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ABSTRACT We study the folding mechanism of a triple b-strand WW domain from the Formin binding protein 28 (FBP28) at
atomic resolution with explicit water model using replica exchange molecular dynamics computer simulations. Extended
sampling over a wide range of temperatures to obtain the free energy, enthalpy, and entropy surfaces as a function of structural
coordinates has been performed. Simulations were started from different configurations covering the folded and unfolded
states. In the free energy landscape a transition state is identified and its structures and f-values are compared with experi-
mental data from a homologous protein, the prolyl-isomerase Pin1 WW domain. A stable intermediate state is found to
accumulate during the simulation characterized by the carboxyl-terminal b-strand 3 having misregistered hydrogen bonds and
where the structural heterogeneity is due to nonnative turn II formation. Furthermore, the aggregation behavior of the FBP28
WW domain may be related to one such misfolded structure, which has a much lower free energy of dimer formation than that of
the native dimer. Based on the misfolded dimer, aggregation to form protofibril structure is discussed.

INTRODUCTION

The a-helix and the b-strand are two basic secondary struc-

tural motifs in proteins. Learning their folding mechanism

would help to further our understanding of the protein

folding process (1). Thus, many experimental and theoretical

studies have concentrated on model systems rich in one par-

ticular secondary structural motif (2–7). The WW domain

families, named after the two conserved tryptophan residues,

are the smallest natural b-sheet structures. They are compact

protein domains ranging from 35 to 40 amino acids that fold

into twisted triple-stranded antiparallel b-sheet structures

(8,9). WW domains are abundantly present in eukaryotic

cells and involved in various signaling pathways and may

also be involved in a number of disease pathologies (10).

The WW domain has been an extensively used model for

investigating both thermodynamic and kinetic principles that

govern b-sheet folding and stability. Most of these studies

have aimed to investigate factors contributing to the b-sheet
formation, e.g., hydrogen bonding (11), hydrophobic effects

(12), and electrostatic interactions (13). The folding kinetics

of WW domains from the human Yes-associated protein

(YAP) and the protein prolyl-isomerase (Pin1) can be well

described by a two-state folding model (12,14). Recently, the

folding kinetics of the Formin binding protein 28 (FBP28)

WW domain was probed by laser temperature jump and

continuous flow measurements. Unlike the folding kinetics

of the other two WW domains mentioned above, a third state

has to be considered to account for the kinetic heterogeneity

observed in these experiments of the FBP28 WW domain

(15). At low temperatures there are apparently two decay

phases in the kinetics of the folding of wild-type FBP28, the

fast one is ;30 ms and the slow one is .900 ms. In sub-

sequent work, Fersht and co-workers (16) found that the

40-residue murine FBP28 WW domain rapidly formed

twirling ribbon-like fibrils at physiological temperature and

pH, with morphology typical of amyloid fibrils and proposed

that the observed biphasic kinetics might be related to this

aggregation.

The above experimental findings provided impetus for us

to explore the folding mechanism of the FBP28 WW domain

by molecular dynamics (MD) computer simulation tools at

the atomic level. Although the FBP WW domain is small,

having only 37 amino acids, its folding rate prevents a

thorough sampling of its folding/unfolding configurations by

such conventional single long trajectory MD simulations

which have showed great potential in studying peptides

(17,18). Thus, an enhanced sampling method has to be con-

sidered. Recently, the replica exchange molecular dynamics

(REMD) algorithm described by Sugita and Okamoto (19)

was shown to be successful in unraveling the configuration

space of complex systems (20–25). In this study we apply

the REMD simulation to the FBP28 WW domain aiming to

shed light on the microscopic picture of folding. From the

simulation results, the free energy as a function of structural

parameters describing the protein folding/unfolding events

over a broad range of temperatures is characterized. A stable

intermediate ensemble of misfolded states, characterized by

a misregistered strand 3 and with nonnative contacts in turn

II is identified. It is suggested that this structural heteroge-

neity in the free-energy landscape adds complexity to the

system that may be related to biphasic unfolding and to

initiation of protofibril aggregation. With a number of

experimental studies (11,12,14,15,26,27) available we can
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make a stringent check of our simulation results and also can

make a comparison with other modeling studies on similar

systems (28–31).

