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To complement experimental studies of the src SH3 domain folding, we
studied 30 independent, high-temperature, molecular dynamics simu-
lations of src SH3 domain unfolding. These trajectories were observed to
differ widely from each other. Thus, rather than analyzing individual tra-
jectories, we sought to identify the recurrent features of the high-tempera-
ture unfolding process. The conformations from all simulations were
combined and then divided into groups based on the number of native
contacts. Average occupancies of each side-chain hydrophobic contact
and hydrogen bond in the protein were then determined. In the sym-
metric funnel limit, the occupancies of all contacts should decrease in
concert with the loss in total number of native contacts. If there is a lack
of symmetry or hierarchy to the unfolding process, the occupancies of
some contacts should decrease more slowly, and others more rapidly.
Despite the heterogeneity of the individual trajectories, the ensemble
averaging revealed an order to the unfolding process: contacts between
the N and C-terminal strands are the ®rst to disappear, whereas contacts
within the distal b-hairpin and a hydrogen-bonding network involving
the distal loop b-turn and the diverging turn persist well after the
majority of the native contacts are lost. This hierarchy of events resembles
but is somewhat less pronounced than that observed in our experimental
studies of the folding of src SH3 domain.
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Introduction

Molecular dynamics (MD) simulations provide a
means to obtain atomic level views of protein
unfolding not accessible to direct experimental
measurement (Brooks, 1998). Despite inaccuracies
in the potentials used in the simulations and altera-
tions to folding energetics caused by the arti®cial
conditions used to bring about unfolding, this
detail can potentially provide considerable insight
into the folding process. Simulations are particu-
larly useful for proteins for which there is exten-
sive experimental data, as illustrated by the very
successful collaboration between the Fersht and
Daggett groups (Bond et al., 1997; Daggett et al.,
1996; Ladurner et al., 1998). These two groups
compared experimental data on the folding
mechanism, primarily phi values (Fersht, 1985), to
ing author:

lar dynamics; TS,
analogous quantities computed from unfolding
simulations.

Having thoroughly characterized the folding of
the src SH3 domain using biophysical and muta-
tional studies (Grantcharova & Baker, 1997;
Grantcharova et al., 1998; Riddle et al., 1997; Yi
et al., 1998), we turned to MD simulations to obtain
an atomic level description of the unfolding pro-
cess to complement the experimental data. The src
SH3 domain is a small (57 residue) predominantly
b-sheet protein, which lacks disul®de bonds (Xu
et al., 1997; Yu et al., 1993). Work from a number of
laboratories has made the src SH3 domain one of
the most experimentally characterized models for
b-sheet folding. A very large number (>400) of
naturally occurring SH3 domain sequences and a
phage display selection for simpli®ed SH3 domain
sequences that retain the ability to fold (Riddle
et al., 1997) provide an almost unparalleled data-
base of information about the sequence determi-
nants of this simple fold. The kinetics and
thermodynamics of folding are well described by a
two-state model (Grantcharova & Baker, 1997),
# 1999 Academic Press



216 Simulation of src SH3 Unfolding
and the folding transition state ensembles of two
SH3 domains of very different sequences have
been characterized (Grantcharova et al., 1998;
Martinez et al., 1998). This protein has also been
previously studied using MD simulation (van
Aalten et al., 1996), but the study primarily investi-
gated the protein's stability using various solvent
models.

Because experiments measure the average prop-
erties of very large numbers of independent fold-
ing/unfolding events, our focus here is not on the
properties of individual unfolding trajectories, but
on features common to most of them. To identify
such features, 30 independent unfolding simu-
lations were carried out using the wild-type src
SH3 domain. The recurrent properties of the
unfolding process were characterized using ``disap-
pearance plots'' which compare the extent to
which the different native hydrophobic contacts
and hydrogen bonds in the protein are disrupted
as the protein structure comes apart. Our approach
is similar in spirit to previous studies of the statisti-
cal properties of large ensembles of con®gurations
from independent simulations (Bozkco & Brooks,
1995; Lazaridis & Karplus, 1997).

