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INTRODUCTION

Understanding of the process of protein folding is one of the grand challenges in

molecular biology. Ever since it was shown that the information contained in the

sequence of amino acids is sufficient for a protein to find the structure of its native

state,1 experimentalists and theoreticians have tried to understand the mechanisms of

this important biological process.2–5

Much effort has been focused on proteins that undergo two-state folding.5 The pri-

mary advantage of two-state proteins is the lack of detectable intermediate states, so

their folding process can be considered as involving a transition from a broad ensem-

ble of configurations representing the unfolded state to a narrow ensemble of configu-

rations making up the native state, via a specific transition state. The analysis of two-

state proteins greatly simplifies the interpretation of experiments designed to elucidate

the mechanism of folding. The F-value analysis,6 in which the effects of specific

amino acid substitutions on folding kinetics and equilibria are measured,7 has been

widely used to obtain structural information regarding the nature of the transition

state as F-values reflect the degree to which the environments of specific residues are

native-like in the transition state. By assuming that F-values correlate with the propor-

tion of native contacts in the transition state,8–13 F-values can also be used as restraints

in computer simulations. This approach has been used by several groups to propose

models for the structures of the transition state ensembles (TSEs) of a range of pro-

teins.10,12,14 However, as independent experimental information about transition states

is difficult to obtain, it has been problematic to verify whether a TSE generated in this

manner is in fact representative of the true TSE. Studies in which the TSE generated

using a set of experimental F-values is used to predict the results of further F-value

measurements,10,15 and studies showing that the contact order in the TSE correlate with

protein folding rates16 are supporting the use of this approach. A further validation has

been provided recently by the demonstration that the results of double-mutant cycle

experiments could be predicted from the knowledge of a set of structures representing

the TSE of barnase.17

In an alternative theoretical approach, a particular structure or set of structures is

identified as belonging to the TSE by calculating the probability of folding by generat-

ing trajectories that are started from the proposed structures.18 Since the TSE corre-
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ABSTRACT

A series of molecular dynam-

ics simulations in explicit sol-

vent were started from nine

structural models of the tran-

sition state of the SH3 do-

main of a-spectrin, which

were generated by Lindorff-

Larsen et al. (Nat Struct Mol

Biol 2004;11:443–449) using

molecular dynamics simula-

tions in which experimental

F-values were incorporated as

restraints. Two of the nine

models were simulated 10

times for 200 ns and the

remaining models simulated

two times for 200 ns. Com-

plete folding was observed in

one case, while in the other

simulations partial folding or

unfolding events were

observed, which were charac-

terized by a regularization of

elements of secondary struc-

ture. These results are consist-

ent with recent experimental

evidence that the folding of

SH3 domains involves low

populated intermediate states.
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sponds to the point of highest free energy along the reac-

tion coordinate of the folding process, a TSE structure

should have an equal probability to fold or to unfold,

and therefore its folding probability, Pfold, should be

equal to 0.5.18 Several studies have used this type of

approach to validate TSEs. Gsponer and Caflisch13 gen-

erated putative TSE conformations and estimated the

Pfold values of six structures using an implicit model to

account for solvation effects. They found that up to 200

ns simulations were necessary to discriminate between

folding or unfolding behavior. Shakhnovich and cow-

orkers determined Pfold values in simulations using a Go

potential19,20 and observed that not all conformations

satisfying experimental F-values were part of the TSE on

the free energy landscape of the model that they consid-

ered.20 More recently, however, Wolynes and coworkers

concluded that the use of F-values as restraints repre-

sents an effective strategy for the accurate determination

of transition state structures.21 Go potentials, in which

native interactions are considered more favorable than

nonnative ones, were used both by Shakhnovich and

coworkers and Wolynes and coworkers, and they have

the advantage of being computationally very convenient.

There has been, however, some debate about whether the

free energy landscapes22 and the folding kinetics23 of Go

models resemble the true ones faithfully enough to pro-

vide good estimates of the Pfold values, which are known

to be extremely sensitive to changes in conformations

and energetics.23 Within this context, the use of explicit

solvent models in Pfold calculations has been analyzed

recently by Rhee and Pande,23 who showed that it can

represent, at least in the case of the 23-residue mini-pro-

tein BBA5, a promising approach for a reliable estima-

tion of Pfold. Even with simplified models the evaluation

of reliable Pfold values is computationally extremely

demanding. Several methods have been proposed to

reduce this demand by alternative determinations of the

Pfold values of conformations sampled during reversible

folding simulations.24–26 For example Rao et al.24

showed that the Pfold of a conformation can be approxi-

mated by the probability that structurally similar confor-

mations (clusters) fold during a reversible folding simula-

tion. Such a procedure was suggested to be equivalent to

a Pfold calculation for each individual conformation of

the cluster obtained through multiple simulations but

much less computational demanding.

In this work, extensive atomistic molecular dynamics

(MD) simulations in explicit solvent are used to examine

a set of nine structures selected from a model of the TSE

ensemble of the a-spectrin SH3 domain, which was gen-

erated by Lindorff-Larsen et al.27 using experimental F-

values as restraints. Two of the structures were simulated

for 200 ns for 10 times while the remaining ones for two

times. Taken together, the results discussed are derived

from a total of 6.8 ls of MD. The experimentally deter-

mined native conformation was also simulated for 100 ns

for comparison. In the following we examine a range of

structural properties, including the solvent accessible sur-

face area, the radius of gyration, the deviation of the

structure from the native configuration (global, local,

and per residue), and ratio of native contacts.

MODEL AND METHODS

Starting structures for the simulations

The native state

The native structure of the SH3 domain of a-spectrin

(PDB code 1BK228) was used. The numbering of the res-

idues is as in Ref. 27.