METHODS

Details of the REMD method and algorithm with applications to peptides

can be found elsewhere (32). Here only a brief account is given. M-replicas

of the system are distributed over M-processors and each simulated at a

different temperature over a broad range. Replicas are coupled to each other

via a temperature exchange Monte Carlo procedure. At fixed time intervals,

systems of neighboring temperature may exchange their spatial configura-

tions according to a standard Metropolis criterion for the transition prob-

ability. This procedure induces a random walk in ‘‘temperature space’’,

which in turn amounts to a random walk in potential energy space, thus

allowing sampling of a broad range of configuration space in a short

(nanosecond) timescale of M-parallel simulations. This mitigates the

problem of the system getting trapped in low energy local minima states

inherent in long single ensemble simulations. MD simulations were carried

out by using an explicit SPC water model (33), under periodic boundary

conditions. The 37-aa system was contained in an octahedral box containing

7,441 water molecules and 22,733 atoms in total. The 10 nuclear magnetic

resonance structure ensemble, Protein Data Bank file 1E0L(8) was taken as

the folded structures. We used the GROMOS force field version 45a3 (34)

and the GROMACS program suit (35,36). A twin-range cutoff of 0.9/1.4 nm

was used for the nonbonded interactions and a reaction-field correction with

permittivity eRF ¼ 54 was employed. The integration step in all simulations

was 0.002 ps. Nonbonded pair lists were updated every 10 integration steps.

The system was coupled to an external heat bath with a relaxation time of

0.7 ps. All bonds involving hydrogen atoms were constrained in length. The

solvated systems were subject to 500 steps of steepest-descent energy

minimization and a 200 ps molecular dynamics simulation at constant

pressure (P) and temperature (T), with P ¼ 1 atm and T ¼ 300 K. The

equilibrated system was contained in an octahedral box of side dimension

67.5 Å. All replica calculations were done at constant volume.

The folded structure is taken from NMR structures Protein Data Bank

1E0L model 1(8) which is shown in Fig. 1. The temperatures of the replicas

were chosen to maintain an exchange rate among replicas;20%. Exchanges

were attempted every 500 integration steps (1 ps). We simulated 88 replicas

of the water–protein system, with T from 290.9 to 570.0 K. The procedure of

temperature choice is similar to that suggested by other works (37,38). To

generate a set of initial conditions that broadly covers the configuration

space of the protein, we performed an independent 5-ns high temperature

simulation, at T ¼ 600K. We chose 88 configurations at random from this

sampling as initial structures for the replicas. The resulting configurations

were assigned at random to one of 88 temperatures. The root mean-squared

deviations from the NMR structure 1(8) calculated using all atoms (RMSD)

covered a range from 1.5 Å to 7.0 Å. All replicas were equilibrated for

200 ps without exchanging temperatures at the beginning of the simulations.

The REMD simulation was carried out for 30 ns per replica (2.64 ms total

simulation time). The trajectories were saved every 1 ps. The last 25 ns

(25,000 configurations) per replica were used to calculate all of the averages

reported here.

We analyzed the configurations generated in terms of the RMSD, the

fraction of native contacts formed (Q), and eight in-registered hydrogen

bond (HB) donor-acceptor distances, D1–D8, where backbone hydrogen

bonds form in the native state. Contacts were defined as any two atoms

within 6.4 Å of each other when two amino acid side chains are separated by

five or more amino acids which follows the work by Garcia and Onuchic

(21). We found that the choice of threshold of 6.4 Å is not critical and tuning

this value within the range 6–7 Å does not change the results qualitatively.

We also defined native contacts as all such contacts that exist in the

ensemble of the 10 NMR structures. The folded state has 62 native contacts

at the residue level. The Q-value is defined as the fraction of native contacts
formed in each structure. We monitored the eight in-registered HB distances:

D1, the distance between the backbone amide nitrogen of residue 9 (9:N)

and the backbone carbonyl oxygen of residue 21(21:O), D2(9:O-21:N),

D3(11:N-19:O), D4(11:O-19:N), D5(20:N-29:O), D6(20:O-29:N),

D7(22:N-27:O), and D8(22:O-27:N). The first four distances are located

between strand 1 and 2, and the last four between strand 2 and 3.

To characterize the transition state (TS) the calculatedF-value of residue

I is defined according to the work of Karplus and co-workers (39) as

F
cal

I ¼ N
TS

I

NNS

I

;

where NI is the number of native contacts made by residue I in one struc-

ture of transition states, and Nnat
I is the number of native contacts made by

residue I in the native state. Experimentally the F-value is the ratio of the

(de)stabilization of the transition state, DDGTS; to that of the native state,

DDGNS for residue I in a mutation measurement.