Results

Description of src SH3 domain structure
and plots

Because contact maps play an important role in
our analysis, we brie¯y summarize how the major
structural features of the src SH3 domain are rep-
resented by such plots (Figure 1). In this work,
side-chain hydrophobic contacts are de®ned using
the Voronoi construction (Voronoi, 1908), and
hydrogen bonds are de®ned using simple geo-
metric criteria (see Methods). Shaded areas above
the diagonal in the contact map indicate hydro-
phobic contacts between residue pairs, while
shaded areas below the diagonal indicate all
hydrogen bonds (main-chain to main-chain, side-
chain to main-chain, and side-chain to side-chain).
The src SH3 domain consists of seven strands, two
loops, one hairpin, one turn, and a 310-helix.
Because certain strands (2, 3, and 4) do not make
classic b-sheet main-chain hydrogen bonds, they
are not shown as b-strands in Figure 1; however,
for clarity and simplicity these sequences will be
considered strands in this study. Following con-
ventions from previous work, we number the resi-
dues from 9 to 65 (Yu et al., 1993). In a classic
antiparallel b-sheet fashion, the ®rst strand (strand
1, residues 9 to 13) and last strand (strand 7, resi-
dues 61 to 65) interact via hydrophobic contacts
(upper left corner) and hydrogen bonds (lower
right corner). The hydrophobic contacts and a
single hydrogen bond close to the diagonal in the
upper right-hand corner of the plot re¯ect the 310-
helix (residues 57 to 61) just before strand 7. The
next three strand interactions are highlighted in
Figure 1. The irregular line of interactions perpen-
dicular to the diagonal in the lower left corner cor-
responds to the interactions between strand 2
(residues 14 to 19) and strand 3 (residues 23 to 28),
which form the relatively disordered RT loop.
Extending from the approximate center of the diag-
onal, the hydrophobic contacts (going up) and
hydrogen bonds (going down) between strand 4
(residues 32 to 38) and strand 5 (residues 42 to 47)
correspond to the n-src loop. The hydrophobic
interactions and hydrogen bonds between strand 5
(residues 42 to 47) and strand 6 (residues 50 to 55)
correspond to the distal b-hairpin.

Overview of the simulations

MD simulations of src SH3 domain unfolding
were carried out using ENCAD (Levitt et al., 1995)
under conditions summarized in Table 1. Ten inde-
pendent simulations were run at 298 K, and 30
independent simulations were run at 498 K. Each
run lasted for 1 ns or 500,000 2 fs time-steps. The
only difference between the various simulations at
a given temperature was that a different random
seed was used in the initial temperature equili-
bration. All properties discussed here are averages
over all runs at one of the two simulation tempera-
tures. As evidenced by the small root-mean-
squared deviation of the a carbon atoms (Ca rmsd)
from the native structure at the end of 1 ns
(Figure 2), the low temperature simulations pro-
duced a population of near-native protein simu-
lations. The slight increase in rms is due to
¯uctuations within the n-src and RT loops and
between the N and C termini (compare Figures 1
and 3). In contrast, at the end of the high-tempera-
ture simulations, the Ca rmsd was around 8 AÊ

indicating that the structures have largely
unfolded. The contact maps in Figure 3 show the
average occupancies of side-chain hydrophobic
contacts and all hydrogen bonds from the high
and low temperature simulations. At low-tempera-
tures, the structure is largely intact with high aver-
age occupancies for most native interactions, while
at high temperatures, much of the structure is
disrupted.

How similar are the different
unfolding trajectories?

As shown in Figure 4, the occupancies of differ-
ent contacts as a function of time differed drasti-
cally between the various trajectories at 498 K.
Rather than analyzing individual runs, we focused
on analyzing properties of the ensemble of struc-
tures created by combining all the trajectories
together. The thick, bold lines in Figure 4 indicate
the mean occupancy of individual contacts aver-
aged over all conformations from all structures
within the indicated time interval. Despite the
large variations among the 30 trajectories, there are
noticeable differences in the average rate of inter-
action loss between certain regions of the SH3
structure.



