-Thr45
Ser39-Thr42
Ile48-Val53
Pro49-Tyr52
Ser50-Val53

0.00
0.71
0.58
0.19
0.08
0.37
0.64
0.58
0.74
0.19
0.41
0.12
0.05
0.01
0.06
0.46
0.34
0.49
0.63
0.24
0.62
0.48
0.31
0.37
0.53
0.11
0.43
0.30

0.05
0.83
0.67
0.20
0.29
0.30
0.68
0.61
0.69
0.21
0.40
0.19
0.15
0.01
0.15
0.53
0.37
0.28
0.61
0.32
0.72
0.51
0.27
0.41
0.62
0.13
0.44
0.24

0.16
0.84
0.70
0.26
0.32
0.33
0.88
0.75
0.84
0.13
0.43
0.35
0.18
0.15
0.30
0.48
0.32
0.45
0.56
0.41
0.73
0.59
0.27
0.50
0.45
0.21
0.38
0.19

Table 2. Probabilities of forming native Cb contacts for pre-TS, TS and post-TS structures as determined by the Pfold test
Contacts

Pre

TS

Post

Contacts

Pre

TS

Post

Thr1-Arg23
Thr1-Gln25
Thr1-Ser56
Phe2-Ala4
Phe2-Arg23
Phe2-Leu24
Phe2-Ile26
Phe2-Ala37
Phe2-Val53
Phe2-Ala54
Phe2-Pro55
Phe2-Ser56
Val3-Leu5
Val3-Gly21
Val3-Glu22
Val3-Arg23
Val3-Leu24
Val3-Val53
Val3-Ala54
Val3-Ser56
Ala4-Tyr6
Ala4-Asp7
Ala4-Tyr8
Ala4-Phe18
Ala4-Lys19
Ala4-Lys20
Ala4-Gly21
Ala4-Glu22
Ala4-Leu24
Ala4-Ile48
Ala4-Tyr52
Ala4-Val53
Leu5-Lys20
Leu5-Tyr52
Leu5-Val53
Leu5-Ala54

0.23
0.10
0.11
0.65
0.15
0.14
0.01
0.04
0.15
0.13
0.04
0.06
0.41
0.14
0.19
0.15
0.12
0.07
0.06
0.06
0.56
0.45
0.01
0.01
0.02
0.01
0.09
0.15
0.13
0.07
0.23
0.20
0.07
0.03
0.06
0.05

0.19
0.04
0.32
0.57
0.39
0.28
0.02
0.17
0.34
0.28
0.19
0.14
0.55
0.38
0.49
0.45
0.33
0.22
0.30
0.22
0.54
0.29
0.02
0.01
0.03
0.07
0.31
0.42
0.45
0.14
0.35
0.40
0.20
0.11
0.15
0.16

0.54
0.38
0.38
0.62
0.57
0.62
0.05
0.30
0.30
0.13
0.15
0.16
0.72
0.50
0.80
0.82
0.61
0.12
0.12
0.12
0.48
0.27
0.00
0.12
0.14
0.23
0.64
0.65
0.57
0.11
0.33
0.33
0.44
0.10
0.12
0.29

Asp7-Phe18
Asp7-Lys19
Asp7-Lys20
Tyr8-Ser10
Tyr8-Asp15
Tyr8-Ser17
Tyr8-Phe18
Tyr8-Ile48
Tyr8-Pro49
Tyr8-Tyr52
Glu9-Arg11
Glu9-Ser17
Ser10-Thr12
Ser10-Asp15
Ser10-Leu16
Ser10-Ser17
Arg11-Asp15
Thr12-Thr14
Thr12-Asp15
Thr14-Gly46
Thr14-Tyr47
Asp15-Ser17
Asp15-Trp34
Asp15-Gly46
Asp15-Tyr47
Asp15-Ile48
Asp15-Pro49
Leu16-Phe18
Leu16-Ala37
Leu16-Ser39
Leu16-Gln44
Leu16-Thr45
Leu16-Gly46
Leu16-Tyr47
Leu16-Ile48
Phe18-Glu22

0.05
0.01
0.07
0.70
0.10
0.15
0.08
0.00
0.02
0.00
0.68
0.00
0.49
0.20
0.02
0.09
0.17
0.05
0.47
0.00
0.00
0.89
0.00
0.00
0.00
0.00
0.00
0.28
0.00
0.00
0.03
0.00
0.00
0.00
0.00
0.05

