doi:10.1006/jmbi.2001.4552 available online at http://www.idealibrary.com on IIIE):['I“'J. Mol. Biol. (2001) 309, 285-298

JMB

Role of Native Topology Investigated by Multiple
Unfolding Simulations of Four SH3 Domains

Jorg Gsponer and Amedeo Caflisch*

Department of Biochemistry
University of Ziirich
Winterthurerstrasse 190
CH-8057 Ziirich, Switzerland

*Corresponding author

The relative importance of amino acid sequence and native topology in
the unfolding process of two SH3 domains and two circular permutants
was investigated by 120 molecular dynamics runs at 375 K for a total
simulation time of 0.72 ps. The o-spectrin (aSH3) and src SH3 (sSH3)
domains, which have the same topology and a sequence identity of only
34 %, show similar unfolding pathways. The disappearance of the three-
stranded antiparallel P-sheet is the last unfolding event, in agreement
with a large repertoire of kinetic data derived from point mutations as
well as glycine insertions and disulfide crosslinks. Two alternative routes
of B-sheet unfolding have emerged from the analysis of the trajectories.
One is statistically preferred in aSH3 (n-src loop breaks before distal hair-
pin) and the inverse in sSH3. An elongation of the B2-f3 hairpin was
observed during the unfolding of sSH3 at 375 K and in 300 K simulations
started from the putative transition state of sSH3 in accord with unusual
kinetic data for point mutations at the n-src loop. The change of connec-
tivity in the permutants influenced the sequence of unfolding events
mainly at the permutation site. Regions where the connectivity remained
unaffected showed the same chronology of contact disappearance. Taken
together with previous folding simulations of two designed three-
stranded antiparallel B-sheet peptides, these results indicate that, at least
for small B-sheet proteins, the folding mechanism is primarily defined by
the native state topology, whilst specific interactions determine the stat-
istically predominant folding route.
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Introduction

sition state ensemble is conserved, despite differ-
ences in the sequence (Riddle et al., 1999; Martinez

The protein folding problem remains a major
challenge of biology despite the fact that exper-
imental and simulation studies have led to con-
siderable progress over the past few years (Dobson
& Karplus, 1999). Both lines of investigation have
provided interesting findings, amongst which the
suggestion that for small proteins the folding
mechanism and rates are determined mainly by
the native state topology rather than the details of
inter-residue interactions (reviewed by Baker,
2000). The study of the transition state for folding
has attracted a lot of interest. Mutagenesis exper-
iments on proteins with similar native topology
have revealed that the structure of the folding tran-
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& Serrano, 1999; Chiti et al., 1999). On the other
hand, differences in the folding pathway were
found recently for proteins with the same native
structure but only about 15% sequence identity
(McCallister et al., 2000; Nishimura ef al., 2000). On
the theoretical side, simple models based on native
state topology have allowed the successful repro-
duction of essential features of transition-state
structures (Galzitskaya & Finkelstein, 1999; Alm &
Baker, 1999). A number of interesting questions are
emerging from protein folding studies. Do proteins
with the same native topology but different
sequences have the same folding mechanism? Do
multiple pathways exist for symmetric elements of
structure? Are several alternative pathways equally
consistent for a given topology?

The SH3 domains are a good system to study
how the native topology influences the folding and
unfolding mechanisms. They are globular proteins
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that consist of two antiparallel B-sheets (Figure 1).
The X-ray structures of the a-spectrin SH3 domain
(aSH3) (Musacchio et al., 1992) and src SH3 domain
(sSH3) (Xu et al., 1997) show almost the same
native conformation. A B-hairpin formed by the
terminal segments is packed orthogonally on top
of a three-stranded antiparallel B-sheet, also called
central B-sheet. The kinetics and thermodynamics
of folding of both proteins are well described by a
two-state model (Viguera et al., 1994; Grantcharova
& Baker, 1997). Although the sequence identity
between aSH3 and sSH3 is only 34 %, mutagenesis
experiments suggest that major features of their
transition state are similar (Martinez & Serrano,
1999; Riddle et al., 1999; Grantcharova et al., 2000).
The central B-sheet, formed by strands 2-4, is
believed to contain major parts of the folding
nucleus in both domains (Martinez & Serrano,
1999; Riddle et al., 1999; Grantcharova et al., 2000).
The crystal structures of two circular permutants
of aSH3, S519-P20s (s19) (Figure 1(b)) and N47-D48s
(n47) (Figure 1(c)), superimpose with the wild-type
with a root-mean-square deviation of the C* atoms
(C* rmsd) of less than 1 A (Viguera et al., 1996). In
both permutants, the termini of aSH3 were con-
nected with the same linker, Ser-Gly-Thr-Gly. The
cleavage of the distal loop (between residues 47
and 48) induced no loss of hydrogen bonds in the
crystal structure of n47. By contrast, the cut of
the RT loop in s19 led to the loss of nine hydrogen
bonds, five of them within the RT loop. The kinetic
analysis showed that the s19 transition state
ensemble differs less from that of aSH3 than n47
(Viguera et al., 1996).