To study the local turn formation propensity explicitly, four short peptide

segments from the turn I (YKTADGKT) and turn II (YNNRTLES) regions

of the FBP28 WW domain, the turn II region of the Pin1 WW domain

(FNHITNAS) and the turn II region of the YAP WW domain (LNHIDQTT)

were simulated independently with explicit water model at temperature T ¼
300K. Each simulation lasted 40 ns. All peptide chains are amino-acetylated

and carboxyl-amidated. The head-to-tail distance between the Ca atom of

each terminal is measured to monitor the flexibility and structural hetero-

geneity of the turn sequence.

The docking study was performed using AutoDock 3.0 (40). A 180 3
1803 180 grid with 0.5 Å resolution was used. Each experiment performed

docking of two static monomer structures that created 100 dimer complexes

of which those 20 that have the lowest-binding free energies were selected to

calculate the average binding energies.

RESULTS AND DISCUSSION

Potential energy distribution and
conformation sampling

To make the REMD technique work efficiently, the ex-

change rate between neighboring replicas should be main-

tained at a reasonable level. Fig. 2 a shows the potential

energy distributions averaged over the last 25 ns from the

first 10 replicas whose temperatures are in the range from

290.9 K to 311.8 K. There is considerable overlap of po-

tential energy between neighboring replicas resulting in an

FIGURE 1 Experimental folded structure from the Protein Data Bank

1E0L model 1(8). N-, C-terminal, strands 1, 2, and 3, and turn I and II are

labeled. The side chains of two conserved tryptophan residues (8 and 30) are

shown explicitly.
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exchange rate of this REMD simulation around 20%. Al-

though the explicit inclusion of water molecules in the

simulation increases the computational load, it also enhances

the difference in potential energy between neighboring

replicas with different temperatures. For this reason, a large

number of replicas (88) have to be chosen to cover the

temperature range from 290 K to 570 K and to achieve a

small enough potential energy difference between neighbor-

ing replicas that will result in the desired exchange rate.

The simultaneous computation with a large number of

replicas under different temperatures provided improved

sampling. Fig. 2 shows the sampled conformational popu-

lation as a function of fraction of native contacts Q and

temperature (Fig. 2 c) and as a function of RMSD and tem-

perature (Fig. 2 d). Here a two-dimensional grid with respect

toQ (or RMSD) and temperature is created to account for the

number of sampled conformations in each grid, denoted as

Ni. The relative conformational pseudo-free energy, Vi, is

calculated in the following way:

Vi¼�0.603 log(Ni/Nmax), where 0.60 comes from RT in

units of kcal/mol, T ¼ 300 K, and Nmax is the largest number

of conformations counted. The color scheme based on the Vi

value is shown in the color contour side labels. The data in

Fig. 2, c and d, display the appearance of a minimum at low

temperature and Q-values and RMSD ;0.9 Å and 2.5 Å,

respectively, corresponding to the ensemble of native folded

structures. In the high temperature region there is a broad

valley in the surface of relative conformational population

corresponding to the unfolded ensemble of structures.

Interestingly, at low temperature and for Q-values and

RMSD around 0.8 Å and 5 Å, respectively, an additional

ensemble of (misfolded) structures may be discerned. In the

following sections, we analyze the structural configurations

that have been sampled over the temperature range in the

REMD simulations by calculating the free-energy surface as

a function of these two structural parameters (Q and RMSD)

at a given temperature.

Fig. 2 b shows the melting curve which plots the average

of Q as a function of temperature. The relatively larger

statistical errors ofQ in the lower temperature range (DQ is;
1.5 at T ¼ 300 K compared with DQ � 0.7 at T ¼ 550 K)

indicate that the refolding process is slow at lower temper-

ature and it is difficult to get the unfolding-folding equilib-

rium during this simulation time. The transition temperature,

T*, derived from Q at 0.6 is 375 K, which is higher than the

transition midpoint value, 337 K, reported by Nguyen and

co-workers (15). The high transition temperature predicted

here indicates that there are higher fractions of native

contacts at high temperature which is consistent with other

studies (21,24) using constant volume REMD. Recently, a

constant pressure REMD study on a short b-hairpin also

showed that there is a larger fraction of native-like confor-

mations at high temperatures (41). The reason could be

ascribed to the force fields which usually are parameterized

at room temperature and not for high-temperature simu-

lations.

To illustrate the ample and detailed sampling of the

folding/unfolding events obtained by the REMD simula-

tions, Fig. 3 shows the time history of temperature and

RMSD for three representative replicas (replicas 8, 44, and

53). Replica 8 shows a complete unfolding transition from

the folded states (RMSD¼ 3 Å) to unfolded states (RMSD¼
10 Å) and the temperature walks from 300 K to nearly 600 K.