0.18
0.00
0.26
0.71
0.10
0.26
0.34
0.01
0.00
0.00
0.84
0.00
0.33
0.09
0.05
0.18
0.05
0.03
0.57
0.00
0.00
0.84
0.00
0.00
0.00
0.00
0.00
0.22
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.06

0.43
0.00
0.75
0.70
0.23
0.55
0.57
0.01
0.00
0.02
0.81
0.03
0.29
0.15
0.01
0.23
0.19
0.03
0.53
0.00
0.00
0.86
0.00
0.00
0.00
0.00
0.00
0.20
0.00
0.02
0.07
0.00
0.00
0.00
0.01
0.30
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Table 2 (continued)
Contacts

Pre

TS

Post

Contacts

Pre

TS

Post

Tyr6-Tyr8
Tyr6-Lys20
Tyr6-Tyr52
Asp7-Glu9
Asp7-Ser17
Lys19-Gly21
Lys19-Glu22
Lys20-Glu22
Gly21-Arg23
Glu22-Leu24
Glu22-Ser39
Glu22-Thr41
Arg23-Gln25
Arg23-Leu40
Leu24-Ile26
Leu24-Ala37
Leu24-His38
Leu24-Ser39
Leu24-Ile48
Leu24-Val53
Gln25-Val27
Gln25-Ala37
Gln25-His38
Gln25-Leu40
Ile26-Asn29
Ile26-Trp35
Ile26-Ala37
Val27-Trp35
Val27-Leu36
Val27-Ala37
Val27-His38
Asn28-Thr30
Asn28-Glu31
Asn28-Trp35
Asn28-Leu36
Asn29-Trp35
Asn29-Ser50
Thr30-Gly32
Glu31-Trp34
Glu31-Trp35
Gly32-Trp34
Asp33-Pro49
Asp33-Ser50
Asp33-Asn51
Trp34-Tyr47

0.23
0.00
0.18
0.53
0.04
0.25
0.05
0.16
0.62
0.54
0.82
0.75
0.89
0.38
0.47
0.23
0.48
0.49
0.17
0.06
0.28
0.45
0.21
0.31
0.03
0.66
0.74
0.22
0.17
0.22
0.41
0.04
0.05
0.03
0.06
0.00
0.00
0.71
0.03
0.07
0.26
0.04
0.02
0.01
0.52

0.42
0.00
0.33
0.33
0.03
0.51
0.09
0.25
0.77
0.59
0.74
0.70
0.91
0.47
0.61
0.29
0.59
0.63
0.18
0.24
0.33
0.42
0.39
0.22
0.10
0.63
0.75
0.20
0.17
0.26
0.38
0.12
0.01
0.09
0.19
0.00
0.00
0.64
0.05
0.02
0.20
0.01
0.01
0.00
0.52

0.35
0.00
0.39
0.36
0.22
0.66
0.18
0.43
0.87
0.79
0.72
0.48
0.89
0.44
0.61
0.27
0.67
0.65
0.26
0.22
0.62
0.41
0.47
0.25
0.21
0.81
0.73
0.09
0.11
0.21
0.66
0.21
0.03
0.05
0.34
0.01
0.00
0.30
0.20
0.11
0.14
0.06
0.06
0.00
0.64

Phe18-Leu24
Phe18-Ala37
Phe18-Ser39
Phe18-Ile48
Phe18-Tyr52
Trp34-Ile48
Trp34-Pro49
Trp34-Ser50
Trp35-Ala37
Trp35-Tyr47
Trp35-Ile48
Trp35-Ser50
Leu36-His38
Leu36-Thr45
Leu36-Gly46
Leu36-Tyr47
Leu36-Ile48
Ala37-Ser39
Ala37-Gly46
Ala37-Tyr47
Ala37-Ile48
Ala37-Val53
His38-Leu40
His38-Gly43
His38-Gln44
His38-Thr45
His38-Gly46
Ser39-Thr41
Ser39-Thr42
Ser39-Gly43
Ser39-Gln44
Leu40-Gly43
Thr41-Gly43
Thr42-Gln44
Gln44-Gly46
Gly46-Ile48
Ile48-Ser50
Ile48-Tyr52
Ile48-Val53
Pro49-Asn51
Pro49-Tyr52
Pro49-Val53
Ser50-Tyr52
Ser50-Val53
Ala54-Ser56

0.00
0.03
0.11
0.02
0.02
0.43
0.26
0.30
0.50
0.47
0.74
0.16
0.70
0.66
0.53
0.18
0.38
0.77
0.81
0.42
0.17
0.02
0.71
0.34
0.55
0.57
0.67
0.02
0.75
0.45
0.57
0.26
0.65
0.47
0.89
0.47
0.46
0.34
0.25
0.25
0.37
0.39
0.74
0.38
0.51