In this study, molecular dynamics (MD) simu-
lations of four structurally related proteins, aSH3,
sSH3, s19 and n47, were performed in an attempt
to formulate an answer to the questions above. The
simulations were carried out at 375 K with an
implicit solvation model to sample a statistically
significant number of unfolding events. aSH3 has
been investigated by MD simulations to study its
stability and dynamic behavior using various

Table 1. Simulations performed

implicit solvent models and comparison with a
400 ps trajectory at 300 K in explicit solvent (van
Aalten et al., 1996). Recently, 30 unfolding runs of
sSH3 at 498 K with explicit solvent were carried
out to investigate the hierarchy of structure loss
(Tsai et al., 1999). The main differences between the
present study and that by Tsai et al. are the lower
temperature (375 K instead of 498 K) and the use
of an implicit solvent. The latter is computationally
more efficient than explicit solvent simulations, so
a significant number of unfolding events could be
sampled in a reasonable amount of time and at a
lower temperature for sSH3 and for aSH3, s19 and
n47.

The comparative analysis of the unfolding pro-
cess of four proteins with the same structure but
different sequence and/or connectivity reveals
major similarities (for large parts of the pathway,
including the late unfolding of the three-stranded
B-sheet) and differences (at the permutation sites).
In agreement with mutational analysis, the present
simulation results indicate that the native topology
determines the overall folding mechanism, which,
for symmetrical substructures, allows for alterna-
tive pathways.

Results and Discussion

One control and 40 denaturation simulations of
aSH3 and sSH3 were performed for a total of 492
ns (Table 1). In addition, one control and 20 dena-
turation simulations were carried out for s19 and
n47 (252 ns). As in previous unfolding simulations
(Lazaridis & Karplus, 1997, Ferrara et al., 2000b),
the fraction of native contacts, Q, was used as a
progress variable to follow the average evolution
of the system. To compare the sequence of unfold-
ing events of the four proteins, only contacts
between C* atoms were defined as native contacts
(see Materials and Methods; Figure 1(d)). At the
denaturing condition of 375 K, 6 ns were sufficient
to lead to major structural disorder or complete
unfolding in all cases (Figure 2).

Percentage of simulations with complete unfolding

Starting Total number of
Protein T (K) conformation?® simulations 0.05> 0.10° 0.20°
aSH3 300 1SHG 1
375 1SHG 40 93 98 100
300 TS 10
sSH3 300 1FMK 1
375 1FMK 40 60 68 83
300 TS 5
s19 300 1TUC 1
375 1TUC 20 80 85 95
n47 300 1TUD 1
375 1TUD 20 70 90 100

The length of the simulations was 6 ns except for the runs from the putative transition state, which lasted 10 ns.

2 The pdb code is given for the simulations started from the X-ray conformation. TS stands for the putative transition state struc-
tures, i.e. the center of the clusters of the conformations with 0.5 < Q < 0.6 sampled at 375 K.

® Fraction of native contacts used as a criterion for complete unfolding.
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Figure 1. Structure comparison
of the wild-type SH3 domain and
two circular permutants. (a) Ribbon
representation of the crystal struc-
ture of the a-spectrin SH3 domain
(Musacchio et al., 1992). (b) and (c)
Ribbon representation of the crystal
structure of the circular permutants
S19-P20s and N47-D48s (Viguera
et al., 1996). (d) C* contact map
from the control run at 300 K. The
contacts present for more than 4 ns
of a total of 6 ns are shown. C*
contacts in aSH3 and the two per-
mutants are shown above the diag-
onal (filled squares). Two contacts
in the RT loop, which are rep-
resented with circles, were not pre-
sent in s19. The contacts below the
diagonal belong to sSH3 (open
squares). The positions of the X-ray
secondary structures are indicated
along the axes. p-Strands are rep-
resented by arrows (black for aSH3
and the permutants and white for
sSH3) and the 3,, helix by two
crosses. The sequence alignment for
aSH3 and sSH3 is shown at the
bottom. Conserved residues are
printed in bold. The ribbon
diagrams were prepared using
MOLSCRIPT (Kraulis, 1991).
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Figure 2. Evolution of the number of native contacts as a function of the simulation time for three aSH3 (top)
and three sSH3 (bottom) unfolding trajectories. The continuous lines represent the total number of native contacts
(Table 3) while the broken lines represent the native contacts of the central p-sheet.

Control runs

The structure of the native state was well main-
tained for all four proteins at 300 K. Neglecting the
two N-terminal and two C-terminal residues, the
C* rmsd from the crystal structure averaged over
the 6 ns is 1.77(+0.33) A and 1.97(+0.21) A for
aSH3 and sSH3, respectively (Figure 3). The term-
inal residues displayed deviations of about 5 A in
both domains. The transiently higher C* rmsd at
0.7, 3.5 and 5.9 ns in the aSH3 simulation was
caused by increased deviations of the RT loop.
This is consistent with explicit water MD simu-
lations at room temperature, which indicated high
flexibility for the RT loop and termini in both
domains (van Aalten et al., 1996; Tsai et al., 1999).
The fraction of native contacts, Q, averaged over
the 6 ns at 300 K was 0.94 4 0.25 and 0.94 +0.24
for aSH3 and sSH3, respectively.

In the two permutants, the fused loop, which
has an unstructured conformation (Viguera et al.,
1996), as well as both termini deviated more from
the crystal structure than the other parts of the pro-
tein. In particular, the N and C termini of s19, cre-
ated by the cleavage of the RT loop, displayed
important deviations (about 7 A). This may be
explained by the loss of five intra-RT loop hydro-
gen bonds in the crystal structure of s19. If one
ignores the fused loop and the N-terminal and
C-terminal residues (two in n47, as for the wild-
type, and three in s19, due to the larger deviation
of its termini), the average value of the C* rmsd
from the crystal structure was 1.75(+0.24) A and
2.02(+£0.38) A for n47 and s19, respectively. The

average value of Q over the 6 ns was 0.92 £ 0.27
and 0.90 £ 0.30 for n47 and s19, respectively.