Figure 1. Description of the src SH3 domain. The structure of the src SH3 domain (Xu et al., 1997) is shown in car-
toon style. Secondary structure is shown only for those regions making appropriate hydrogen bonds. Important
regions of the protein are labeled. Below the structure is a contact map showing the native side-chain hydrophobic
contacts and hydrogen bonds. The side-chain hydrophobic contact map is shown above the diagonal, and the map of
all hydrogen bonds is shown below. The positions of the secondary structures are indicated along the axes, as well as
the de®nitions of regions described in the text. Opposite each axis is the sequence for reference. Contacts and hydro-
gen bonds near the diagonal are made between residues close in sequence. The sets of contacts in each of the three
hairpin loops in the protein are shaded.
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Table 1. Description of simulations

Description Temperature (K) Box size (AÊ 3) Numbera

Stable 298 75,783 10
Unfolding 498 89,573 30

Besides the differences noted above, the two sets were derived from simulations of the SH3
domain of src tyrosine kinase (residues 9 to 65) surrounded by 2261 water molecules. Each simula-
tios used a 2 fs time-step and trajectories were sampled every ps.

a The number of 1 ns simulations run under those conditions.
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When it became clear that averaging over the
different trajectories would be necessary, we
explored several different measures for grouping
conformations. Averages within the time regime
correspond to what is found experimentally, but
any hierarchy in unfolding may be obscured
because the protein unfolds at different times in
different simulations, as portrayed by Figure 4.
Grouping according to the Ca rmsd produced
more homogeneous populations of unfolded struc-
tures and a clearer view of the unfolding pro-
gression (data not shown). However, the best
results were obtained with a measure that is better
correlated to the loss of native structure: the per-
centage of native side-chain hydrophobic contacts
and hydrogen bonds (Figure 5). This measure is
analogous to the reaction coordinate Q often used
in studies of lattice models of protein folding
(Shakhnovich et al., 1991; Socci et al., 1996). A simi-
lar choice of reaction coordinate has been used in
previous MD simulation studies (Guo et al., 1997;
Lazaridis & Karplus, 1997).

Hierarchy of unfolding

Figure 5 shows the data for the 498 K set of
simulations divided into four equal intervals
according to the percentage of native interactions.
For the sake of simplicity, each interval will be
referred to by its central value, i.e. the 100 to 75 %
interval will be referred to as 87.5 %, and so on.
The average occupancy of each hydrophobic con-
tact and hydrogen bond was calculated for the
structures within each interval. Averages over a
group of native contacts from a speci®c region of
the src SH3 domain structure are shown in
Figure 6. These two Figures clearly show the hier-
archical unfolding of the src SH3 domain. The
structural elements in the native protein can be
classi®ed into three classes according to the rate at
which they are lost: unstable (lost between the
87.5 % and the 67.5 % native contact intervals),
intermediate (lost between 67.5 % and 37.5 % inter-
vals), and persistent (lost between 37.5 % and
12.5 % intervals). To aid in the discussion, the
structural elements in each class are highlighted in
Figure 5 according to the last interval that they
appeared in.

Unstable

The ®rst interactions lost are primarily non-local.
Pairing between the ®rst and last b-strands (resi-
dues 9 to 13 and residues 61 to 65) is clearly dis-
rupted in structures in the 67.5 % native interaction
interval. Native side-chain hydrophobic contacts in
Figure 2. Ca rmsd versus time.
Thick line, 498 K; thin line, 298 K.
The error bars indicate the stan-
dard deviation of the Ca rmsd (this
is the standard deviation of each
run rather than the standard devi-
ation of the mean which is 1=

���
n
p

smaller, i.e. divide by
�����
10
p

or
�����
30
p

at 298 K or 498 K, respectively).



Figure 3. Average interaction occupancies in the simulated structures. The contact map on the left shows the aver-
age occupancies from the 298 K set, and on the right, the 498 K set. Above the diagonal in each is shown data for the
side-chain hydrophobic contacts, and below the diagonal is shown data for all hydrogen bonds.
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this region are decreased by over one-half (upper
left-hand corner of interval 67.5 % in Figures 5 and
6(a)) with hydrogen bonding all but disappearing
(lower right-hand corner of interval 67.5 % in
Figures 5 and 6(b)). At lower per cent native con-
tacts, the average occupancies for these interactions
exhibit very low values. The next most unstable set
of interactions are those between the src SH3
domain's two orthogonal b-sheet structures, which
as indicated in Figure 5, make up the src SH3
domain's hydrophobic core. One sheet consists of
the terminal b-strands (between residues 9 to 13
and residues 61 to 65) and the RT loop (residues 14
to 28). The other sheet consists of the n-src loop
(residues 32 to 47) and distal b-hairpin (residues 42
to 55).