0.00
0.00
0.14
0.01
0.21
0.48
0.22
0.22
0.65
0.43
0.74
0.07
0.61
0.59
0.78
0.15
0.40
0.81
0.89
0.51
0.29
0.07
0.60
0.27
0.46
0.64
0.70
0.03
0.76
0.49
0.53
0.25
0.55
0.44
0.94
0.47
0.41
0.39
0.21
0.28
0.31
0.34
0.58
0.30
0.71

0.01
0.02
0.39
0.00
0.26
0.42
0.29
0.23
0.81
0.57
0.83
0.08
0.58
0.53
0.76
0.20
0.26
0.87
0.81
0.51
0.30
0.11
0.61
0.41
0.66
0.72
0.65
0.01
0.63
0.57
0.66
0.30
0.55
0.50
0.91
0.49
0.42
0.43
0.25
0.38
0.25
0.30
0.43
0.18
0.68

formed as the central b-sheet, appear to be in the
middle stages of formation and better formed than
predicted by experimental f-value analysis. Few
contacts have formed between the RT loop and the
central b-sheet in our TS structures. Interestingly,
earlier work in which the TSE for SH3 was extracted
directly from discrete molecular dynamics simulations showed more structure in this region, in
particular between residues Leu16 and Gly46,20 the
latter being a kinetically important residue for
folding.45 The method of identification of the
transition state in this previous work was based
on the P fold analysis presented here. Hence,
structures with the Leu16-Gly46 contact formed
and Pfold values of 0.5 are true TSE conformations
(based on the Pfold definition used here). The fact
that structures with this contact are not found in the
present study implies that they were not present in
the putative TSE obtained from the structures
residing at the top of the free energy barrier. Clearly,
the Pfold refinement method can identify true TSE

structures only if they belong to the putative TSE in
the first place, indicating that the TSE obtained here
is a subset of the complete TSE. The absence of
structures with the Leu16-Gly46 contact in the
putative TSE can be attributed to insufficient
sampling in the importance sampling protocol
used to generate the free energy surfaces, as well
as to the choice of reaction coordinates onto which
these surfaces were projected. The fact that true TSE
structures may or may not present the Leu16-Gly46
contact highlights the possible existence of multiple
parallel pathways for folding, each with their own
TSE. A comparison of the contact probabilities in
the TSE determined from discrete molecular
dynamics (DMD) simulations,20 and that found
here is offered in Figure 6. The transition state
obtained from DMD simulations is seen to be more
structured, with additional contacts between the RT
loop and the central hydrophobic sheet. The robust
features of the TSE, which are found in both the
DMD and the present study are discussed below.
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Figure 6. Contact probability maps of the TSE obtained
from DMD simulations by Ding et al. (upper quadrant)20
and in the present study (lower quadrant).
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The contacts that exhibit the most dramatic
changes between pre- and true TSE structures are
of key interest. Such contacts are comprised of the
nucleus residues, whose contacts both define and
guarantee that the TSE is reached. The differential
native side-chain center of geometry (Cnat) and Cb
contact probability maps are represented in Figure 7
(a) and (b). The mean difference in Cnat contact
probability (over the 57 total native side-chain
contacts) is very small (0.04), with a probability
difference for 44 of the side-chain contacts between
K0.10 and 0.10. The most significant increases
(R0.2) in contact probability occur near the
diverging turn as well as in the second b-sheet. In
particular, contacts Val3-Ala54 between b1-b5 and
Tyr6-Tyr52 between b1-310-helix increase by 0.20
and 0.29, respectively, and contacts Ala4-Glu22 and
Ala4-Leu24 between b1-(diverging turn-b2)
increase by 0.20 and 0.24, respectively. Furthermore,
due to chain connectivity, contacts Asp7-Lys20 at

Figure 7. TS–preTS differential probability contact maps for native side-chain center of geometry Cnat contacts
((a), upper quadrant) and Cb contacts ((b), upper quadrant). Cnat and Cb contacts for the folded configuration are plotted
in the lower quadrants of (a) and (b), respectively. Significant changes in contact probabilities occur in the second b-sheet,
while the central b-sheet experiences only slight rearrangements, with positive/negative fluctuations in contact
probabilities. (c) A cartoon of a sample TS structure determined by Pfold analysis. Residues with an average Cb contact
probability change of O0.1 (as determined from Figure 6(b)) are shown in spacefill scheme. The structure is presented
with Accelrys ViewLite.
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Figure 8. Probabilities of forming native hydrogen
bonds for transition state determined from free energy
surface (black curve), Pfold-determined pre-TS (green
curve), Pfold-determined TS (red curve) and Pfold-determined post-TS (blue curve). Before the transition (pre-TS),
the hydrogen bonds are already quite well formed in the
central b-sheet, but not between b1-b2 and b5-b1. After
the transition (post-TS), hydrogen bonds between b1-b2
are significantly enhanced, and those between b5 and b1
slightly increased. The TS determined from the free
energy surface is closer to the pre-TS determined from the
Pfold analysis.