Replica 44 shows multiple transitions between the RMSD ¼
6 Å and RMSD ¼ 10 Å. Its temperature fluctuates between

400 K and 600 K. Replica 53 shows folding event from

RMSD ¼ 5–3 Å and its temperatures are between 300 K and

400 K. These trajectories cover a large region of the

FIGURE 2 (a) Distributions of potential en-

ergy per atom of the first 10 replicas whose

temperatures range from 290 K to 340 K. (b) The

average fraction of native contacts formed, Q, as
a function of the temperature. The error bars are

calculated by five-block averages. (c) Relative

population of sampled conformations as a func-

tion of Q and temperature. (d) Relative popula-

tion of sampled conformations as a function of

RMSD and temperature. The coloring scheme in

c and d is based on the free energy-like quantity

explained in the main text.
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configuration space. Because of the variations in temperature

used in the REMD algorithm, the time history of the replicas

is not directly related to the folding/unfolding pathways at

constant temperature, but it provides a reasonable description

of the order during folding events.

Thermodynamic description of the folding
energy landscape

Free energy surfaces were calculated using the histogram-

analysis method from the occurrence of the selected order

parameters (Q and RMSD) in the generated ensemble of

configurations. This method enables the free energy to be

projected onto any progress variable dependent on the con-

figuration of the system. Fig. 4 a shows the free energy

landscape at 300 K. The coloring scheme is similar to that of

Fig. 2 c. Five local minima on the surface are identified and

labeled as B1–B5. Table 1 lists the relative free energies of

these conformational ensembles. Also listed in Table 1 are

the average in-registered HB donor-acceptor distances

D1–D8 of these structural ensembles.

The basin B1 is the global minimumwhich is located atQ¼
0.9 with a RMSD ¼ 2.9 Å. It corresponds to the ensemble of

native structures. Due to its small size, this protein domain is

quite flexible. The average pairwise RMSD between the 10

NMR structures (8) is 1.41 Å and the maximum is 2.2 Å.

Another criterion for identification of this minimum as the

native ensemble of local structures comes from the 8 average

in-registered HB donor-acceptor distances, D1–D8, which

are all close to 3 Å. From the simulations all backbone

hydrogen bonds which characterize the antiparallel three-

stranded b-sheet structure are maintained in this global

minimum structure. The basin B5 that is centered around

Q ¼ 0.5 and RMSD ¼ 7.6 Å corresponds to an ensemble of

unfolded states. All the average distances D1–D7 of this

ensemble are in the region 6–13 Å.

Fig. 4, b and c, display the decomposition of the free

energy into its enthalpic and entropic components by simply

fitting all free energy surfaces at all sampled temperatures to

the function

DG ¼ DH � TDS;

where H and S are the enthalpy and entropy of the system,

respectively, as a function of the Q and RMSD parameters.

H and S are assumed to be temperature-independent which is

a reasonable approximation for such a small protein domain

(42). These quantities are the changes in the total enthalpy

and entropy of the system with contributions from both

protein and solvent. DH spans a range of values from 0 to18

kcal/mol, where the folded basin has low enthalpy and the

unfolded state has high enthalpy. The entropic free energy

contribution, �TDS, shows opposite behavior, with low

entropic contribution for the folded state and high entropic

contribution for the unfolded state. The entropic contribution

near Q ¼ 0.3 and RMSD ¼ 10 Å is the lowest which

indicates the largest structural heterogeneity that has been

sampled in the simulations. Due to the crude approximation

used, the decomposition of enthalpy and entropy can be

considered only qualitatively rather than quantitatively. On

the other hand, such approximation is acceptable because

most of the results in this study are analyzed based on the

free energy and not on enthalpy and entropy. Thus, a more

refined analysis, assuming e.g., that the heat capacity is

linearly dependent on temperature does not seem warranted.

FIGURE 3 Trajectories of RMSD and temperature as

a function of time, sampled by replicas 8, 44, and 53.
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Transition state

On the free energy landscape the barrier around Q ¼ 0.6,

RMSD ¼ 6 Å, labeled as B6*, separates the folded and

unfolded states. We assign this barrier region as the transition

state. Its free energy is higher than that of the native state by

3.48 kcal/mol (Table 1). If a two-state model is employed,

the folding rate of this protein domain can be estimated as

kf ¼ ne
�DG�=kT

;

where n is the viscosity-corrected frequency factor, for

which we use the value 20 MHz, based on experimental

observations of minimal chain-diffusion times (43). From

this we estimate kf to be;0.058 MHz and the folding time is

predicted to be 17 ms, which is reasonably close to the

experimentally determined fast folding phase around 30 ms
(15).