Intermediate

Interactions in the 310-helix and the RT loop are
lost in going from the 67.5 % native contact interval
to the 37.5 % interval. The only helix in the
structure, the 310-helix (residues 57 to 61) is the last
piece of secondary structure before the chain
returns to the pairing made between the termini of
b-strands 1 and 7. Native side-chain hydrophobic
contacts in the 310-helix are lost at a rate close to
the average for all contacts (Figure 6(b)), but the
single native main-chain hydrogen bond in the
310-helix (between the proline 57 O and tyrosine
60 H) is lost more rapidly (Figure 6(b)).

In contrast to the 310-helix, the RT loop (residues
14 to 28) exhibits hydrogen bonds that are more
stable than average (Figure 6(b)) and side-chain
hydrophobic contacts that are less so (Figure 6(a)).
As the population of structures become less native,
this region's hydrogen bonds and side-chain
hydrophobic contacts occur mostly around inter-
actions made by the side-chain of aspartate 23. The
local hydrogen-bond network around aspartate 23
is also responsible for the residual structure seen
near the diagonal in the 12.5 % native interaction
interval.

Persistent

The last part of the structure to be disrupted is
the three-stranded b-sheet made by the n-src loop
and distal loop b-hairpin. The n-src loop (residues
32 to 47) is involved in the recognition and binding
functions of the src SH3 domain. The second part
of the three-stranded sheet, the distal b-hairpin
(residues 42 to 55), displays classic b-sheet side-
chain hydrophobic contacts and main-chain hydro-
gen bonds, which are well preserved into popu-
lations of non-native structures. Figure 6 shows
that both types of interactions behave similarly for
the n-src loop and distal b-hairpin.



Figure 4. Variability in the 498 K trajectories. Plot of average occupancy within a 0.2 nanosecond time interval for
four native side-chain hydrophobic contacts. Light lines are data from each of 30 simulations run at 498 K. Dark lines
running through ®lled circles are averages over the high-temperature simulations. (a) Ile34 with Trp43 (interactions
between strand 4 to strand 5). (b) Glu30 with Ser49 (diverging turn to distal hairpin). (c) Ile34 to Ile56 (core contacts
between strand 4 and strand 6). (d) Arg31 to Ser64 (diverging turn to C terminus).

Figure 5. Disappearance plots at 498 K. Individual structures from all 30 trajectories were binned according to the
percentage of native contacts, as described in the text. The average occupancy of each contact is indicated by color
according to the gradient on the bottom of the Figure. In each plot, side-chain hydrophobic contact results are plotted
above the diagonal and results from all hydrogen bonds are plotted below. As an aid in the Discussion, certain
regions are highlighted in pink in the interval where they last appear.
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Figure 6. Loss of interactions
within and between selected sub-
structures. For each native contact
interval, average occupancies were
calculated for native interactions
within the substructures indicated.
(a) Loss of side-chain hydrophobic
contacts. (b) Loss of hydrogen
bonds.
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Because the sequence in the diverging turn
has been conserved across SH3 domains (Feng
et al., 1995; Guruprasad et al., 1995) and shown
to be important by a number of experiments
(Grantcharova et al., 1998; Riddle et al., 1997; Yi
et al., 1998), we discuss its interactions as a
separate substructure. The diverging turn (resi-
dues 28 to 32) connects strand 3 to strand 4 in
a 90 � kink. The diverging turn's persistence is
due to particularly stable native side-chain
hydrophobic contacts and hydrogen bonds
(Figure 6).