the base of the RT loop increase by 0.32. Leu24Val53 between b2-310-helix increases by 0.21, while
Trp35-Ser50 between b2-310-helix decreases by 0.21.
The latter may contribute to the disruption of
310-helix (discussed in Clustering analysis). None
of the 22 side-chain contact probabilities in the
central b2-b3-b4 sheet increased by more than 0.1,
except Leu24-Ala37 (by a marginal 0.12). Similar
trends are observed in the differential contact map
for Cb contacts (Figure 7(b), upper quadrant). Out of
84 non-local Cb contacts (of more than three
residues apart), 12 outside the central b-sheet
increase by more than 0.2, compared to only one
out of 34 in the central b-sheet. In addition, only
residues outside the central b-sheet display average

Cb contact probability changes of O0.1; namely,
Phe2, Val3 and Ala4 from b1, Gly21, Arg23 and
Leu24 from the diverging turn-b2 and Val53, Ala54,
Pro55, Ser56 from b5. These residues are key
elements of the folding nucleus. While they are
spread throughout the sequence of the protein, they
form a localized nucleus in space. Figure 7(c) shows
a sample TS structure determined by Pfold analysis,
with the above key residues shown in spacefill
scheme. In sum, the major difference between preand true TSE conformations is a cluster of
additional contacts between the b1 strand and
diverging turn-b2 region as well as between the
terminal b-strands. The importance of the diverging
turn in the transition state of the src-SH3 domain
has been demonstrated experimentally through
f-value analysis.46 The central b-sheet does not
differ significantly between pre- and true TSE
conformations, and hence emerges as a necessary,
but not sufficient element of the true TSE.
The hydrogen bond formation probabilities for
the pre-TS, TS and post-TS structures are shown in
Figure 8 and given in Table 3. In good agreement
with the results drawn from the contact maps, all
pre-TS have quite well-structured hydrogen bonds
in the central b-sheet b2-b3-b4 hydrogen bonds,
which are enhanced slightly during the transition.
The most significant increase in hydrogen bond
probability occurs between b1 and b2, from around
0.1 to 0.7 for both hydrogen bonds Phe2-Leu24 and
Glu22-Ala4, with the first residue denoting donor
(backbone O atom) and the second acceptor
(backbone H atom). The hydrogen bond probabilities between b1 and b5 have slightly increased
during the transition, from around 0.1 to 0.3 for all
the three hydrogen bonds Val3-Ala54, Tyr52-Leu5
and Tyr52-Tyr6. Although the b2-b3 are quite well
formed, the n-src loop that connects them remains
quite unstructured even after the transition, despite
the fact that the two hydrogen bonds between
Asn28 and Leu36 are also slightly enhanced during
the transition from 0.05 to 0.2. The hydrogen bonds
between the RT loop and the central b-sheet are not
formed at the transition state, in agreement with our
previous results, which indicate that this step
occurs only in the final stage of folding.39 Interestingly, the hydrogen bond O(Phe18)–H(Tyr8)
enhances significantly from 0.05 to 0.55 during the

Table 3. Probabilities of forming native side-chain contacts for pre-TS, TS and post-TS structures as determined by the
Pfold test
H-bond

Pre

TS

Post

H-bond

Pre

TS

Post

Phe2-Leu24
Val3-Ala54
Tyr8-Phe18
Thr14-Tyr47
Phe18-Tyr8
Glu22-Ala4
Gln25-His38
Asn28-Leu36
Trp35-Ile48
Leu36-Val27

0.14
0.07
0.00
0.00
0.03
0.13
0.64
0.05
0.67
0.66

0.37
0.25
0.00
0.00
0.18
0.43
0.79
0.13
0.65
0.70

0.70
0.17
0.03
0.00
0.52
0.73
0.87
0.23
0.75
0.84

Leu36-Asn28
Ala37-Gly46
Ser39-Gly43
Ser39-Gln44
Gln44-Ser39
Gly46-Ala37
Tyr47-Leu16
Tyr52-Leu5
Tyr52-Tyr6