The transition state ensemble

We considered the structures representing the TSE of a-

spectrin SH3 generated by Lindorff-Larsen et al.27 In brief,

this TSE was generated using MD simulations12 in which

experimental F-values, Fexp, were used as restraints by

adding a term in the force field to penalize the difference

between the experimental F-values and those calculated

during the simulations, Fcalc. The Fexp values represent the

ratio of the destabilization of the transition state (TS),

DDGTS�U
i , compared to that of the native state (N),

DDGN�U
i , due to a mutation i,7 and were interpreted as

a measure of ratio of native contacts, Fcalc, present in the

TSE.10,12,27

Uexp
i ¼ DDGTS�U

i

DDGN�U
i

ð1Þ

The unfolded state (U) is used as reference. The Fcalc

values were computed for each residue in a given con-

formation as the ratio of native contacts8,10:

Ucalc
i ¼ Qconf

i =QN
i , where Qconf

i designate the number of

contacts of the residue i in a conformation and QN
i the

number of contacts of the same residue i in the native

state. A specific contact between two residues was consid-

ered to exist if the two residues were separated by at least

two positions along the sequence and the distance

between their Ca atoms was less than 8.5 Å.10 A contact

was considered native if observed to exist for more than

80% of the time during the 100 ns simulation of the

native state. Fcalc were determined for each conformation

of the MD simulations.

Nine transition state conformations (TSC) were

extracted from the original set of 500 structures (the set

Y ¼ 500 K, see Ref. 27 for details) and will be referred

as TSC-X with X ¼ 1 to 9. In Figure 1, a cartoon repre-

sentation of their structures and some of their general

properties are shown. The root mean square distance

(RMSD) from the native state of the Ca atoms, which

ranges from 4.1 to 5.1 Å, the radius of gyration, Rgyr,

and the solvent accessible surface area, SASA, indicate
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that the nine TSCs differ significantly from the X-ray

structure of the native state although the overall native

topology is maintained (Fig. 1). With the exception of

b3 and b4 few secondary elements are systematically

present in the TSCs.

MD simulations

All MD simulations were performed using the GRO-

MACS-3.1 program package.29,30 The GROMOS force

field 43a131 was used to describe the protein and the

SPC32 water model for the solvent. Each system (see

below) was solvated in a cubic box and simulated at 1

atm and 300 K. Both the temperature and pressure were

maintained close to their target values using the Berend-

sen33 weak coupling algorithm (sT ¼ 0.1 ps and sP ¼ 1

ps). A twin-range cut-off (1.0–1.4 nm) was used for the

nonbonded interactions. Interactions within the short-

range cutoff were evaluated every time step (2 fs),

whereas interactions within the longer range cutoff were

evaluated every 10 steps together with the pair-list. To

correct for the truncation of electrostatic interactions

beyond the long-range cutoff, a Reaction-Field34 correc-

tion was applied (e ¼ 78). Bond lengths were constrained

using the LINCS35 algorithm for the protein and the

SETTLE36 algorithm for the water.

Native state

The native state was solvated in a box of SPC water

leaving a minimum of 1.0 nm from the protein to the

edge of the box and simulated for 100 ns. This trajectory

was used to build a set of observables that were used to

characterize the native fold. Most of them were averaged

over the full length of the simulation.

Transition state

Each TSC was solvated in a box of SPC water mole-

cules leaving 1.0 nm from the protein to the edge of the

box. After energy minimization, a 50 ps simulation was

performed with position restraints applied on all heavy

atoms of the protein. A second 50 ps simulation was

then performed with restraints only on the heavy atoms

of the backbone. This was done to ensure that the starting

configuration was preserved during solvation. The sys-

tem was then simulated without structural restraints.

Each TSC was simulated twice for 200 ns. The simulations

Figure 1
Ribbon diagrams of the native and transition state conformations analyzed in this work. The topology of the native state (top left corner) is shown both in top and in side

view, together with the nine TSCs (see inset for TSC numbers). Values for the all-Ca rmsd (rmsd), the solvent accessible surface area (SASA), the number of residues

involved in a secondary structure element (S.S.) and in a b-strand (in parenthesis), and the radius of gyration (Rgyr) are reported. The last column corresponds to the

X-ray structure (1bk2). [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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were labeled TSC-X-1 and TSC-X-2, respectively, with

X ¼ 1 to 9.

To further evaluate the folding propensities from the

TSCs, eight additional runs of 200 ns each were per-

formed for two conformations, TSC-4 and TSC-5. These

structures were chosen as they had the greatest apparent

tendency to fold or unfold in the first two simulations

(see the Results section). New random velocities were

assigned to the system for each run. These simulations

will be referred to as TSC-4-1 to TSC-4-10 and TSC-5-1

to TSC-5-10.

Analysis of the simulations

To evaluate the extent to which a TSC acquired native-

like properties, the following properties were monitored.

Solvent accessible surface area (SASA): The SASA was

computed using the double cube lattice algorithm37 with

a probe radius of 1.4 Å. The values of the starting con-

formation and the average over the 100 ns simulation of

the native state are reported for the native fold. In the

case of the TSCs the values for the starting model, and

for the average from 199 to 200 ns for each simulation,

are reported.

Secondary structure: The time evolution of the second-

ary structure (as defined by DSSP38) of the TSC runs

was monitored to evaluate the formation of elements of

secondary structure during the simulation. The number

of residues involved in specific elements of secondary

structure (a-helix, b-sheet, b-strand) was also deter-

mined and compared to that observed in the simulation

of the native fold.