An ensemble of structures located around the transition

state with Q¼ 0.6 and RMSD¼ 6 Å at temperature¼ 300 K

is identified from the simulation trajectories and shown in

Fig. 5 a. From the snapshots it can be seen that the loop I and

the b-sheet structure between strands 1 and 2 are formed and

that the residues in the loop II are already in proximity

although the b-sheet structure between strands 2 and 3 is not
formed. To get more quantified descriptions of the transition

state and to compare with the available experimental results,

the F-values are calculated. Unfortunately, we cannot find

experimentalF-values for the FBP28WW domain, although

experimental values of one of its homologies, the Pin1 WW

domain, are abundant (11). We use these F-values for com-

parison as shown in Fig. 5 b. There are two types of experi-

mental F-values, one type is from side chain mutations

shown by solid circle symbols, the other from amide-to-ester

mutations shown by solid square symbols. The calculated

F-values are represented by open triangle symbols. The

overall agreement between the calculated and the experi-

mental values is good. The F-values of the loop I region

from residue 12 to 16 are highest, close to 1. F-Values

decrease going to the C-terminal and fall below 0.5 for the

residues 26–30. The configuration of the transition state we

find here is consistent with those obtained by F-value

measurements of the Pin1 and YAP WW domains (12,14).

The transition state is characterized by the formation of turn

I. This agreement is consistent with recent findings that

proteins with similar structures but low-sequence identity

can fold in similar ways (44–46). Thus, the REMD sampling

strategy provides a partial resolution of the structural

heterogeneity of the transition state.

FIGURE 4 (a) Free energy landscape, DG, as a function of Q and RMSD

for temperature 300 K. (b) The enthalpy contribution DH and (c) entropy

contribution, �TDS, T ¼ 300 K. All coloring labels are in units of kcal/mol.

TABLE 1 Center positions of local minima (basins) of the free energy surfaces (as a function of Q and RMSD), the average

distances of in-registered backbone hydrogen bond donor (N)-backbone hydrogen bond acceptor (O), and the relative free

energies of the basins

Center Average distances of in-registered HB donor (N)-HB acceptor (O) (Å)

Basin RMSD(Å) Q D1 D2 D3 D4 D5 D6 D7 D8 DG(kcal/mol)

10 NMR structures 1.42(2.20) 1 2.96 2.83 2.85 2.77 3.06 2.96 2.63 2.81

B1 2.95 0.91 2.99 3.03 3.03 2.96 3.07 3.29 3.08 3.50 0

B2 3.87 0.81 2.97 3.17 2.99 2.93 7.04 8.04 8.17 5.43 0.73

B3 4.64 0.81 3.76 3.78 4.98 5.87 6.75 4.97 5.19 4.36 0.36

B4 5.54 0.68 3.15 3.36 3.08 2.97 13.63 12.11 10.20 7.89 0.84

B5 7.59 0.46 12.41 10.28 8.32 7.71 12.82 11.93 10.63 6.74 0.64

B6* 6.15 0.64 4.48 4.54 6.51 6.83 11.23 10.57 9.33 5.52 3.48

The B6* is the largest energy barrier.
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Folding intermediate and misfolded states

The local minima of B2 and B4 can be characterized as high-

energy transient intermediates. The D1–D8 distances in

Table 1 show that the b-sheet structure between strand 2 and
3 is lost and the b-structure between strand 1 and 2 remains

intact and they can thus be identified as partially folded

states. The local minimum of B3 is interesting because the

free energy of the related ensemble is just marginally (0.36

kcal/mol) higher than that of the native state. Like the stable

trajectories maintaining native structure, several trajectories

forming the B3 basin have small RMSD fluctuations (;4.6

Å), which mean that the structures are highly stabilized as in

the native case. The temperatures of these trajectories are in

the region from 290 K to 390 K and once formed at low

temperature they are very stable for extended time during the

simulations. From the free energy surface (Fig. 4 a) it seems

that the energy barrier between B3 and B1 is small and the

interconversion between B1 and B3 conformations is a fast

event. However, that is not the case kinetically. During the

30-ns simulation we do not observe any event of conforma-

tional transformation from B3 to B1. Therefore care should

be taken when interpreting the free energy surface obtained

by projecting it onto a small number of reaction coordinates,

when the free energy is intrinsically of high-dimensional

nature.