0.06
0.67
0.47
0.37
0.54
0.66
0.00
0.13
0.13

0.14
0.73
0.43
0.30
0.45
0.79
0.00
0.32
0.25

0.20
0.66
0.41
0.36
0.59
0.80
0.00
0.29
0.26
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Figure 9. Correlation of average Pfold after clustering with (a) average backbone RMSD, (b) number of native sidechain contacts, (c) Cb contacts, (d) hydrogen bonds, (e) radius of gyration of residues forming the hydrophobic core (five
b-strands), and (f) radius of gyration of the terminal b-strands. Although none of the order parameters (a) through (d)
shows a clear-cut correlation with the Pfold, number of Cb contacts, (c) seems to behave better than the others. True
transition state structures cannot have (e) a very open core, or (f) a large distance between b1 and b5.

transition, while its complement O(Tyr8)–H(Phe18)
remains essentially unformed. This can be attributed to the sequence connectivity of the protein:
with the b1-b2 formed earlier, the structured unit
zips from the two ends of the RT loop up to its hinge
region (Glu13), leading to the bottom of the RT loop
being better structured than the hinge. This can be
seen in the Cb contact map of the transition state
(Figure 5(d), upper quadrant): starting from the
b1-b2 contacts region, the probabilities decrease as
the contact approaches the diagonal.
Comparing the hydrogen bond probabilities for
the transition state structures determined by Pfold
and from the free energy surface, we find that the
putative transition state obtained from the free
energy surface is slightly off towards the pretransition state side, with less structure formed in
the b1-b2 region than determined from Pfold test.
Clustering analysis
In order to further probe the nature and possible
diversity of the pre-TS, TS and post-TS structures,
we clustered all the analyzed conformations based
on mutual heavy-atom RMSD after a least-squares
fit. The maximum RMSD between each structure in
a cluster, and the cluster center is constrained to be
no greater than 3 Å. The 1661 structures were
divided into 113 clusters after clustering, and the

average Pfold for structures in each cluster calculated. The clustering resulted in 521 (pre-TS)
clusters with average Pfold!0.2, 12 (TS) clusters
with average Pfold between 0.4 and 0.6 and 20 (postTS) clusters with average PfoldO0.8. Out of the 52
pre-TS clusters, 31 have less than five members,
revealing, not surprisingly, that the pre-TS
ensemble has much wider structural variety than
TS and post-TS ensembles. In addition, among the
21 larger pre-TS clusters, 11 showed a structured
helix in the 310 helix region (Figure 10). All 12 TS
clusters have at least five structures each and a total
of 438 structures. Only three out of 12 TS cluster
centers show helical structure in the 310 helix region.
Out of 20 post-TS clusters, 14 have more than five
members, and none of them shows a helix in the 310
helix region. Therefore, prior to the transition, the
protein has more helix formed in the 310 region,
with the helix component decreasing significantly
during the transition. The 310 helix region has a
short sequence Ser50-Asn51-Tyr52-Val53, and is
expected to adopt a turn structure based on the
Chou–Fasman secondary structure prediction
when in isolation.47 The helix may be induced by
adjacent components of the protein and form early
in the folding process, as it involves only local
contacts. However, to form contacts between the
terminal strands, it may be necessary to extend this
region, thus disrupting the rigid helix. Contacts
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Figure 10. Some cluster centers with average Pfold!0.2
((a) and (b), pre-TS), 0.4!Pfold!0.6 ((c) and (d), TS) and
PfoldO0.8 ((e) and (f), post-TS). (a) A pre-TS with wellstructured central b-sheet, but an open core without
contacts between b1-b2 or b1-b5. (b) A pre-TS structure
with structured central b-sheet in intermediate stage, helix
formed in the 310 region, but unstructured b1-b2. (c) and (d)
Two true-TS structures with well-structured central
b-sheets and more contacts in the b1-b5 and b1-b2 regions
than in the pre-TS structures. The (e) and (f) post-TS
structures have more structured b1-b2 and b5-b1 and RT
loop than TS, and more compact core, but less helix in the
310 region. Structures were prepared with Rasmol.