Unfolding simulations

Simulations at high temperature can provide
information on the kinetics and mechanisms of
unfolding (Caflisch & Karplus, 1995; Lazaridis et al.,
1997; Wang et al.,, 1999; Alonso & Daggett, 2000).
In the case of multiple simulations for more than
one protein sequence, interesting insights can be
obtained on the relative kinetic stability. It is clear
from Figure 2 that both aSH3 and sSH3, and
especially the latter, unfold at different times as in
a thermally activated process. The average C*
rmsd evolution is similar in the four proteins
(Figure 3), although the deviation of sSH3 is smal-
ler over the 6 ns and significantly smaller in the
first half of the simulations. If the fraction of
remaining C* native contacts is used as a criterion
to measure the degree of unfolding, significantly
less sSH3 than aSH3 simulations reached the
denatured state (Table 1). Differential scanning
calorimetry and equilibrium fluorescence measure-
ments indicate a slightly higher thermodynamic
stability for sSH3 compared to aSH3 (Viguera et al.,
1994; Grantcharova & Baker, 1997). Hence, one
would expect a slower unfolding of sSH3, if the
unfolding time correlated with the increased ther-
mostability. Nevertheless, kinetic experiments at
295 K have revealed a ten times higher unfolding
rate for sSH3 than for aSH3 (Grantcharova &
Baker, 1997; Viguera et al., 1995). The kinetic data
extracted from the simulations at 375 K are not
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Figure 3. Evolution of the C* rmsd (A) from the crys-
tal structure as a function of time in the simulations at
300 K (continuous lines) and 375 K (broken lines). The
C* rmsd values at high temperature represent averages
over all simulations for each protein. The standard devi-
ations are about 2 A (not shown).

necessarily in disagreement with the experimental
results at 295 K, since two proteins can have a sig-
nificantly different dependence of their unfolding
rate on the temperature, i.e. different slopes in the
Arrhenius plot. At high temperature, the lines on
the Arrhenius plot can cross and lead to an inver-
sion of the tendency measured under standard
conditions (Cavagnero et al., 1998).

Unfolding mechanism

Although the unfolding trajectories of the four
domains show some diversity, a statistically pre-
ferred chronology in the loss of native C* contacts
emerged from the simulations. Since the proteins
unfolded at different times in the various simu-
lations, the contact disappearance is reported in
the following as a function of Q rather than time.
The disappearance of native contacts is first com-
pared between the topologically identical proteins
aSH3 and sSH3, and then between aSH3 and its
circular permutants.

aSH3 and sSH3

The average value of Q at the disappearance of a
given native contact is shown in Figure 4(a) and
representative pathways are illustrated in Figure 5.
Contacts non-local in sequence (i.e. those far away
from the diagonal in the plots of Figure 4) were the
first to break apart in both proteins. In particular,
the contacts between 1 and B5 as well as those
between the RT loop and 4 were lost first. The lat-
ter can be considered as representatives of the
hydrophobic core that connects the two orthogonal
B-sheets of the SH3 domain. An early loss of the
hydrophobic contacts in the core was observed in
previous explicit water simulations performed by
others with a different force-field (Tsai et al., 1999).
Intermediate kinetic stability was observed for the
contacts between Bl and B2 and within the RT

loop. The last contacts to fall apart in both proteins
were in the central B-sheet composed of B2, B3,
and P4. However, the most stable contacts were
between strands B3 and B4 in aSH3, and between
B2 and B3 in sSH3. The strong persistence of C*
contacts between B2 and 3 in sSH3 is in agree-
ment with previous MD simulations in explicit
water, in which hydrophobic contacts and hydro-
gen bonds between strands B2 and B3 were the
most conserved (Tsai et al., 1999).

The comparison of simulation data with exper-
imental results can be only qualitative, since the
exact localization of the transition state by MD
simulations is not possible. The ® values of both
proteins suggest that the distal hairpin contributes
to the transition state energetics, whereas the N
and C termini consolidate very late in the folding
process (Martinez & Serano, 1999; Riddle et al,,
1999). A similar finding was obtained by kinetic
measurements of sSSH3 mutants with a ten-glycine
residue  insertion or  disulfide  crosslink
(Grantcharova et al., 2000). These experiments
investigate backbone ordering and supplement the
® value analysis. The contacts between the distal
hairpin are among the most stable in the simu-
lations of both proteins, whereas those between the
termini disappear first. This is consistent with the
experimental data. The ® values of residues lying
in the n-src loop and the preceding strand 2 show
discrepancies between the two proteins. This
difference was explained partially by the fact that
mutations at this positions probe the development
of diverse structural elements in the two domains
(Martinez & Serrano, 1999). Nevertheless, nine (2-
B3-contacts that scan interactions between equival-
ent positions in the two domains disappeared at
values of Q that were, on average, 0.34 higher in
aSH3 than sSH3. If one excludes the nine P2-3-
contacts, there is a correlation of 0.81 for the aver-
age moment of disappearance (i.e. Q value at the
rupture of a given contact averaged over all simu-
lations of a given SH3 domain) of the remaining 53
contacts in common to aSH3 and sSH3 (Table 2).
This is consistent with kinetic measurements. In
fact, it was shown that positions for which &
values have been determined in aSH3 and sSH3
have a correlation of 0.74 (Plaxco et al., 2000). The
simulations indicate that aSH3 and sSH3 show a
similar sequence of events for the predominant
part of the unfolding pathway. This may be related
to the topological resemblance, because the
sequence identity between the two proteins is only
34%. However, the contacts between (2 and B3
disappeared earlier in aSH3 than in sSH3. Since
the denaturation of the central B-sheet is the last
unfolding event, it is probably less influenced by
the native-state topology and more by the inter-
actions between the side-chains (see also below).