Global root mean square deviation (RMSD): The RMSD

of the Ca atoms (excluding the N and C termini: resi-

dues 1 and 57) of the TSCs from the X-ray model was

calculated to quantify the overall deviation of the struc-

ture of each TSC from the native fold.

Net-9 and Net-6: The time series of the RMSD of resi-

dues that were identified as key amino acids for folding

or stability of the domain27 were also monitored. Two

subsets were considered. Net-9 contains the nine major

hydrophobic core residues, labeled I to IX (residues 4, 6,

18, 20, 26, 28, 39, 48, and 53, respectively). Net-6 con-

tained a subset of net-9 (III to VIII). It has been sug-

gested that residues in net-6 form an important contact

network for the folding of the protein.27 These six resi-

dues are distributed in the RT-loop, b2, b3, and b4. The

three residues omitted (I, II, and IX) belong to b1 and

b5, two interacting b-strands.

Local RMSD: To determine the extent of formation of

local, native-like, tertiary structure element, subsets of

Ca atoms were defined based on the secondary structure

elements (SSE) present in the native fold. The subsets of

residues used are the following: all-Ca: 2–56, RT-Loop:

8–20, b-strand 1 (b1): 2–6, b-strand 2 (b2): 25–30, b-

strand 3 (b3): 36–40, b-strand 4 (b4): 45–49, b-strand 5

(b5): 53–55, b-sheet contains b1, b2, b3, b4, and b5.

Pairs of consecutive (often interacting) strands were also

used: b1b2, b2b3, b3b4, b4b5, and b1b5. Note that b4

and b5 are not in contact but are linked by a small 310

helix. The latter was too small to be defined as an inde-

pendent subset.

RMSD per residue: The time series of the RMSD per

residue were used to monitor the evolution of the pro-

tein structure at the residue level. The RMSD of each Ca

was calculated after a least square fit of the conformation

to the X-ray model using all Ca atoms.

RESULTS AND DISCUSSION

The native fold

We monitored various structural parameters derived

from the 100 ns simulation of the native fold (Fig. 2).

Specifically, Figure 2(a) shows the secondary structure as

a function of time, and Figure 2(b) shows the RMSD of

Figure 2
Native state simulation of the a-spectrin SH3 domain. Time series of: (a) the

secondary structure, and (b) the root mean square deviation of subsets of Ca

(see Method section for definition of the subsets) after a least square fit of the

all-Ca subset on the X-ray structure. [Color figure can be viewed in the online

issue, which is available at www.interscience.wiley.com.]
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all Ca atoms as well as different subsets of Ca atoms

from the native state. From these results, the native fold

can be considered as very stable in the force field. In fact

only the RT loop shows variations greater than 2 Å at

any stage during the whole simulation.

The transition state configurations

To examine the structural evolution of the trajectories

started from the TSCs various properties including the

radius of gyration (Rgyr), the solvent accessible surface

area (SASA), changes in secondary structure, the global,

local RMSD, RMSD per residue, and Fcalc-values were

analyzed as a function of time. In presenting the results,

four examples have been selected that illustrate the alter-

native behaviors observed during the simulations. These

include TSC-4-2, which shows complete folding to a

native like stable state, TSC-6-1, which shows partial

folding, TSC-5-2, which unfolds forming an excess of

secondary structure, and TSC-2-1, which unfolds with

little formation of secondary structure.

Rgyr and SASA

The values of Rgyr and SASA for the TSCs at the be-

ginning and the end of the 200 ns simulations, together

with the value obtained for the native fold, are reported

in Table I. In all cases there was a systematic decrease in

the Rgyr relative to the initial structures with values

approaching that of the native fold. There was also a sys-

tematic decrease in the SASA in the TSCs, with values

again approaching that of the native structure. These

results suggest that the structures obtained by Lindorff-

Larsen et al.27 are more expanded than those favored by

the force field used in this study.

Secondary structure

The TSCs contain few of the SSEs found in the native

fold (Fig. 1). Only two b-strands, b3 and b4, are clearly

identifiable in the initial structures (b-strands: yellow).

They form a two-stranded b-sheet (yellow arrow) in all

structures except TSC-3. Nevertheless, the topology of

the native fold is clearly visible in all of the structures

shown in Figure 1.

The total number of residues involved in a SSE, to-

gether with the number of residues involved in a b-

strand, are reported in Table I. There is a net increase of

both these quantities compared to the initial structure

during the simulations. This finding illustrates that there

is a strong tendency for the SSEs to become more or-

dered during the simulations.

The time evolution of the secondary structure is

shown in Figure 3 for representative TSC examples and

can be compared with that of the native structure shown

in Figure 2(a). The general regularization of the second-

ary structure is clearly evident in TSC-4-2, TSC-6-1, and
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Å
2
),

an
d

th
e

n
u

m
b

er
o

f
re

si
d

u
es

in
vo

lv
ed

in
a

se
co

n
d

ar
y

st
ru

ct
u

re
el

em
en

t
(S

.S
):

fi
rs

t
th

e
to

ta
l

n
u

m
b

er
is

gi
ve

n
an

d
th

en
th

e
n

u
m

b
er

o
f

re
si

d
u

es
in

vo
lv

ed
in

a
b

-s
tr

an
d

.
In

it
is

th
e

va
lu

e
fo

r
a

T
S

C
in

th
e

T
S

E
.

R
u

n
1

,
2

ar
e,

re
sp

ec
ti

ve
ly

,
th

e
av

er
ag

e
va

lu
es

fo
r

th
e

la
st

n
s

o
f

th
e

2
0

0
n

s
si

m
u

la
ti

o
n

o
f

T
S

C
-X

-1
an

d
T

S
C

-X
-2

w
h

er
e

X
¼

1
to

9
.