between terminal strands can provide a better
protection to the hydrophobic core of the protein
and promote folding. It has been shown for the Fyn
SH3 domain that folding can be accelerated
dramatically by stabilizing the transition state
through a non-native backbone conformation.45
Early formation of helical structure followed by a
transition to a sheet has been observed in the
folding mechanism of b-lactoglobulin.48,49

post-TS structures, we plotted the correlation
between Pfold and a number of order parameters
used commonly in theoretical studies of protein
folding (Figure 9). While none of the order
parameters in Figure 9 shows a striking difference
between pre-TS, TS and post-TS, a number of Cb
contacts appear to perform significantly better than
the others, with less “outliers” from the correlation
line. The Cb contacts total 162 in the native state,
compared with 57 native side-chain contacts and 19
native hydrogen bonds and hence offer more
“probes” throughout the protein, yielding more
information than the other two types of probes and
improving the correlation with the Pfold value. The
backbone RMSD appears not to be as good an order
parameter as the Cb contacts. This is likely due to the
fact that the SH3 domain has a quite polarized
transition state, which can tolerate small RMSD in the
central b-sheet but large RMSD in the other sections.
The Cb contacts, on the other hand, are more
concentrated in specific secondary structural regions,
hence yielding a better correlation with Pfold.
Figure 9(e) and (f) indicate that TS structures cannot
have a very exposed core (RgCoreO10 Å), or a large
distance (Rg51O8 Å) between the two termini (else
the newly formed central b-sheet may not survive
under the attack of water molecules and unfold).
Representative cluster centers for pre-TS, TS and
post-TS structures are given in Figure 10. Requirements for belonging to the transition state (as
identified by Pfold analysis) involve the following
features: a structured central b-sheet, and an
appropriately compact core, involving b1-b2 contacts, b1-310 helix-b5 contacts and a structured
diverging turn. Any one of these structural
elements alone does not guarantee membership in
the true TSE. For instance, the structure in
Figure 10(a) has a well-structured central b-sheet,
but it is a pre-TS because the core is wide open;
structure b has a less-structured central b-sheet, and
a 310 helix, but an open core with no contact
between either b1-b2 or b1-b5, therefore it is a preTS too. The structures in Figure 10(c) and (d) both
have a relatively compact core, with (c) b1-b5
contact or (d) b1-b2 contact and are TS structures.
Post-TS structures (Figure 10(e) and (f)) have more
compact structures, more contact between b1-b5
and b1-b2 than TS structures, although some
secondary structures may not be well formed, for
example, the central b-sheet in Figure 10(e) and
b1-b5 in Figure 10(f). Recent studies on SH3
homologues showed that structures obtained from
a putative TSE have the topology characteristic of
an SH3 domain despite local structural variability.50
In addition, the diversity of these structures agrees
well with the multiple pathway scheme for a
homologue of this protein, the c-Crk SH3 domain.44

Correlation between order parameters and Pfold

Conclusions

In order to evaluate how well a given order
parameter can discriminate between pre-TS, TS and