Due to the small RMSD fluctuations in these trajectories,

the average structures from the final 1-ns simulation are

taken as the representative structures for this ensemble, the

four most stable ones of which are shown in Fig. 6, a–d.
These four structures all have native-like strand 1, turn I and

strand 2, but the structures of turn II and strand 3 are

different. In native structures the amino acids Y20 and N22

in strand 2 make backbone hydrogen bonds with T29 and

E27 of strand 3, respectively. One intermediate structure,

Fig. 6 a shows that Y20 and N22 are hydrogen bonded with

W30 and S28, respectively, and turn II is thus one amino acid

longer than the native one. In another representative structure

(Fig. 6 b), Y20 and N22 are hydrogen bonded with E31 and

T29. As a result, strand 3 slides on strand 2 inward by two

amino acids and the turn II becomes larger. Fig. 6 c shows

another structure in which the stand 3 has moved inward by 3

amino acids, resulting in Y20 and N22 making hydrogen

bonds with K32 and W30, respectively, and an enlarged turn

II. The structure shown in Fig. 6 d gives an example in which

strand 3 has lost the b-structure and interacts with the

C-terminus through a loop. The difference between the

structures of Fig. 6 d and the transition state in Fig. 5 a, is that
there are still native-like contacts in loop II and between

strand 2 and strand 3 in the structure shown in Fig. 6 d. In the
transition state such contacts are lost.

The ensemble B3 we find here is a misfolded ensemble.

The misfolded part is located in turn II and strand 3 and

stabilized by misregistered hydrogen bonds and nonnative

hydrophobic interactions. On the free energy surface this

intermediate state is resolved by a separate basin around

Q ¼ 0.8 and RMSD ¼ 4.6 Å and is nearly as stable as the

native state. Due to its relative stability this intermediate state

can function as a kinetic trap in the folding process which

may lead to biphasic folding kinetics and that may also

initiate aggregation.

FIGURE 5 (a) Ensemble of struc-

tures of the transition state. (b) Com-

parison of the calculated F-values (n)

with the experimental determined

F-values for the Pin1 WW domain,

solid circles for side chain mutation

results, and solid squares for amide-to-

ester mutation results (11).

FIGURE 6 Representative structures of the misfolded FBP28 WW

domain, a, b, c, and d. Strand 3 makes misregistered hydrogen bonds with

strand 2, with one, two, and three amino acids shifted in a, b, and c,

respectively. In the misfolded structure (d), the strand 3 makes a U-turn.
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To check the reliability of the B3 structures, separate MD

simulation studies of each misfolded structures shown in Fig.

6, a–d, with a different force field, CHARMM27 (47), were

undertaken. Each trajectory lasted 5 ns. All four structures

remained intact during the simulation which indicates that

the misfolded states should not be an artifact caused by force

field imperfectness. Regarding the long-range electrostatic

interaction a previous study (48) showed that the reaction

field correction which is used in this study works well and

does not provide artificial results for peptide folding com-

pared with the more rigorous particle mesh Ewald summa-

tion method (49).

Folding mechanism: local versus
nonlocal interactions

Folding a b-strand requires a detailed balance between local

interactions, such as turn formation, and nonlocal interac-

tions, such as hydrogen bonding and hydrophobic core col-

lapse. With the extensive sampling of configurations covered

by the REMD simulations the folding mechanism of this

model b-strand system may be explored. Four distances are

utilized to monitor the local and nonlocal interactions: D1,

D4, D5, and D8. D1 monitors the interaction of two residues

separated by 11 amino acids and can be taken as an indicator

of nonlocal interactions between strand 1 and strand 2. D4

describes the local interaction of turn I. D5 monitors the

nonlocal interactions between strand 2 and strand 3 and D8

measures the local interactions of turn II.

To determine the role played by the local and nonlocal

interactions in the folding process, the average values of the

four distances are plotted as a function of Q at the transition

temperature T* ¼ 376 in Fig. 7 a. In the unfolded states,

Q , 0.5, all distances are .7 Å. When Q approaches 0.6

where the transition state is located, D1 and D4 both

approach 5 Å whereas D5 and D8 are still .7 Å. It is shown

that in the transition state, turn I is formed and turn II is not.

The folding of turn I is completed simultaneously with both

local and nonlocal interactions. The formation of turn II is

related to larger Q. The local interactions in turn II are

formed around Q ¼ 0.8 and the nonlocal interactions are

formed at Q ¼ 0.9.