T
h

e
va

lu
es

re
p

o
rt

ed
in

th
e

N
at

iv
e

co
lu

m
n

ar
e

av
er

ag
es

o
ve

r
th

e
1

0
0

n
s

o
f

th
e

n
at

iv
e

fo
ld

si
m

u
la

ti
o

n
.

S
ee

M
et

h
o

d
se

ct
io

n
fo

r
m

o
re

d
et

ai
ls

.

X. Periole et al.

540 PROTEINS DOI 10.1002/prot



TSC-5-2. The b-strands b3 and b4 remained intact in

almost all of the simulations, but were lost in certain

cases, e.g. in TSC-2-1. No other native SSE formed con-

sistently. b1, b2, b5, and the 310 helix, which lies

between b4 and b5, appeared transiently in most simula-

tions. In most cases the folding behaviors of b1 and b5

were correlated. a-helical segments also appeared transi-

ently but in most cases did not remain stable. Note that

in the case of TSC-4-2 the missing native SSEs formed

simultaneously after 20 ns and remained stable for the

following 180 ns of the simulation.

Although native-like elements of secondary structure

formed during the simulations, the overall shape of the

molecule underwent significant distortions in some cases

namely TSC-2-1, TSC-3-1, and TSC-5-2. The native-like

topology, which was proposed to be characteristic of the

TSE,27 was lost in these three simulations. For example,

in the case of TSC-5-2, shown in Figure 3, b5 (C-term)

lost all contact with b1 (N-term) instead interacting with

RT Loop in a completely nonnative configuration.

Analysis of the RMSD from the native state

The deformation of the TSCs relative to the native

fold was quantified in terms of the RMSD of the Ca

atoms (all-Ca subset) from the X-ray structure. Only in

one simulation (TSC-4-2) was the native state reached

[Fig. 4(a)]. In this case, after 20 ns the all-Ca RMSD

from the X-ray model was less than 1.5 Å. The native

fold was maintained for the rest of the simulation. In

three other cases the native fold was approached, with

RMSD values of 1.2, 1.9, and 2.4 Å for TSC-4-1, TSC-3-2,

and TSC-6-2, respectively. Importantly, the adoption of

the native-like conformation in these three cases occurred

at the later stages of the simulation, namely after 180 ns,

but was not stabilized. In contrast in both simulations of

TSC-5 (TSC-5-1 and TSC-5-2) the molecule rapidly

unfolded with the RMSD reaching values exceeding 7.0 Å.

In the remaining simulations the RMSD values ranged

from 3 to 5 Å. Thus, in the majority of cases it was not

possible to discriminate between folded and unfolded

states based on the global RMSD. Interestingly, the aver-

age values of the all-Ca RMSD of the initial and the final

conformations are similar. These results indicate that dur-

ing the simulations the TSC become as much native-like

as unfolded, as is also apparent from the comparison of

the initial and final values of each TSC in Table II.

As an alternative to the global RMSD we also exam-

ined two sets of residues that had been proposed to form

key interactions in the native and in the transition states:

net-9, which contains the nine major hydrophobic core

residues, and net-6, a subset of net-9. These two sets of

residues have been suggested to be linked into an impor-

tant contact network for the folding of the protein.27

The RMSD values of the net-9 and net-6 subsets are

reported in Table II for the starting and final conforma-

tions. As these residues are well dispersed within the

folded state of the protein, the RMSD of these residues is

sensitive to the overall shape of the protein. Indeed the

RMSD of net-9 residues is correlated to that of all Ca

atoms throughout the simulations (data not shown). The

discrimination between folded and unfolded states based

on the RMSD of net-9 and net-6 is slightly more pro-

nounced than when using all Ca atoms (Table II). Based

on the analysis of net-9 and net-6, almost half of the

simulations reached a value smaller than their initial val-

ues although the average values are again very similar to

the initial values. Since net-6 differs from net-9 by three

residues located in b1 and b5, the differences between

net-6 and net-9 RMSD reflect the degree to which the

structure of those two strands is native-like.

Analysis of the local RMSD from
the native state

To examine the extent to which native-like structures

formed locally (independently from the global fold),

RMSD values were determined for subsets of Ca atoms.

The RMSD was calculated for each subset: (a) after a

least square fit on the entire set of Ca atoms (all-Ca,

global lsq fit); (b) after fitting only the subset of Ca

atoms corresponding to the specific region of interest

(local lsq fit). The former quantity reflects both the de-

formation of the structure of the subset itself and the

Figure 3
Time series representing the evolution of the secondary structure elements. A

selection of four scenarios is presented: complete folding (TSC-4-2), partial

folding (TSC-6-1), unfolding with excess of secondary structure formation

(TSC-5-2), and unfolding with little secondary structure formed (TSC-2-1). The

initial (T ¼ 0 ns) and final (T ¼ 200 ns) structures of the TSCs are shown as

a cartoon representation. The color code is the same used in Figure 1.
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Figure 4
RMSDs time series representing the molecular dynamics trajectories started from representative TSCs. (a) Global RMSD: root mean square deviation of all-Ca from the

X-ray structure of the TSC-X-1 (left) and TSC-X-2 (right) with X ¼ 1 to 9. (b) Local RMSD. A selection of four refolding scenarios is presented: complete folding

(TSC-4-2), partial folding (TSC-6-1), unfolding with excess of secondary structure formation (TSC-5-2), and unfolding with little secondary structure formed (TSC-2-1).