Simulations are a particularly attractive means of
studying the TSE of proteins, as they provide a
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picture of the TSE at a detailed atomistic level not
available from mere inspection of experimental
f-values. A number of computational methods
have been proposed in the literature to probe the
TSE of small proteins, including the use of hightemperature unfolding simulations,51 and f-value
based methods.15 The method of Daggett identifies
TS conformations on the basis of structural fluctuations occurring during unfolding trajectories.
This method involves arbitrary assumptions
relating observed clustering of conformations
along a very small number of unfolding trajectories.
The fact that putative transition states are obtained
from a small number of trajectories precludes, in
principle, derivation of the TSE from the simulations described by Daggett et al., and raises
questions as to the statistical significance of their
conclusions. An additional drawback of this
method includes the use of unfolding simulations
to infer folding events; however, such microscopic
reversibility is unlikely to hold under the dramatic
perturbations imposed by high temperatures.
Moreover, recent simulations have shown that
elementary hydrophobic interactions (in particular
the height of the desolvation barrier) are highly
sensitive to temperature, rendering the extraction of
accurate information about folding at low temperature from high-temperature simulations questionable.42,52 The method of Vendruscolo and
co-workers, on the other hand, seeks to increase
the statistical weight of transition states by
imposing a restraining potential based on experimental f-values, with the purpose of focusing
sampling of conformational space to the TS region.
While a powerful approach to identifying the TSE, it
requires the availability of experimental f-values as
input. The combined use of importance sampling
molecular dynamics simulations and Pfold analysis
presented here overcomes the limitations of the
above methods and provides a powerful means to
identify the transition state ensemble for folding of
small proteins accurately and cost-effectively.
In addition, our study enables us to evaluate the
suitability of a set of parameters (such as the
number of native contacts and the radius of
gyration) commonly used as reaction coordinates
for folding. While the approach taken here makes
use of two different Hamiltonians (a fully atomic
one to generate the free energy surfaces and a
simpler one for the Pfold calculations), we anticipate
that this discrepancy will not significantly affect the
validity of our calculations. Indeed, the TSE of small
proteins appears to be robust, largely determined
by chain topology, rather than by the specific details
of the interactions.53–56 Our recent simulations
using both all-atom Go as well as non-Go potentials
showed that the transition states for three different
SH3 domains (Src, Fyn and a-spectrin) obtained by
Pfold analysis are all very similar, and are mostly
insensitive to the specific potential used.56 Pfold
values obtained using Go-models tend to be slightly
higher than those obtained using more frustrated
potentials, but are in good agreement overall. In a
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similar vein, recent simulations by Pande on the
BBA5 mini-protein indicate that Pfold values computed in both implicit and explicit solvent are in
qualitative agreement.31 Use of a fully atomic
potential can enrich the putative TSE and, when
combined with Pfold calculations using a coarsegrained model, can yield atomically detailed insight
into at least a subset of the entire TSE.
We found that conformations of the SH3 domain
with Pfold near 0.5 showed a structured central
b-sheet with less structure throughout the rest of the
protein, in agreement with both experimental
f-value analysis and theoretical studies. Interestingly, pre-TS structures can possess a well-defined
central sheet, indicating that this element is a
necessary, but not sufficient criterion for membership in the transition state. In addition to a
structured central region, the protein must adopt a
relatively compact conformation (RgCore!10 Å) in
the transition state with well defined cluster of
contacts formed by residues in the diverging turn
and the second b-sheet. Remarkably, these residues
appear to be highly universally conserved in SH3
fold structures (“CoC central” database†).57,58
Certain flexibility is permitted in the rest of the
structure, with varying degrees of b1-b2 and b1-b5
contacts formed in the TSE, a possible indication of
multiple folding routes. Overly compact structures
always belong to the post-transition state. An
interesting observation that arises from a comparison of the TSE determined here and the one we
found previously,59 is that there may be multiple
parallel pathways for folding, each possessing its
own TSE. This observation suggests that, in
addition to performing standard f value analysis,
it may be useful to examine complementary probes
of the TSE aimed specifically at identifying the
presence of multiple TSE for folding. Sosnick and
co-workers suggested recently that their j-value
method may be capable of discerning parallel
pathways,60,61 although we note that a number of
concerns have recently been raised regarding the
ability of j-values to determine TSE heterogeneity
unambiguously.62
The free energy surfaces for SH3 yielded a
putative TSE that, on average, leaned more towards
the pre-transition state, with only 20% of structures
belonging to the true TSE (as defined by Pfold
analysis). The small percentage of true TSE
conformations obtained may be due to insufficient
sampling used to generate the free energy surface
and to the fact that the free energy surfaces were
obtained using a fully atomic model in explicit
solvent, while the Pfold analysis was performed on a
coarse-grained protein model. In addition, the
selection of “reaction coordinates” onto which
the free energy is projected has a strong influence
on the nature of the resulting TSE. As discussed in
the main body of the text, conformations residing
on the top of the barrier belong to the “true”
† http://kulibin.mit.edu/coc/
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transition state only if the free energy surface is
projected onto “the” reaction coordinate for folding.
Since such a coordinate is not known for protein
folding (and, if it exists, is likely to be proteinspecific), we projected the free energy onto a chosen
order parameter describing the progress of the
folding reaction. In our case, we selected the
number of native side-chain contacts Cnat. This
choice is an approximation for the true reaction
coordinate and will hence lead to a free energy
surface for which not all the structures lying at the
maxima are true transition state. It is apparent from
the Pfold analysis that finding a simple geometric
reaction coordinate to describe the transition state is
a non-trivial task. None of the standard order
parameters considered (such as the number of
native side-chain contacts and radius of gyration)
yielded a perfect correlation with the Pfold values.
The number of native b-carbon (Cb) contacts did
correlate significantly better than other parameters,
indicating that for SH3, the Cb contacts are a more
reliable indicator of folding progress.