Turn formation heterogeneity of
different sequences

Although similar in size, the folding kinetics of two otherWW

domains, YAP and Pin1, show single exponential folding

kinetics unlike that of the FBP28 WW domain. Based on this

study we propose the existence of a stable intermediate state

with a misregistered strand 3 that adds complexities to the

folding free-energy surface. It is plausible that the heteroge-

neity of the strand 3 conformation is related to nonnative

interactions and heterogeneity of turn II. To investigate this

hypothesis, we studied separately the conformational prop-

erties of short peptide segments taken from turn II of the

FBP28, Pin1 and YAP WW domains. For comparison the

corresponding peptide segment taken from turn I of FBP28

was also investigated. Simulations of the four peptideswith an

explicit water model were made for 40 ns.

The head-to-tail distance of a short peptide can be used

to monitor the flexibility and structural heterogeneity of a

turn sequence and thus gives an indication of turn forma-

tion propensity of a given sequence. Fig. 7 b shows the results
from turn I of FBP28 (YKTADGKT), turn II of FBP28

(YNNRTLES), turn II of Pin1 (FNHITNAS), and turn II of

YAP (LNHIDQTT). None of the peptides contain the proline

residue which favors turn structure. All the peptides display

extended structures with a peak position of the head-to-tail

distance .10 Å. The distribution curve of the FBP28 turn II

displays a peak position around 10 Å, which is different

from all the other curves located around 16 Å, suggesting

a tendency of this peptide to preorganize its conformation.

This is mainly caused by an ionic bond formed between two

charged side chains of R24 and E27. In the native structures

the distance between these two side chains is large (;14 Å)

and R24 is in close vicinity of E7 to help closing the turn I.

Thus, it is possible that the nonnative interaction between

R24 and E27 could play a role for misfolding of turn II.

Comparison with other simulation studies

The folding time of a b-strand is usually longer than that of

an a-helix, which makes theoretical modeling work studying

b-strand folding more challenging (3). Several groups have

applied MD thermal unfolding methods studying WW

FIGURE 7 (a) Distances as a function of Q averaged

at the transition temperature T ¼ 375 K. Solid, dotted,

dashed, and dotted-dashed lines represent D1: the

distance between amide nitrogen of residue 9 and

carbonyl oxygen of residue 21 (9:N–21:O); D4,

11:O—19:N; D5, 20:N—29:O; and D8, 22:O—27:N.

(b) The distribution of the probability of head-to-tail

distance for peptide segments taken from FBP28 turn I

(solid line), FBP28 turn II (dotted line), Pin1 turn II

(dashed line), and YAP turn II (dotted-dashed line).
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domains and found that the strand 2 and strand 3 are the first

to separate in the unfolding process (26,50). The interme-

diate states we find here only exist at low temperature. The

replica-exchange algorithm used in this study provides an

advanced sampling and a physical distribution of structural

ensembles under a broad range of temperatures. This study

was encouraged by the successful folding mechanism study

of the a-helical protein A using a similar replica-exchange

algorithm by Garcı́a and Onuchic (6,21).

Brooks and co-workers (25,26) have studied the same

FBP28 WW domain at different levels of modeling. In one

study, Karanicolas and Brooks (29) studied the WW domain

folding kinetics using sequence-dependence Ca-based Go-

like models and found that the mobility of the third b-strand
may contribute to the biphasic kinetics. This finding is

consistent with this study and with other thermal unfolding

studies (26,50). To obtain a more detailed picture of the

folding process, Karanicolas and Brooks (28) revisited the

FBP28 WW domain. They used a biased-sampling method

with an all-atom model and with implicit representation of

the solvent. The main conclusion of their study is that the

FBP28 WW domain may adopt two slightly different forms

of packing in its hydrophobic core (28). What we find here is

an extension of their finding. Due to the misfolding of turn II,

this domain takes different hydrophobic packing forms.

Moreover, we propose that the different folding kinetics of

the WW domain in FBP28 as compared to Pin1 and YAP

may be related to the presence of an ensemble of misfolded

structures in the free energy landscape, characterized by the

heterogeneous turn II formation of FBP28 and a misregis-

tered strand 3. In the FBP28 WW domain there are op-

positely charged amino acids located in the turn II region

(RTLE). This motif is also found in other WW domains

(8,51). The CA150 WW1 and WW2 domains have RTRE
and RTLE motifs in the same position, respectively (51). In

the Ned4 Human protein there is a ESRR motif in the WW

domain 1 (Swiss-Prot sequence code P46934).