RMSD values of subsets of Ca atoms (see Method section for definition) after a least square fit on all-Ca subset (top panel) and on the same subset of Ca (bottom

panel). The color code is as indicated in TSC-4-2. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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contribution due to changes in orientation in respect to

the native structure. The latter quantity is a more direct

measure of the degree to which the local structure is

native like.

The local RMSD was calculated as a function of time for

the four selected example cases [TSC-4-2, TSC-6-1, TSC-5-

2, and TSC-2-1; Fig. 4(b)], which highlight how the degree

to which native-like structure is retained on a local level

can vary throughout the simulations. From Figure 4(b) it

can also be seen that the folding of TSC-4-2 is highly coop-

erative involving all the subsets. Cooperative formation of

native structure was also evident in TSC4-1 (results not

shown). In the case of TSC-6-1, the RT loop, b3 and b4

folded within 60 ns, b2 and b5 stabilized with RSMD val-

ues around 3 Å, and b1 remained in a nonnative conforma-

tion. The local least-square fit plot suggests that the RT

loop, b2b3, b3b4, and b4b5 locally folded with RMSD val-

ues <1.5 Å. The interactions formed by b1b2 and b1b5

were not native-like as is evident in the cartoon representa-

tion of the final conformation from TSC-6-1 (Fig. 3). TSC-

5-2 shows the local folding of major parts of the protein

(b2b3, b3b4, b4b5, and b1b5). However, based on its

RMSD, this TSC is amongst the most unfolded with an all-

Ca RMSD of 7.8 Å. In contrast, TSC-2-1 had a lower all-

Ca RMSD but almost no native like local structure with

only the RT loop relatively well folded.

The RMSD values for the different subsets of Ca after

200 ns of simulation are summarized for all TSCs in Ta-

ble II and show how in the case of TSC-4-1, TSC-6-1,

and TSC-3-2 the native fold was approached in the pres-

ence of nonnative conformations for the RT loop, b1,

and b5, respectively. By contrast, TSC-5-1 can be classi-

fied as unfolded by almost all measures. In most of the

remaining simulations only small regions of the molecule

were observed to be native-like and the majority of the

molecule remained unstructured, with the exception of

the b3-b4 region, which became significantly more

native-like in most cases.

RMSD per residue

A residue-level representation of the deviation of the

structure with respect to the native structure as a func-

tion of time is presented in Figure 5, where the RMSD

for each residue is shown after a least square fit on all-

Ca; time runs from the back of the plot to the front,

and the residue number is indicated on the front axes

and the color code is related the RMSD value (z-axes).

The RMSD from the X-ray structure for the native fold

plus four selected cases (TSC-4-2, TSC-6-1, TSC-5-2, and

TSC-2-1) is shown. In Figure 5 the dynamics and coop-

erative behavior of the folding/unfolding regions of the

protein can be readily observed. Folding appeared to be

cooperative for TSC-4-2 with almost the whole protein

simultaneously reaching a RMSD value <1.5 Å at the ini-

tial stages (<20 ns) of the simulation. Local deformations

occurred subsequently after about 100 ns, which involved

residues 14–22 (i.e. part of the RT loop), and they are

clearly visible as peaks in Figure 5. This figure illustrates

also the flexibility of regions connecting elements of sec-

ondary structure, such as those extending from residue

24 to 25, 31 to 35, 40 to 45, and 51 to 52. In the case of

TSC-6-1 the large deviations in b1, the diverging turn

region (residues 21–23) and b5, are evident as are the

Table II
Local RMSD

TSC no. 1 2 3 4 5 6 7 8 9 <> Native

All Ca Init 4.3 4.5 4.1 4.4 4.2 4.8 4.1 5.1 5.1 4.5 1.4
Run 1, 2 3.5 4.5 5.2 5.2 5.5 3.5 2.7 1.1 7.4 7.8 2.7 4.6 3.5 5.2 4.0 3.5 5.0 4.0 4.4

Net 6 Init 1.7 2.3 2.5 1.6 1.8 2.2 2.0 2.7 2.9 2.2 0.7
Run 1, 2 2.0 1.1 3.6 1.5 4.2 0.9 1.5 0.8 4.7 3.0 1.4 1.6 1.7 3.5 2.5 1.1 4.0 1.9 2.3

Net 9 Init 3.6 3.5 3.4 3.3 3.1 3.4 2.7 3.2 3.8 3.3 0.7
Run 1, 2 2.7 2.9 3.3 4.3 3.9 2.2 1.7 0.8 5.4 4.2 1.8 2.4 3.1 4.2 2.5 2.7 3.9 1.8 3.0

RT loop Init 1.9 2.0 2.4 2.0 2.1 2.4 2.9 3.8 4.1 2.6 0.7
Run 1, 2 2.0 2.9 1.5 3.9 4.3 1.6 1.9 0.8 5.0 7.1 0.9 2.8 2.6 3.8 4.5 2.7 4.7 4.1 3.2

b1b2 Init 4.5 3.6 2.9 3.4 3.7 3.5 3.1 3.0 2.1 3.3 0.9
Run 1, 2 3.0 3.1 5.2 3.9 4.4 1.9 0.7 0.8 4.5 5.5 3.9 3.0 3.7 5.0 2.1 2.1 2.2 2.9 3.2

b2b3 Init 1.9 2.1 2.2 1.6 2.0 2.3 1.6 1.6 1.3 1.9 0.8
Run 1, 2 2.2 1.3 4.3 2.1 4.7 0.8 0.6 0.6 3.1 1.2 1.3 0.8 1.9 3.4 2.2 1.3 4.4 2.3 2.1