aSH3 and s19

The order of disappearance of native contacts
revealed one important difference; the contacts in
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Figure 4. (a) Disappearance plot of aSH3 (above the
diagonal) and sSH3 (below). The moment of first disap-
pearance of each C* contact, averaged over 40 simu-
lations, is shown as a function of Q. The values of Q are
indicated by different patterns according to the gradient
on the right of the plot. Elements of secondary structure
are highlighted. (b) Disappearance plot of aSH3 (above
the diagonal) and s19 (below). The moment of first dis-

the fused loop of s19 (between B1 and B5) fell
apart much later than the corresponding contacts
in aSH3 (Figures 4(b) and 5). This newly created
hairpin, or at least parts of it, is expected to be
fully folded in the transition state of s19, since ®
values close to 1 were determined for this region
(Viguera et al., 1995). As already seen above, con-
tacts between the N and the C termini of aSH3, in
contrast, are believed to contribute little to the tran-
sition state ensemble in terms of energy. For the
remaining segments, the sequence of events was
very much the same. In particular, the cleavage of
the RT loop in s19 did not change the chronology
of contact loss within this loop significantly. This
may be related to the fact that in aSH3 the RT loop
is highly flexible. The average moment of disap-
pearance of the 67 contacts common to both pro-
teins (excluding 11 contacts in the fused loop
between B1 and B5 ) has a correlation of 0.94. This
indicates that the circular permutant s19 has the
same overall unfolding mechanism as aSH3.

aSH3 and n47

The creation of the new loop increased the per-
sistence of the C* contacts between Bl and B5 as
for s19 (Figures 4(c) and 5), and the cleavage of the
distal hairpin speeded the loss of the contacts close
to the turn between B3 and 4. On the other hand,
contacts between C* atoms separated by more than
two residues from the new termini disappeared as
late as in aSH3. Furthermore, some changes were
observed in the behavior of C* contacts between 2
and B3. They persisted longer than the correspond-
ing contacts in aSH3. Taking out 17 contacts that
lay in the regions where the connectivity was chan-
ged (11 between B1 and B5 and six between 3 and
B4) yielded a correlation of 0.83 in the average dis-
appearance of the 63 contacts in common to aSH3
and n47. Hence, the overall unfolding mechanism
of n47 is slightly more different from that of aSH3
than that of s19. These results are consistent with
data from mutagenesis experiments, which indicate
that the effect of the permutation on the transition
state ensemble is more important in n47 than in
s19 (Viguera et al., 1996).

If one neglects the regions of the sequence adja-
cent to the permutation sites, the correlation in the
native contact disappearance of aSH3, s19 and n47
is striking. The folding of the aSH3 domain is
believed to follow the nucleation-condensation
mechanism (Martinez et al., 1998). When different
contacts constitute the nucleus, as in the case of
aSH3 and n47 (Viguera et al., 1996), different fold-
ing mechanisms are expected. Therefore, one may

appearance of the C* contact of s19 is an average over
the 20 unfolding simulations. (c) Disappearance plot of
aSH3 (above the diagonal) and n47 (below). The
moment of first disappearance of the C* contact of n47
is an average over the 20 unfolding simulations.
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Table 2. Correlation of the native contact disappearance

Protein aSH3 sSH3 s19 n47
aSH3 0.962 0.81(53)® 0.94(67)¢ 0.83(63)°
sSH3 0.96 0.82(44)4 0.83(40)4
s19 0.90 0.84(71)¢
n47 0.86

Fractional values represent correlation factors for the moment of contact disappearance. They are calculated by first averaging,
over all simulations of a given protein, the value of Q at the rupture of a given contact. Then the correlation factor was calculated
for the average Q values of the contacts in common.

? Values in the diagonal were determined by separating the 40(20) wild-type (permutant) simulations into two sets of 20(10) simu-
lations each and calculating the correlation between the average values of Q at the moment of disappearance of native contacts in
the two sets. A value close to 1.0 indicates that the average unfolding mechanism is the same in the two sets.

* Non-diagonal values close to 1.0 indicate that the two domains have a similar order of unfolding events. The value in parenth-
eses is the number of common contacts excluding those between B2 and (3.

¢ Values in parentheses are the number of common contacts not adjacent to the permutation sites.

4 Values in parentheses are the number of common contacts excluding those between B2 and B3, and those close to the permuta-
tion sites.

presume that the unfolding mechanism may show  more general formation of structure (Fersht, 1999).
major discrepancies. However, in contrast to the = The nucleus is simply the best-formed part at the
classical nucleation model, where the native struc- transition state, but most of the protein chain is
ture propagates in a stepwise manner from the involved in forming it. Hence, due to the change in
nucleus, the nucleation-condensation model states  connectivity, another part may simply be the best
that the formation of the nucleus is coupled with ~ formed at the transition state. The highly correlated

Figure 5. Ribbon diagrams of snapshots taken from representative denaturation trajectories. The five segments of
sequence corresponding to the B-strands are shown in different colors: 1, yellow; B2, green; B3, blue; B4, red; B5,
black. The secondary structure was determined with DSSP (Kabsch & Sander, 1983) and the plot was made with
MOLSCRIPT (Kraulis, 1991).