Interactions between the diverging turn (residues
28 to 32) and the distal hairpin (residues 47 to 50)
are preserved throughout the simulations. Speci®-
cally, the side-chain of glutamate 30 in the diver-
ging turn makes many interactions with the distal
hairpin. Both Figures 5 and 6 clearly illustrate the
strong stability of this region over all others,
especially in structures that are less than 25 %
native (in the 12.5 % interval). While not always
the most populated, the side-chain hydrophobic
contacts between these regions exhibit the most
consistent occupancies over all intervals
(Figure 6(a)), and the hydrogen bonds display the
highest occupancies within every interval
(Figure 6(b)). Consistent with this ®nding, recent
double mutant experiments suggests that the
hydrogen bond network is largely formed in the
transition state ensemble (V.P. Grantcharova &
D.B., unpublished results).
Discussion

We ®nd that there is a de®nite hierarchy to the
loss of structure in the src SH3 domain under high-
temperature MD unfolding conditions. Despite
considerable differences between individual
unfolding trajectories, a systematic analysis of 30
independent simulations shows that as the native
structure breaks down, some structural elements in
the native protein are, on average, lost earlier than
others. The most persistent element of secondary
structure is the three-stranded b-sheet made up of
the n-src loop and distal b-hairpin. This b-sheet is
effectively stabilized by two groups of interactions:
hydrophobic contacts and hydrogen bonding
within the sheet and a hydrogen-bond network
between the diverging turn and distal hairpin. All
other elements of the src SH3 domain (the RT loop,
the 310-helix, the pairing between the terminal
strands 1 and 7, and interactions in the src SH3
domain's core) are lost earlier in the unfolding
process.

The intellectual origins of the method of analyis
used here lie in the work of Brooks and
co-workers, who reconstructed the free energy
landscapes of several small proteins (Boczko &
Brooks, 1995; Guo et al., 1997; Sheinerman
& Brooks, 1998) using the results of many indepen-
dent low-temperature molecular dynamics
simulations, and that of Lazaridis & Karplus (1997)
who identi®ed a statistically preferred unfolding
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pathway through analyisis of 24 independent high-
temperature unfolding simulations of CI-2 using
an implicit solvent model. Both approaches
analyzed the statistical properties of large numbers
of con®gurations generated in multiple indepen-
dent simulations, and explored the population of
con®gurations as a function of the number of
native contacts and other order parameters. The
``disappearance plots'' have two principal advan-
tages. First, as pointed out by Lazaridis & Karplus
(1997), Q is a more robust reaction coordinate than
the simulation time, because unfolding takes place
at different times in different simulations. Second,
they simultaneously display the changes in the
average occupancies of each native side-chain
hydrophobic contact and each native hydrogen
bond in the protein as the native structure breaks
down, providing a comprehensive view of the hier-
archy of the unfolding process. The approach
should be useful in analyses of the unfolding
dynamics of other proteins. The averaging pro-
cedure provides a means to connect the behaviors
of individual molecules with the ensemble aver-
aged properties measured in experiments on pro-
tein folding in solution.

Analysis of the effects of mutations on folding
and unfolding kinetics suggested that the diver-
ging turn and distal loop beta hairpin interact in
the folding transition state in the src SH3
(Grantcharova et al., 1998). The distal loop b-hair-
pin was also found to be formed in the folding
transition state of the spectrin SH3 domain
(Martinez et al., 1998). It appears that the folding
transition state structure of this family of proteins
is largely determined by the topology of the src
SH3 domain. More recent experiments (D.S. Riddle
& D.B., unpublished results), in which the conse-
quences of mutations of almost every residue in
the src SH3 domain on the kinetics of folding have
been characterized, suggest that the three-stranded
Figure 7. Comparison of f value-like quantities from the M
are represented from white (f � 0) to red (f � 1) as displa
computed as described in the text, and the values cubed to
the structure. Residues in gray made no native contacts. (b) T
For those residues in gray, a f value was not measured.
sheet composed of the n-src loop and the distal b-
hairpin is largely formed in the folding transition
state ensemble. This is the same region of the pro-
tein observed to fall apart last in the MD unfolding
simulations described here.