b3b4 Init 1.3 1.2 1.7 1.4 1.2 1.5 1.5 1.3 1.3 1.4 0.5
Run 1, 2 1.8 0.8 2.6 0.7 0.9 0.5 0.7 0.5 1.5 1.0 0.4 0.7 0.8 1.3 1.1 0.7 0.7 0.8 1.0

b4b5 Init 1.6 2.0 2.0 2.5 2.1 2.4 1.8 1.3 1.6 1.9 0.5
Run 1, 2 1.6 3.7 1.5 1.9 1.3 1.7 1.0 0.8 4.0 2.5 1.0 1.8 1.1 1.7 1.4 1.7 1.0 0.9 1.7

b1b5 Init 3.2 4.0 2.7 2.4 2.1 3.1 2.0 3.3 3.7 2.9 0.5
Run 1, 2 2.5 3.2 2.7 4.8 1.7 4.0 0.5 0.6 5.9 1.8 3.3 5.0 2.8 3.6 3.1 3.6 3.6 1.8 3.0

Local root mean square deviations for subsets of Ca atoms (see Methods for definition). The values are for the conformations at the end of the 200 ns and are in Å.

Bold characters indicate the subsets considered folded (rmsd � 1.5 Å).
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fully folded regions notably within the RT loop, b3 and

b4. The plots of TSC-5-2 and TSC-2-1 clearly indicate

that the protein has undergone global unfolding,

although local arrangements were native-like. In these

cases the RMSD per residue also contains a large contri-

bution due to the least square fitting procedure.

F-Values

F-Values were estimated as the ratio of native contacts

per residue, using a similar approach as that used by Lin-

dorff-Larsen et al.27 to generate the initial structures (see

Methods). The F-values estimated in this way provide a

measure of the degree to which the microenvironment of

each residue is native-like. The averages of the F-values

for TSC-X-1 and TSC-X-2 (Table III) indicate that there

is a global increase of the average number of native con-

tacts, from 53 to 61%, during the first 10 ns of the simu-

lations. The average at the end of the simulations (last 10

ns) is similar, 65%, but the range of F-values observed at

the end of the period simulated (0.34–0.94) is much

wider than at the beginning of the simulation (0.44–

Figure 5
Time series of the RMSD plotted per residue. The native fold simulations and a selection of four refolding scenarios are presented: complete folding (TSC-4-2), partial

folding (TSC-6-1), unfolding with excess of secondary structure formation (TSC-5-2), and unfolding with almost no secondary structure formed (TSC-2-1).
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0.70). As expected, the TSC identified as folded or par-

tially folded have the highest average F-values at the end

of the simulation.

The initial increase of the average F-values is primarily

due to changes in b1, b2, and the diverging turn and to

a smaller extent in the region b2-4 and the RT loop, as

evident in Figure 6(a–c). The b2-4 region has a native-

like environment as shown by the average F-values for

the last 10 ns of the simulations. In contrast, in the first

half of the sequence the F-values are evenly dispersed in

both sets of simulations with F-values ranging from 0.0

to 1.0 (averaging around 0.5).

The time series of F-values per residue for the native

fold and for the four selected cases is presented in Figure

7. In the simulation of the native fold more than 96% of

the native contacts are present throughout the simula-

tion. In the region from residue 31–33 (n-src loop) F-

values ranged from 0.4 to 0.6, indicating a loss of native

contacts. This finding is consistent with the observation

that the n-src loop region is flexible.39 A similar behav-

ior was observed for TSC-4-2 after folding. For TSC-6-1,

native contacts rapidly formed within the RT loop and

the initial high ratio of native contacts was conserved

throughout the simulation. By contrast, nonnative con-

formations were observed in b1 and in the diverging

turn (residues 20–24). In TSC-5-2, few native contacts

were present in the first half of the sequence (residues

2–30). In the remaining sequence (mainly b2–b4) many

native like contacts have formed. In contrast, in TSC-2-

1, native contacts are distributed along the sequence.

Overall, the observations based on the F-values are con-

sistent with the RMSD analysis discussed earlier. How-

ever, in some cases, high F-values do not indicate a low

RMSD, and vice versa, as illustrated in the cases of

TSC-6-1 and TSC-2-1 [Figs. 4(b), 5, 6, and Table II],

suggesting that RMSD and F-values provide comple-

mentary information.

Statistics of folding for two TSCs

According to the results shown in Table II one would

suggest that TSC-4 is on the folded side of the transition

state and TSC-5 on the unfolded side, while no trend is

apparent for the other structures. However, these sugges-

tions are based only on two simulations. To further assess

their statistical significance, eight additional 200 ns

simulations were performed for TSC-4 and TSC-5 giving

a total of 10 independent simulations for each of these

two cases. TSC-4 and TSC-5 were chosen as they showed

the greatest difference in folding behavior (see Tables I–

III).

The results for the 10 independent 200 ns simulations

of TSC-4 and TSC-5 are summarized in Table IV, which

shows two notable features. The first is the wide variation

between the results in the different runs. The second is

that despite these wide variations there are systematic dif-

ferences between TSC-4 and TSC-5. Although the RMSD

value of the starting structure in the case of TSC-4 is

slightly larger than that of TSC-5 (4.4–4.2 Å), on average

the TSC-4 moves toward the native state by about 1.0 Å,

while TSC-5 moves away from the native state by about

1.0 Å. In both TSC-4 and TSC-5, the region of b3 and

b4 shows a clear propensity to form a native-like struc-

ture. With the possible exception of the RT loop in TSC-

5, for which the RMSD value is significantly larger than

the initial structure in all 10 simulations, none of the

local elements showed the same behavior in all simula-

tions. It is also notable that the range of values observed

for both TSC-4 and TSC-5 overlap, and that they are

similar to the range of values observed for the other

TSCs.