Methods
Free energy surface
Details of the importance sampling methodology are as
described,24,39 and are summarized below. The protein is
described in atomic detail using the CHARMM19 forcefield with a TIP3P water model.63 All molecular dynamics
simulations were performed using the CHARMM software,64 using the computational cluster at Argonne
National Laboratory. Covalent bonds between hydrogen
atoms and the heavy atoms were fixed using the SHAKE
algorithm, allowing for 2 fs time-steps in the Verlet leapfrog integration. All long-range forces were treated using
the particle mesh Ewald method. Free energy surfaces
(potentials of mean force) as a function of a number of
reaction coordinates were generated using extensive
importance sampling molecular dynamics simulations.
In a first step, the native state of the protein was
characterized through two 2 ns molecular dynamics
simulations at 298 K, from which two descriptors of the
native state were defined, the number of native side-chain
contacts and native hydrogen bonds. A native side-chain
contact is formed if the distance is less than 6.5 Å between
the centers of geometry of side-chains of two nonadjacent residues. A native hydrogen bond is formed if
the backbone hydrogen and oxygen atoms of two
residues are less than 2.5 Å apart. A total of 57 native
contacts (plotted in the contact map in Figure 1(b), upper
quadrant) and 19 native hydrogen bonds were identified
in this manner. In the next step, an ensemble of structures
spanning the unfolded to the folded state was generated
using three 2 ns high-temperature (400 K to 450 K)
unfolding simulations. In all, 76 cluster centers were
found by clustering these structures with the number of
native contacts, the number of native hydrogen bonds
and the protein solvation energy in the dissimilarity
function. These cluster centers were then resolvated and
equilibrated by 100 ps of molecular dynamics run at
343 K at constant pressure, and then used as the starting
points for biased sampling at 343 K (close to the folding
temperature).42 Biased sampling was then performed at

constant volume for 400–800 ps on each cluster center,
using a harmonic restraint in the fraction of native
contacts (r) with a force constant between 500 kcal/mol
and 1000 kcal/mol. In a final step, the sampling data were
combined using a constant-temperature weighted histogram analysis method.65 The density of states as a
function of the fraction of native contacts and radius of
gyration were obtained and used to generate the free
energy surface at 343 K.
The fraction of native side-chain contacts (r) used in the
umbrella sampling was defined as described.66 First, the
state of each contact x(i) is defined using a continuous
function:
xðiÞ Z

1

1 C exp Nbins dðiÞ K K C tol
2

which gives essentially 1 if the distance d(i) between the
centers of geometry of the side-chains is less than the
cutoff K (6.5 Å), and 0 if d(i) is larger than the cutoff plus a
given tolerance (tol, 0.3 Å). The fraction of native contacts
r is the sum of states of all contacts, with rZ0 and 1
representing the completely unfolded and folded states,
respectively. In addition to the fraction of native contacts,
we used the number of side-chain b-carbon atom (Cb)
contacts as an order parameter. A Cb contact is formed
when the distance between Cb atoms (except for Gly, for
which Ca is used) is within 7.5 Å. A total of 162 Cb
contacts were found in the native state structure.

Pfold calculation
From the free energy surface we found that the putative
TSE is located close to rZ0.3, with about 18 native sidechain contacts. A total of 1661 structures with 14–29
native side-chain contacts (rZ0.25–0.5) (w4% of w40,000
structures sampled in this region) were selected randomly and subjected to Pfold calculations.
We use the discrete molecular dynamics (DMD)
algorithm to compute the Pfold values. DMD has been
applied recently to study protein folding and aggregations.32,59,67–69 We model the src-SH3 domain by the
“bead-on-the-string” model as described,20 with two
beads per amino acid residue corresponding to Ca and
Cb atoms, and constraints between neighboring beads to
mimic the real protein flexibility. We use the Go potential
to model the interactions between different amino acids.70
The interaction potentials are assigned between Cb atoms
(Ca for Gly) and a cutoff of 7.5 Å has been used. We
perform DMD simulations of src-SH3 at the previously
determined folding transition temperature TF to compute
the Pfold values.20 For each putative TSE conformation, we
run 100 independent DMD simulations with different
initial velocities at TF. Since all initial conformations may
fold into the native state at TF with the simulation time
long enough to overcome the free energy barrier, we limit
each DMD simulation within the time that is much
smaller than the average barrier-crossing time but longer
than the relaxation time.20 We determine the Pfold value as
the percentage of the 100 runs that the model protein
folds. We count the final state as folded if both the RMSD
is less than 4 Å and the potential energy is in the folded
basin, as identified from our equilibrium studies at TF.20
Out of the 1661 putative TSE structures, 125 had less than
4 Å backbone RMSD from the native state, of which 122
were found to have PfoldO0.8 and thus counted as postTS structures.
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Clustering of the structures
To explore the structural diversity of the transition
state, we clustered the structures using the kclust
module71 from the MMTSB tool set†.72 The clustering is
based on RMSD of heavy atoms after a least-squares fit.
The algorithm optimizes cluster assignment subject to the
constraint on cluster radius (set to 3 Å), such that no
member of a cluster is more than the specified distance
from the cluster center.
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