To facilitate comparison to experimental data,
we computed quantities from the MD simulations
analogous to the experimentally measured
f values. Figure 7 compares these to the exper-
imentally determined f values (Grantcharova et al.,
1998). The comparison of experimental phi values
to quantities computed from simulations was
pioneered by Daggett et al. (1996). The
f values capture the extent to which the inter-
actions made by a residue in the native state are
formed at the transition state: a value of one
indicates that the interaction is nearly completely
made at the transition state, whereas a value of
zero indicates that it is largely disrupted. The f
value-like quantities were computed for each resi-
due by summing the average occupancies of the
native side-chain hydrophobic contacts made by a
residue in the partially disrupted structures from
the 50-60 % native contact interval. The f values
from the simulation (Figure 7(a)) roughly match
those observed experimentally (Figure 7(b)), with
the highest values in the three-stranded beta sheet
formed by the n-src loop and the distal loop beta
hairpin, and the lowest values in the N and
C-terminal strands. Recent experimental results
indicate that the phi values for all residues in the
N and C-terminal strands are very close to zero
(D. S. Riddle & D.B., unpublished results), which
is again consistent with the results from the
simulations.

While the overall hierarchy of structure loss is
similar in the simulations and in experiment (the
®rst and last b-strands come apart ®rst, and the
central b-sheet, last), the differences are more dra-
matic in the experimental results. This is evident in
D simulations with f values from experiment. f values
yed in the legend. (a) The f value-like quantities were
accentuate the differences between the various parts of
he f values from experiment (Grantcharova et al., 1998).



Figure 8. Possible structure of the three-stranded
b-sheet in the TS ensemble. Structures that had between
50 and 60 % native contacts were clustered into ten
groups. The representative closest to all others in the
group was chosen. These ten structures were then
superimposed based on the residues in the distal loop
b-hairpin. Only residues from 29 to 59 are shown.
(a) View from the perspective of Figure 1. (b) View
across the sheet axis rotated by 90 � around the x axis.
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the f values: the experimental f values are close to
zero in the ®rst and last strand, and near one in
the distal loop beta hairpin (Figure 7(b)), while the
values computed from the simulations are on aver-
age 0.4 and 0.8, respectively (Figure 7(a)). The
reduced structural polarization observed in the
simulations could re¯ect inaccuracies in the poten-
tial functions, insuf®cient sampling, the strongly
denaturing conditions under which the simulations
were carried out, or simply the fact that the tran-
sition state ensemble is not singled out for analysis.

A powerful feature of all atom MD simulations
is the detailed view they provide into aspects of
the folding reaction, which are only crudely
mapped by experiments. In particular, there are a
number of mutations in the n-src loop which either
speed up both the folding and unfolding rates, or
reduce both, suggesting that the residues affected
make more interactions in the transition state (TS)
ensemble than they do in the native state. To inves-
tigate what these residues might do in the TS, con-
formations with the distal loop b-hairpin largely
intact were extracted from the simulations (the dis-
tal loop b-hairpin appears to be largely intact in
the folding TS in experiment, and thus these con-
formations are plausible members of the TS ensem-
ble). A superposition of these conformations shows
that the n-src loop is displaced below the plane
formed by the three strands, and that the diverging
turn at the beginning of the n-src loop is more con-
strained than the tip of the loop (Figure 8). This
ensemble of possible transition state conformations
should be valuable in interpreting the results of
ongoing studies of the effects of mutations in this
region on folding kinetics.

How do the changes we observe in the native
contacts as unfolding progresses compare to those
observed in studies of other proteins? As noted in
the abstract, in the symmetric funnel limit
(Zwanzig, 1995; Doyle et al., 1997), the occupancies
of all contacts should decrease in concert with the
loss in total number of native contacts. For the src
SH3 domain the folding funnel clearly deviates
from such symmetry: the ®rst and last b-strands
come apart ®rst, and the central b-sheet, last. Devi-
ations from symmetry have also been observed for
the other small proteins whose folding free energy
landscapes have been characterized using simu-
lation methods. Lazaridis & Karplus (1997) found
that the primary unfolding event in their implicit
solvent simulations was the disruption of tertiary
interactions between the single helix in CI-2 and a
two-stranded portion of the beta sheet; similar
results were obtained in explicit solvent simu-
lations by Li & Daggett (1998). Onuchic et al. (1996)
found that the folding transition state ensembles of
lattice and full atom models, while quite broad,
contained a subset of particularly hot contacts. The
free energy landscapes constructed by Brooks and
co-workers for several small proteins (Guo et al.,
1997; Sheinerman & Brooks, 1998), which notably
are based on simulations carried out under folding
conditions, also suggested a thermodynamic order-
ing to folding: formation of the third helix in pro-
tein A was observed to follow formation of helices
I and II, and the N terminus of the helix and the
second beta turn of protein G were observed to
form before the rest of the structure.