292

Role of Native Topology in Folding

disappearance of native contacts in the MD simu-
lations indicates that the change in connectivity
does not necessarily have an influence on the
mechanism of folding and unfolding of structural
elements that are not adjacent to the permutation
sites.

Unfolding of the central B-sheet in aSH3
and sSH3

Mutagenesis experiments indicate that the three-
stranded antiparallel B-sheet, or at least parts of it,
could serve as folding nucleus in aSH3 and sSH3
(Martinez & Serrano, 1999; Riddle et al., 1999;
Grantcharova et al., 2000). The statistically signifi-
cant amount of unfolding trajectories allows an in-
depth investigation of the kinetic stability and
unfolding mechanism of the B-sheet. To monitor
the unfolding process, useful progress variables are
defined by taking into account the symmetry of
the structure, as in previous studies (Ferrara &
Caflisch, 2000, 2001; Hiltpold et al., 2000). Q_2-3
and Q_3-4 are the fractions of the C* contacts
between B2 and B3 and between B3 and P4,
respectively (Table 3). Q_2-3-4 is defined as the
fraction of the C* contacts in the central B-sheet.

Two-dimensional projections into the progress
variables Q non2-3-4 and Q_2-3-4 (Figure 6(a),(b)),
as well as Figure 4, indicate that the triple-stranded
B-sheet unfolds late, on average. In 22 of 40 aSH3
simulations, most contacts outside of the three-
stranded B-sheet were lost before the -sheet began
to unfold. Contacts started to break first between
B2-B3 or B3-P4 in only seven runs. In the remaining
11 runs, the loss of contacts was concerted. Even
clearer was the behavior for sSH3. In 36 simu-
lations, contacts between B2, B3 and P4 began to
break when the majority of the other contacts had
already disappeared. In 13 of these, the simulation
time was not long enough for a complete unfold-
ing of the three-stranded B-sheet with an average
of Q_2-3-4 = 0.8 for the final 200 ps. In contrast to
aSH3, contacts between B2, B3 and 4 were never
lost first. A concerted contact loss was observed in
only four runs. Hence, the central B-sheet was the
kinetically most stable element in both proteins,
but particularly in sSH3. These results are consist-
ent with recent experimental data, which indicate
that the entire three-stranded (-sheet remains

Table 3. Native C* contacts

intact at the unfolding transition state of sSH3,
whereas the N and C termini are dissociated and
the RT loop is opened (Grantcharova et al., 2000).
Moreover, NMR experiments indicate that prefer-
entially native-like topology of the central B-sheet
is sampled in the denatured state ensemble of
aSH3 (Kortemme et al., 2000).

The projection into the Q_2-3Q_3-4 plane indi-
cates a different sequence of events for the unfold-
ing of the triple stranded PB-sheet in the two
domains (Figure 6(c)-(f)). In 25 of the 40 aSH3
runs, all of the contacts between the strands B2
and B3 were lost before those between B3 and 4
started to disappear. The reverse was observed in
only ten runs. In sSH3, by contrast, unfolding
started by the loss of contacts between B3 and 4.
Eighteen of the 27 simulations in which the three-
stranded B-sheet unfolded, showed a complete loss
of contacts between B3 and B4 first. In only seven
runs, contacts disappeared between B2 and 3 first.
A concerted loss of contacts between the three
strands was observed only rarely, i.e. in five aSH3
and two sSH3 simulations.

Recently, reversible folding simulations of a
designed three-stranded antiparallel B-sheet pep-
tide of 20 residues have shown the existence of
two alternative routes for folding, and one of the
two is statistically predominant (Ferrara &
Caflisch, 2000). In the main pathway, the B-hairpin
consisting of the middle and C-terminal strand is
formed first. This is followed by the consolidation
of the N-terminal strand onto the preformed (-
hairpin. The other pathway consists of the inverse
sequence of events, ie. the N-terminal hairpin
forms first and the C-terminal strand coalesces
afterwards. Furthermore, unfolding was shown to
be the reverse of folding at both 330 K and 360 K
(Ferrara & Caflisch, 2000). More recent simulations
of two three-stranded [-sheet peptides with a
sequence identity of 15% indicate that the amino
acid sequence determines which of the two routes
is statistically preferred (Ferrara & Caflisch, 2001).
In the SH3 domain, 2, 3 and B4 do not form a
model three-stranded antiparallel B-sheet, since B2
and B3 are connected by a five (seven) residue
loop in aSH3 (sSH3). Yet, the simulation results for
the antiparallel B-sheet in the SH3 domains corre-
spond to the behavior observed for the synthetic
20 residue peptides, at least during unfolding. The

Protein Total® B2-B3-p4® B2-p3e B3-pad
aSH3 80 15 17
sSH3¢ 72(62) 30(24) 12(9) 18(15)
s19 78 15 17
n47 80 15 17

2 Total number of native C* contacts.

® Number of C* contacts in the central B-sheet, B2, B3 and B4.
¢ Number of C* contacts between B2 and 3.