Criteria for the identification of folded and
unfolded states

The determination of the folding propensity of a TSC

requires a criterion for discriminating between folded

and unfolded structures. By considering cases such as

TSC-4-2, for which complete folding was observed, the

discrimination would appear to be straightforward. This

case also suggests that if the initial structure is on the

folding pathway, a simulation of the folding from a

structure with an initial all-Ca RMSD >4.0 Å can be

achieved using appropriate atomic models and explicit

solvent. TSC-4-2 also highlights the fact that a decrease

in all-Ca RMSD to values of 3.0 Å or even 2.0 Å from

the experimentally determined structure in this case does

not necessarily correspond to a fully folded state. In the

current case, sampling of states with an all-Ca RMSD of

<1.5 Å with at least 90% of native contacts formed

would be required to ensure the protein had in fact fully

folded.

Table III
F-Values

TSC no. 1 2 3 4 5 6 7 8 9 < >

F-Value Init 0.58 0.47 0.55 0.57 0.48 0.50 0.58 0.52 0.51 0.53
0–10 ns 0.69 0.61 0.59 0.44 0.66 0.69 0.65 0.70 0.55 0.58 0.69 0.57 0.61 0.56 0.59 0.61 0.60 0.63 0.61

190–200 ns 0.64 0.60 0.63 0.53 0.60 0.83 0.84 0.94 0.34 0.50 0.77 0.69 0.62 0.55 0.68 0.67 0.56 0.63 0.65

F-Values in the initial structure and averaged over the first and last 10 ns of the TSC-X-1 and TSC-X-2 simulations. < > indicates the average over the nine conforma-

tions. Bold characters indicate the values for folded and partially folded structures.
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The definition of an unfolded state is in many respects

even more problematic than that of the folded state. This is

because the unfolded state, despite recent advances,40–44

cannot be currently characterized experimentally with the

same structural detail that is possible for native states, and

as a result it is more subjective to define criteria for classify-

ing a particular conformation as unfolded. For example, in

the case of the drkN SH3 domain,43 it has been suggested

based on SAXS and NMR data that a 30–40% increase of

Rgyr could be expected in the unfolded state. By adopting

this criterion, none of the TSC would be considered as

unfolded during the 200 ns presented here. Similarly, based

on the values of Ca RMSD, Rgyr, and SASA for post and

pre-TS conformations extracted from a previous Pfold

analysis of Shakhnovich and coworkers using a Go

model,20 all of the structures simulated would again be on

the folding side of the TS. Gsponer and Caflisch13 used an

all-Ca RMSD of <2.5 or >7 Å and >87.5 or <37.5% of

native contacts as structural criteria to differentiate

between folding and unfolding simulations for a putative

TSC for the src SH3 domain. By these definitions, in the

present case only TSC-4-1 would be classified as being

folded and only TSC-5-1 as unfolded, while the remaining

structures would remain undetermined.

Taken together these observations suggest that most of

the TSCs showed comparable tendencies to either fold or

unfold. In this respect, the TSCs analyzed can be consid-

ered putative members of the TSE. In the following sec-

tion we describe why a Pfold analysis was not possible in

the present case.

Possible effects caused by the presence
of folding intermediates

The nine transition state configurations analyzed in

this study have similar structural characteristics, in terms

of topology, radius of gyration, and solvent accessible

surface area. However, even in the case of TSC-4, for

which complete folding events were observed in our sim-

ulations, a wide variety of structures were obtained in

replicate simulations that, although very different from

the starting structure, were neither folded nor unfolded.

The inability to reach the native state from the transition

state within 200 ns may be a consequence of the interme-

diate states that have been recently detected using relaxa-

tion dispersion NMR techniques for mutational variants

of the Fyn and the Abp1p SH3 domains.45,46 In both

cases, the conversion from the intermediates to the native

state was observed to take place on the millisecond time-

scale. Therefore, folding from the transition state in the

case of SH3 proteins appears to take place on a landscape

characterized by intermediate states whose lifetimes may

span timescales from ns to ms. Based on the observation

that only one of the 34 simulations performed reached

the native state within 200 ns, first-order reaction

rate theory suggests that on average trajectories starting

from the transition state would require tens of microsec-

onds to reach the native state. The presence of metastable

states along the folding pathway should then be

Figure 6
Calculated F-values (see Methods) for (a) the initial structures, (b) for the

TSC-X-1, (c) for the TSC-X-2. X ¼ 1 to 9. In panel (b) and (c) the top panel

is the average over the first 10 ns, and the bottom panel over the last 10 ns. In

all panels each individual value is indicated by a dot and the average is given

(diamond) with one standard deviation. The experimental F-values used in the

construction of the TSE27 are shown in panel (a) by big black dots.
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accounted for when using of the Pfold approach to vali-

date structural models for transition states.

Effects that require further studies

We mention three factors that may influence the con-

clusions that we propose in the current study and that

will require additional studies. (1) The TSCs that we con-
sidered were generated by a procedure in which the
assumption was made that the experimental F-values
correlate with the ratio of native contacts in the TSE.8–
13 For individual F-values this assumption may not be
correct, and recent studies have suggested that in some
cases the contacts contributing to the F-values may be
nonnative.25,47 Approaches such as those in which free

Figure 7
Time series of calculated F-values per residue for the four selected cases: complete folding (TSC-4-2), partial folding (TSC-6-1), unfolding with excess of secondary

structure formation (TSC-5-2), and unfolding with little secondary structure formed (TSC-2-1). [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]
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energy48,49 or kinetic25 evaluations of F-values are used

will increase our understanding of these situations. (2)

The TSE analyzed was generated at high temperature,

using an implicit model of the solvent and in simulations

in which the F-values restraints were all enforced simul-

taneously.27 This procedure might introduce strain in

the TSE structures, to which MD simulations are very

sensitive. The use of ensemble-averaged F-value

restraints21,50,51 and simulated annealing cycles17 have

been proposed to reduce these effects. (3) The force field

used, in this case GROMOS 41a3 in conjunction with

the SPC water model, should be capable of accurately

describing of the conformational free energy landscape of

the protein, as suggested by the fact that we observed the

complete folding of one TSC from a 4.4 Å to about 1.1

Å RMSD. Nevertheless, the reliability of any force field in

describing the relative statistical weights of the unfolded,

intermediate and native states, but also the energetic bar-

riers between them is open to question, and especially

relevant to the present case in which intermediate states

appear to play an important role.