A central question given the agreement between
the experiments and the simulations is the physical
origin of the observed hierarchy of structure loss/
structure formation. Recent experimental results
suggests that folding mechanisms are largely deter-
mined by the topology of the native state (Alm &
Baker, 1999). Prompted by these observations, our
group has developed a simple model for the fold-
ing free energy landscape based on native state
topology, which takes into account only the entro-
pic cost of chain ordering and the free energy gain
associated with hydrophobic burial. For the src
SH3 domain, this model predicts that the lowest
free energy path to the native state involves the
formation of the three-stranded sheet composed of
the n-src loop and the distal loop b-hairpin. The
simple model completely ignores non-native inter-
actions and uses a simpli®ed treatment of the
native interactions, suggesting that the topology of
the SH3 domain fold rather than the details of the
inter-residue interactions determines the import-
ance of the three-stranded sheet in folding. Far
more interactions are made within the three-
stranded sheet than within any other SH3 domain
segment of of similar length. The molecular mech-
anics-based potential functions used in MD simu-
lations are known to be far from perfect, and the
potential function used in the simple model makes
no attempt to accurately represent all the forces
involved in folding. The fact that both agree
reasonably well with experimental data points to
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an underlying robustness of the protein folding
process consistent with the observed importance
of native state topology in determining folding
mechanism.

Methods

The coordinates from the crystal structure (Xu et al.,
1997) were used as the starting point of the molecular
dynamics simulations. To be consistent with previous
work, the residue numbering scheme used throughout
this is from the NMR study (Yu et al., 1993). Simulations
were run with ENCAD (Levitt et al., 1995) as described
(Daggett & Levitt, 1993). Simulation parameters are
listed in Table 1. Each simulation ran through 500,000 2
fs time-steps to produce runs 1 ns long. A smooth force
shifting truncation of non-bonded interactions at 8.0 AÊ

was used and timesteps were saved every 500 steps
(1 ps). Within each set of simulations at a given tempera-
ture, the only difference between runs was the random
number seed used to initially equlibrated the system.

Side-chain hydrophobic contact analysis was done
using the Voronoi procedure as described by Gerstein
et al. (1995). Two residues were considered to be in con-
tact if they shared a face of a Voronoi polyhedron. This
contact was used to calculate occupancy of side-chain
hydrophobic contacts. The Voronoi construct allows the
proper identi®cation of real contacting neighbors and is
well suited to all atom MD simulations. As discussed in
previous work (Tsai et al., 1997), Voronoi polyhedra are
an exact solution to the number of non-bonded contacts.
Because the sizes of atoms in proteins is heterogeneous,
a distance cutoff usually over or underestimates these
interactions.

Hydrogen bonds were de®ned geometrically: the dis-
tance cutoff between a hydrogen and an acceptor atom
was 2.6 AÊ and the angle between the acceptor atom,
hydrogen, and the hydrogen's covalently bonded donor
atoms had to have been greater than 120 �. In order to
put data from all hydrogen bonds and side-chain hydro-
phobic contacts on one graph, hydrogen bonds between
Oi and Hj are plotted at (i,j) and hydrogen bonds
between Hi and Oj are plotted at (i � 0.5, j � 0.5).

Native interactions were de®ned as those found in the
crystal structure for all hydrogen bonds and side-chain
hydrophobic contacts. At each time-step, the percentage
of native interactions was calculated and structures were
binned accordingly.

To derive representative structures from the ensemble
with 50 to 60 % native contacts, the structures were clus-
tered into ten groups based on the Ca rmsd and used in
a multi-linkage algorithm. The structure closest to all
others in the groups, again based on the Ca rmsd, was
chosen as the representative structure.

Figures of structures were oriented with RasMol
(Sayle & Milner-White, 1995) and then rendered using
MOLSCRIPT (Kraulis, 1991).
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