4 Number of C* contacts between 3 and p4.

¢ Values in parenthesis are the contacts in common with aSH3.
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Figure 6. Projection into the Q_non2-3-4Q_2-3-4-plane
and the Q_2-3Q_3-4-plane of (a) and (c) four aSH3 and
(b) and (d) four sSH3 trajectories at 375 K. The red,
black and green trajectories are representatives of the
statistically preferred unfolding pathways, whereas the
blue trajectories represent the less populated pathways.
The blue trajectory in (a) is one of the seven aSH3 simu-
lations, where contacts were first lost between B2, 3
and B4. In (b), the concerted loss of contacts within and
outside the central B-sheet is represented with the blue

two routes are populated differently in aSH3 and
sSH3. One sequence of unfolding events of the
three-stranded B-sheet is statistically predominant
in aSH3, whereas the inverse one is the most popu-
lated in sSH3. The different unfolding behavior
appears to be related to differences in specific inter-
actions in the central B-sheet (the 27 residues in p2-
3-B4 have a sequence identity of only 30 %) rather
than topology, since the latter is essentially the
same in the two domains. Recent kinetic data indi-
cate that for proteins with symmetric structures,
several alternative folding routes may be consistent
with the native state topology (McCallister et al.,
2000). The preferred route is likely to involve the
formation of the substructures with the lowest free
energy; hence, it is determined by the sequence.

Elongation of the B2-B3-hairpin during the
unfolding of sSH3

Figure 7 depicts the fraction of time during
which backbone polar groups were involved in
hydrogen bonds between B2 and B3 in the control
run and unfolding simulations. All of the backbone
hydrogen bonds of the X-ray structure were con-
served at 300 K, apart from the hydrogen bond
between the oxygen atom of Arg31 and the nitro-
gen atom of Leu48, which was broken early and
then reformed temporarily in the 300 K run of
sSH3. The hydrogen bonding pattern was con-
served before the unfolding of aSH3 at 375 K. By
contrast, during most of the 375 K simulations of
sSH3, an elongation of strand P2 was observed as
a consequence of new hydrogen bonds between
Asn36 and Leu44, Thr38 and Trp42 as well as
between Glu39 and Trp42. Moreover, the hydrogen
bond between Arg31 and Leu48 was formed more
frequently.

A cluster analysis was performed to analyze the
frequency of conformations with an elongation of
strand B2. For both domains, the initial ensemble
contained every tenth structure (12,000 confor-
mations). The first and second cluster of sSH3
incorporate 17.8% and 4.5% of all structures,
respectively; the first ten clusters 30.9 %. A DSSP
analysis showed that the center of the first cluster
is the native state conformation. The center of the

trajectory. In (a)-(d), each point corresponds to the aver-
age over 20 ps (ten conformations). (e) and (f) Negative
logarithm of the frequency of occurrence (FO) as a func-
tion of the fraction of the native contacts in the strands
B2 and B3 (Q_2-3), and B3 and P4 (Q_3-4). The value of
each bin was computed as —In(N,,,,/N,,), where N, ,
denotes the number of conformations with n(m) contacts
formed between strands B2 and B3 (B3 and p4). The
error was estimated by separating the 40 simulations
into two sets of 20 simulations each. The average error
is 0.27 and 0.57 for aSH3 and sSH3, respectively. The
maximal error is 2.96 for the bin (14,0) in aSH3 and 2.20
for the bin (3,17) in sSH3.



294

Role of Native Topology in Folding

1.5 1158
300K aSH3

11.0

4058

H B H H 1o, 1 00

30 35 40 50

15 F T T T T ™1 15

375K aSH3

30 35 40 45 50

15 7 " 115
300K sSH3

10 110

05 | |l 105

0.0 L | N oo
30 35 40 50

15F 7 ' ' " HERE]
375K sSH3 1

10 410

A

05 i 105

0.0 Pi H B H A lE K. K 0.0
30 35 40 45 50

residue number

Figure 7. Backbone hydrogen bonds between B2 and
B3. Depicted is the average over all simulations of the
fraction time (y-axes), during which backbone oxygens
act as hydrogen bond acceptors (stippled bars) and
backbone nitrogens as donors (black bars). For the
unfolding simulations, only the time intervals previous
to the unfolding of the three-stranded P-sheet were
taken into account. Values larger than 1.0 are due to
bifurcated hydrogen bonds.

second cluster has an intact three-stranded B-sheet
with an elongated strand P2 (Arg31-Thr38) fol-
lowed by a turn formed by residues Glu39-Asp41
(Figure 8). Moreover, six of the first ten clusters
have a center structure with an elongated (2-p3-
hairpin. These results suggest the presence of meta-
stable states with a tight hairpin connecting an
elongated strand P2 with B3. This is consistent
with the ® values greater than 1 of the n-src loop
residues Asn37 and Gly40 in sSH3 (Riddle et al.,
1999). Riddle et al. proposed, that the residues in
the n-src loop might be ordered at the transition
state in a non-native conformation, i.e. as a tight
hairpin, rather than a disordered loop. Tsai et al.
did not mention the elongation of B2-f3 in the
analysis of their explicit water MD simulations at
498 K (Tsai et al., 1999). Recent computer simu-
lations with a cubic lattice model indicate that the

n-src loop

b)

n-src loop

Figure 8. Backbone representation of (a) the n-src loop
of the X-ray structure, and (b) the center structure of the
second most populated cluster derived from the cluster
analysis of the 40 sSH3 unfolding simulations at 375 K.

folding nucleus can contain specific interactions
not present in the native state (Li et al., 2000). Such
interactions in the transition state would give rise
to @ values that are negative or larger than unity,
as in the n-src loop of sSH3.
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In aSH3, the first cluster contains 9.7 % of all
conformations and the native state is its center
structure. The first ten clusters incorporate 16.1 %
of all structures and none of them had an
elongation of B2. An in-depth comparison with the
experimental data is difficult, since the ® value of
only one residue in the n-src loop of aSH3 was
determined (Martinez & Serrano, 1999). However,
Ser36 has a ® value of 0.25 in aSH3, whereas its
structurally equivalent position in sSH3, Asn37,
has a ® value of 3.0. The low & value of Ser36
appears to be in agreement with the absence of an
elongation of strand B2 during the unfolding of
aSH3.