DISCUSSION AND
CONCLUSIONS

Nine conformations selected from a model of the TSE

for the a-spectrin SH3 domain27 have been simulated in

explicit solvent in order to analyze their refolding behav-

iour. In all cases a clear regularization of SSEs was

observed, with local regions of native-like structure

appearing in most cases. This ordering process was con-

comitant with a decrease of both the radius of gyration

and the solvent exposed surface area of the protein. In

particular, two elements of secondary structure, b3 and

b4, showed a strong preference to acquire their native

conformation. By contrast, three other elements, b1, b2,

and b5, showed a similar tendency to either fold or

unfold, whereas on average the RT loop was observed to

unfold during the simulations. In one case (TSC-4-2) we

detected a folding event with the all-Ca RMSD from the

native structure decreasing from 4.4 Å to about 1.1 Å;

this process occurred within 20 ns and was highly coop-

erative. Once the native fold was reached the structure

remained stable for the rest of the simulation (180 ns);

partial cooperative folding was observed in several other

cases. These results suggest that the native fold of a-spec-

trin SH3 domain corresponds to a free energy minimum

in the GROMOS 43a1 force field, which therefore appear

to be capable of predicting the folding of this protein.

The results that we have presented highlight the diffi-

culty of unambiguously distinguishing between folding

and unfolding trajectories. We have shown that in this

case, even seemingly rather conservative criteria, such as

an all-Ca RMSD of <2.5 Å and a fraction >85% of

native contacts,13 would not guarantee the achievement

of a fully folded structure; to ensure this result, values

such as an all-Ca RMSD of <1.5 Å and a fraction >90%

of native contacts are required.

In summary, this study of a-spectrin SH3 domain has

shown that even starting from structures with a native

topology representing a model of the TSE for folding of

this protein, 200 ns of simulation are not sufficient to

observe folding or unfolding in a consistent manner.

Table IV
Local RMSD (in Å) for the TSC-4-Y and TSC-5-Y Simulations

TSC-4-Y

< >

TSC-5-Y

< > NativeY ¼ 1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10

All Ca Init 4.4 4.2 1.4
2.7 1.1 5.3 2.7 2.8 3.9 3.6 4.8 3.1 4.5 3.4 7.4 7.8 3.8 3.8 4.4 5.7 4.3 5.6 5.3 3.9 5.2

Net 6 Init 1.6 1.8 0.7
1.5 0.8 1.9 2.1 1.5 2.9 1.4 3.7 1.9 2.9 2.1 4.7 3.0 3.0 2.7 2.0 3.2 1.5 2.4 2.2 1.8 2.6

Net 9 Init 3.3 3.1 0.7
1.7 0.8 3.1 2.2 1.8 3.0 1.9 4.2 2.2 3.5 2.4 5.4 4.2 2.6 2.7 2.9 5.3 1.5 4.2 4.2 2.0 3.5

RT loop Init 2.0 2.1 0.7
1.9 0.8 2.1 1.4 2.6 1.0 1.6 2.8 2.8 1.5 1.8 5.0 7.1 4.6 3.2 3.7 2.9 3.3 4.1 3.0 2.9 4.0

b1b2 Init 3.4 3.7 0.9
0.7 0.8 3.3 2.5 2.1 3.6 1.5 4.2 2.6 3.8 2.5 4.5 5.5 3.2 3.1 2.7 7.5 2.4 3.5 3.6 2.5 3.8

b2b3 Init 1.6 2.0 0.8
0.6 0.6 2.1 1.8 1.3 4.1 1.3 3.1 1.8 3.1 2.0 3.1 1.2 2.9 2.7 1.1 1.2 2.8 1.0 1.7 2.3 2.0

b3b4 Init 1.4 1.2 0.5
0.7 0.5 1.9 0.6 0.5 0.5 0.9 0.7 0.6 1.2 0.8 1.5 1.0 1.2 0.8 0.9 0.8 0.9 0.8 1.6 0.8 1.0

b4b5 Init 2.5 2.1 0.5
1.0 0.8 2.9 0.9 0.7 1.9 1.3 1.3 0.9 2.0 1.4 4.0 2.5 0.8 1.3 1.0 1.9 1.0 3.6 2.4 0.9 1.9

b1b5 Init 2.4 2.1 0.5
0.5 0.6 4.4 1.8 2.0 2.9 1.7 2.4 1.0 3.0 2.0 5.9 1.8 0.5 2.1 2.2 3.9 0.7 5.2 4.9 2.9 3.0

Init indicates the value for the TSC. < > indicates the average over the 10 simulations. The Native column reports the values averaged over the 100 ns simulation of

the native fold.
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Therefore, our results suggest the presence in the case of

SH3 domain proteins of intermediates on a submillisec-

ond timescale along the folding pathway in addition to

those on the millisecond timescale already identified

experimentally.45,46
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