Aggregation initiation and protofibril structure

Fersht and co-workers (16) found that the FBP28 WW do-

main rapidly formed twirling ribbon-like fibrils at physio-

logical temperature and pH, with morphology typical of

amyloid fibrils and proposed that the biphasic kinetics

observed for the FBP28 WW domain by Kelly and co-

workers (15) might be related to this aggregation. In light of

this finding and because of the interest in WW domains as

model systems for proteins forming aggregated b-sheet
amyloid fibrils, it is of relevance to compare the aggregation

properties of the native and misfolded type of structures that

were found in the MD simulations. The predicted free energy

of binding for dimer formation can be used as an indicator of

the potency of aggregation initiation. The average binding

energies of the 15 dimers of structures from the native and

misfolded structures a) – d) that were identified from the B3

ensemble were studied by docking pairs of such static

structures, the result of which is shown in Fig. 8 a. The
average binding free energy of the homodimer of the native

structure is taken as reference (set to zero). The binding free

energy of all homodimers of misfolded structures is lower

than that of the native structure. The homodimer of the

misfolded type d is the most stable one, with a binding

energy 2.6 kcal/mol lower than that of the native structure.

Although the docking method gives a highly approximate

free energy of binding and the absence of conformational

degrees of freedom does not allow for flexibility to optimize

FIGURE 8 (a) Relative binding energies of dimers, calculated by

averaging the lowest 20 docking energies from 100 docked configurations

for each dimer. The labels indicate different dimers with 1–15 representing

the dimer of N-N, N-a, N-b, N-c, N-d, a-a, a-b, a-c, a-d, b-b, b-c, b-d, c-c,

c-d, and d-d, respectively, of which N symbolizes the native state. a, b, c, and
d refer to the misfolded structures a, b, c, and d shown in Fig. 6. (b)

Superposition of 20 misfolded-type-d-formed (Fig. 6) homodimer struc-

tures, which have the lowest binding energy; the target monomer is shown in

the middle with dark color. (c) One homodimer structure formed by the

misfolded type d in Fig. 6. Four tryptophan residues are shown, of which the

two W30 are labeled. (d) A protofiber chain consisting of 10 monomers

formed in the same way as the dimer does in c.
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the structure of the docked monomers, it is suggestive that

the misfolded structures give lower binding energies that the

native one.

Fig. 8 b shows a superposition of those 20 type d homo-

dimer structures that have the lowest binding energies. We

can classify these structures into two groups. In group 1 the

stacking direction of the two monomers is parallel with the

direction of the backbone HBs on the b-strands of each

monomer. The docked monomers in this group are located

below or above the target monomer shown in Fig. 8 b. The
stacking direction of the monomers in the other group is

perpendicular to the direction of the backbone HBs, to the

left and right sides of the target monomer.

On the basis of the group 1 stacking it is possible to build a

polymer with the axis parallel to the direction of HBs of the

b-sheet, as illustrated by a typical dimer structure in Fig. 8 c.
The two b-strand surfaces of monomers are nearly perpen-

dicular to each other with a large twist angle;72�. The W30

residue is located at the interface making a hydrophobic

contact with Y11 of the next monomer. There is a salt bridge

between K17 and E10 of the next monomer. By repetition of

this dimer pattern a protofibril model made of 10 units is

shown in Fig. 8 d. The diameter of the fiber rod is measured

to be ;25 Å consistent with cryoelectron microscopy ob-

servations (16). This kind of amyloid aggregate may serve as

an intermediate structure formed during the initial fibril

formation process. Recently intermediate b-sheet structures
of amyloid peptides were characterized by solid-state NMR

spectroscopy (52) and these aggregation patterns may be

relevant to such initial protofibrils.

CONCLUSIONS

We have studied the folding mechanism of the FBP28 WW

domain at atomic resolution with explicit water model. Using

replica exchange molecular dynamics we perform extensive

sampling over a wide range of temperatures to obtain the

free energy, entropy, and enthalpy surfaces as a function of

structural reaction coordinates. Turn I is found to be formed

in the transition state although turn II is not. An intermediate

state is found to have structures characterized by misfolded

turn II and misregistered strand 3, which makes the free

energy landscape more complicated at room temperature.

The reason why only FBP but not Pin1 or YAP was found to

have biphasic folding kinetics in experiments can be

explained by this intermediate state that may act as a trap

in the folding process. Based on a comparison of the relative

binding free energy of the native dimer with dimers of the

misfolded structures, a structural model for the FBP28 WW

aggregation and protofibril formation has been proposed.
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