Since a longer and more stable non-native n-src
hairpin in the transition state of sSH3 might be one
of the reasons for the different sequence of unfold-
ing events of the central B-sheet in aSH3 and sSH3,
an additional set of simulations at 300 K were
started from putative transition state confor-
mations. To define the transition state ensemble,
the 4552 partially unfolded sSH3 conformations
with 0.5 < Q < 0.6 obtained in the 375 K runs were
clustered. The choice of 0.5 < Q < 0.6 is consistent
with the fact that in most 375 K runs Q shows the
steepest slope in this interval (Figure 2), and with
the definition used by others (Tsai ef al., 1999). The
center structure of the first ten clusters represents
41% of the conformations with 0.5 < Q < 0.6. They
were submitted to 10 ns simulations at 300 K.

sSH3 control run run from putative

Eight of the ten cluster representatives have an
elongated strand B2 that remained stable during
the 10 ns; the time series for one of these is given
in the middle of Figure 9. Two clusters have no
extension of strand B2, but during the simulation
additional B-hairpin hydrogen bonds are formed
between B2 and B3 (Figure 9(b), right). The
elongation of strand B2 is concomitant with the for-
mation of van der Waals contacts between the apo-
lar part of the Glu39 and Trp42 side-chains. These
contacts are absent in the native state and the
300 K runs from the X-ray structure of sSH3
(Figure 9(c), left). As suggested by the & value
analysis (Riddle et al., 1999), Ile34 appears to be
strained in the native conformation because of
overpacking of the hydrophobic core, but not in
the transition state. The simulation results are con-
sistent with the experiments, since in the 300 K
runs from the putative transition state, Ile34 and
Trp43 have less interactions with Asn37 and
Phel0, respectively, than in the control run from
the X-ray structure (Figure 9, bottom). Apart from
a less dense packing of the hydrophobic core,
mainly due to the unfolding of Phel0 and the
relaxation of the Ile34 and Trp43 overpacking, no
major change in interactions between residues on
B2 and B3 could be observed.

In aSH3, the putative transition state ensemble
(0.5<Q<0.6) used for the cluster analysis con-
tained 5754 conformations. The first ten clusters

run from putative

from X-ray TS of sSH3 TS of sSH3
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incorporate 36 % of all structures. Only one cluster
representative shows an elongation of strand [2,
whilst in five clusters strand B2 was completely
unfolded. In the remaining four representatives,
strand B2 had the same number of backbone
hydrogen bonds as in the native state (two clus-
ters) or less (two clusters). The five cluster repre-
sentatives with a partially or completely folded
strand B2 were used as initial structures for simu-
lations at 300 K. No elongation of P2 was
observed; moreover, in the only starting confor-
mation with more backbone hydrogen bonds
between B2 and B3 than in the X-ray structure of
aSH3, the hydrogen bonds disappeared in the first
4 ns (data not shown).

The starting conformations used in the “tran-
sition state” simulations represent only a putative
transition state ensemble, since the exact localiz-
ation along the MD trajectories at 375 K is not
possible (Du et al., 1998). Nevertheless, the results
confirm that the formation of non-native backbone
hydrogen bonds between B2 and B3 is frequent in
sSH3 and absent in aSH3. Furthermore, the exten-
sion of B2 was seen during the ten sSH3 simu-
lations at 300 K started from a partially unfolded
structure but not in the one initiated from the
native state, which indicates that a less packed
hydrophobic core might facilitate the elongation of
the B-hairpin p2-33.

Conclusions

The unfolding process of four SH3 domains was
simulated by multiple MD runs at 375 K to investi-
gate the influence of differences in sequence and
connectivity on the order of events. Although the
transition state is difficult to localize in the MD tra-
jectories, the simulation results are in good quali-
tative agreement with mutagenesis experiments,
and this allows us to analyze the sequence of
events with more confidence. aSH3 and sSH3 have
almost the same topology and significant simi-
larities for large parts of their unfolding pathway.
This is consistent with the correlation of 0.74 for
the ® values of equivalent positions in the two
proteins (Plaxco et al., 2000). In agreement with
experimental data, the loss of interactions between
the termini and opening of the RT loop are the first
unfolding events. The disappearance of the three-
stranded antiparallel B-sheet is the last unfolding
event and proceeds first by an almost complete
rupture of contacts in one of the two hairpins. This
allows for two main routes of unfolding of the cen-
tral B-sheet. The order of hairpin rupture in the
statistically predominant unfolding pathway of
aSH3 is the inverse of that in the most populated
pathway of sSH3. Recent experimental data indi-
cate that, for proteins with symmetric structures,
more than one route to the folded state may be
equally consistent with the native state topology
(McCallister et al., 2000). Moreover, previous fold-
ing simulations of two designed three-stranded

antiparallel B-sheet peptides showed the existence
of alternative folding pathways (Ferrara &
Caflisch, 2000, 2001). The 375 K simulations of
sSH3 indicate the presence of a non-native tight
hairpin connecting an elongated strand B2 with 3
that is not observed for aSH3. Simulations at 300 K
started from ten putative transition state con-
formations of sSH3 indicate that the elongated
B-hairpin is stable over a 10 ns time-scale. The
non-native hairpin 2-p3 in the transition state of
sSH3 might be one of the reasons for the different
predominant routes of unfolding of the central
B-sheet between aSH3 and sSH3.

The change of connectivity in the permutants
influenced the sequence of unfolding events mainly
at the permutation site. The same order of contact
disappearance was observed for regions where the
connectivity remained unaffected. Moreover, the
cleavage of the already highly flexible RT loop in
s19 had little influence on the loss of contacts
within this loop. Taken together with mutagenesis
data, the simulation results indicate that the order
of (un)folding events of small B-sheet proteins is
determined mainly by the native topology. How-
ever, symmetric substructures, e.g. a three-
stranded PB-sheet, show multiple alternative routes
of (un)folding and the statistically preferred path-
way seems to be determined by the amino acid
sequence.

Materials and Methods

Model

All proteins were modelled by explicitly considering
all heavy atoms and the hydrogens bound to nitrogen or
oxygen atoms using the CHARMM PARAMI9 force-
field (Brooks et al., 1983). A mean-field model of the
aqueous solvent (Ferrara et al., 2000c) was employed to
overcome the problem of time-consuming explicit water
simulations. The CHARMM PARAM19 default cutoff for
long-range interactions was used, i.e. a shift function
(Brooks et al., 1983) was employed with a cutoff at 7.5 A
for both the electrostatic and the van der Waals terms.
To approximate the screening effects of the electrostatic
interactions, the model uses a distance-dependent dielec-
tric function, &(r) = 2r (Ferrara et al., 2000c), and neutral-
ized side-chains (Lazaridis & Karplus, 1997). This leaves
the short-range hydrogen bonding interactions almost
unaltered while screening the electrostatic interaction of
partial charges at larger distances. All other solvation
effects are approximated with a model based on the sol-
vent-accessible surface (SAS) (Eisenberg & McLachlan,
1986). The mean solvation term is given by:

N
Vaow(r) = ) 0iAi(r) 6]
i=1

for a protein having N heavy atoms with Cartesian coor-
dinates r = (ry,...7y). A(r) is the solvent-accessible sur-
face area of atom i, computed by an approximate
analytical expression (Hasel et al., 1988) and using a
1.4 A probe radius. The model contains only two differ-
ent surface tension parameters; one for carbon and sulfur
atoms (o g = 0.012 kcal mol~' A~2) and one for nitrogen
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and oxygen atoms (oyo=—0.060 kcal mol~! A-?)
(Ferrara et al., 2000a). Previous folding and unfolding
simulations of CI2 with this implicit solvation model
were in good agreement with experimental results and
explicit water simulations (Ferrara ef al., 2000a). More
recently, the SAS model was used to simulate the revers-
ible folding of two three-stranded antiparallel B-sheet
peptides of 20 residues each (Ferrara & Caflisch, 2000,
2001) and an o-helix of 31 residues (Hiltpold et al., 2000).
Furthermore, the same force-field and solvation model
were used to demonstrate the non-Arrhenius behavior of
the temperature-dependence of the folding rate (Ferrara
et al., 2000¢).

Simulations

The crystal structures of the SH3 domain of chicken
a-spectrin (1SHG) (Musacchio et al.,, 1992), its circular
permutants S19-P20s (1TUC) and N47-D48s (1TUD)
(Viguera et al., 1996), as well as the src SH3 domain
(IFMK) (Xu et al, 1997) were minimized using a
distance-dependent dielectric function by 400 steps of
steepest descent and 600 steps of conjugate gradient to
relieve local strain. The minimized structures had a C*
rmsd from the X-ray conformation of 0.58, 0.57, 0.57 and
0.44 A, respectively, and were used as starting points for
the MD simulations. Constant-temperature MD simu-
lations were performed at either 300 K or 375 K (Table 1)
with a weak coupling (Berendsen et al., 1984). The
SHAKE algorithm (Ryckaert et al., 1977) was used to fix
the length of the covalent bonds where hydrogen atoms
are involved; this allows us to use an integration time
step of 2 fs. The non-bonded interactions were updated
every ten steps and structures were saved every 2 ps.
The only difference for the multiple runs at 375 K was
the seed for the random number generator used for the
initial assignment of the velocities.

Analysis methods

The C* contacts are defined as pairs of C* atoms of
residues not adjacent in sequence (i.e. residue pairs i, j
with j>i+2) having a distance smaller than 6.5 A for
more than two-thirds of the 300K simulations
(Sheinerman & Brooks, 1998). Eighty C* contacts were
found in aSH3 and n47 (Table 3). While n47 has the
same contacts as aSH3, the cleavage of the RT loop in
s19 reduced the number of C* contacts to 78. For sSHS3,
72 C* contacts were found, 62 of which are in common
with aSH3. For the unfolding simulations, a contact was
considered broken if the distance between the C* atoms
was greater than 7.0 A for more than ten consecutive
integration steps (20 ps).

The method for the cluster analysis is based on struc-
tural similarity (Ferrara & Caflisch, 2000). The C* rmsd is
calculated for each pair of structures after optimal super-
position. The number of neighbors is then calculated for
each conformation using a C* rmsd cutoff of 3.5 A. The
conformation with the highest number of neighbors is
considered as the center (or representative) of the first
cluster. All the neighbors of this conformation are
removed from the ensemble of conformations. The center
of the second cluster is then determined in the same way
as for the first cluster and this procedure is repeated
until each structure is assigned to a cluster.

The hydrogen bond criterion consisted of a distance
between the amide hydrogen atom and the oxygen atom
less than 2.6 A and the N-H- - -O angle larger than 120°.
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