Constraining local structure can speed up
folding by promoting structural
polarization of the folding pathway
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Abstract: The pathway which proteins take to fold can be influenced from the earliest events of
structure formation. In this light, it was both predicted and confirmed that increasing the stiffness
of a beta hairpin turn decreased the size of the transition state ensemble (TSE), while increasing
the folding rate. Thus, there appears to be a relationship between conformationally restricting the
TSE and increasing the folding rate, at least for beta hairpin turns. In this study, we hypothesize
that the enormous sampling necessary to fold even two-state folding proteins in silico could be
reduced if local structure constraints were used to restrict structural heterogeneity by polarizing
folding pathways or forcing folding into preferred routes. Using a Go model, we fold Chymotrypsin
Inhibitor 2 (CI-2) and the src SH3 domain after constraining local sequence windows to their native
structure by rigid body dynamics (RBD). Trajectories were monitored for any changes to the
folding pathway and differences in the kinetics compared with unconstrained simulations.
Constraining local structure decreases folding time two-fold for 41% of src SH3 windows and 45%
of Cl-2 windows. For both proteins, folding times are never significantly increased after
constraining any window. Structural polarization of the folding pathway appears to explain these
rate increases. Folding rate enhancements are consistent with the goal to reduce sampling time
necessary to reach native structures during folding simulations. As anticipated, not all constrained
windows showed an equal decrease in folding time. We conclude by analyzing these differences

and explain why RBD may be the preferred way to constrain structure.
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Introduction

For a protein to function its polypeptide chain must
overcome the difficult task of finding the native
structure in a vast configurational space. Proteins
accomplish this feat by employing a folding mecha-
nism, which guides the ordering of structure during
the folding reaction. Mechanisms are determined in
protein engineering experiments by analyzing a
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large number of mutations to generate phi-values.!
For small single domain proteins, there are in gen-
eral two folding mechanisms. The diffusion-collision
model is followed when local structures are formed
independently and their collisions lead to the native
state.? With increasing secondary structure propen-
sity, folding proceeds more hierarchically. On the
other hand, the nucleation-condensation model is
more likely to occur when the secondary structure is
inherently unstable.® Collapse around an extended
nucleus is followed by the simultaneous formation of
secondary and tertiary structure.® Ultimately, the
shape and roughness of the energy landscape will
determine the folding mechanism for a protein.

The native structure for a protein resides at a
deep energy minimum in the funnel-shaped folding
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landscape.? Roughness in the funnel can result from
both non-native interactions and incomplete compen-
sation of entropy loss to enthalpy gained during fold-
ing.® The latter energy landscapes are considered to
be topologically frustrated. It has been shown that
for many small single domain proteins, topological
frustration plays a primarily role in determining
their folding mechanism.” Thus folding seems only
minimally affected by sequence. The relationship
between folding rates for many two-state proteins
and the number of nonlocal contacts in their native
structure supports this theory.® In general, proteins
with more complex topologies fold slower because
the entropic penalty to form nonlocal contacts is
greater than for local ones. Additionally, models that
incorporate only native interactions, thus leaving
out sequence-dependent frustration, can reproduce
many important features in the folding mechanisms
of small single domain proteins.®

Sampling long time scale phenomena such as
protein folding in detailed atomistic simulations is
not currently possible without the use of massively
parallel or distributed computing clusters.'® How-
ever, Go models using simplified protein representa-
tions biased toward the native structure have helped
to understand the folding process and identify im-
portant interactions that drive folding.!* Off-lattice
G0 models typically employ a Lennard-Jones func-
tion to model nonlocal interactions using a strictly
repulsive term to block the formation of non-native
contacting. While adding energetic frustration into a
G0 model through a small amount of non-native con-
tacting can speed up the folding reaction,'? other
evidence suggests that frustration may disrupt fold-
ing rates, stability, and cooperativity.!> When using
a GO0 model, simulations are typically started from
native and unfolded at high temperature to generate
uncorrelated initial structures. Simulations are then
jumped to the temperature of interest to yield the
relevant statistics.”'* The simple protein represen-
tation allows one to perform equilibrium folding/
unfolding simulations thus sampling high energy
intermediates such as transition state structures.®

G0 models have also been used to explore the
conformational dynamics of the TSE. In one particu-
lar study, it was shown that increasing the stiffness
of a beta hairpin turn (by changing the position of
the hydrophobic cluster) decreased the time neces-
sary to fold.'® Stiffening the beta turn also restricted
the size of the TSE based on the number of clusters
for member structures of the transition state. Thus,
there appears to be a relationship between the size
of TSE and the folding rate for beta hairpin turns.
Based on these results, it is theorized that the con-
served folding mechanism across SH3 domains
results from the conserved stiffness in the distal
hairpin loop. These results were supported experi-
mentally with hydrophobic core mutants of the
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alpha-spectrin SH3 domain. Although these mutants
were unstable, they still folded properly. After desta-
bilizing the distal hairpin, mutants became molten
globule-like.!” Therefore, an intact distal hairpin can
conformationally restrict the SH3 TSE by inducing
structural polarization of the folding pathway (see
the section on the src SH3 domain for an explana-
tion of the TSE and folding pathway). Consequently,
constraining the distal hairpin should not alter the
TSE. On the other hand, the nature of the TSE for
proteins with little loop rigidity and primarily nonlo-
cal contacts cannot be easily determined using this
metric. The phi-value distribution for these proteins
is relatively broad indicating they fold mostly
through a nonhierarchical mechanism. Differences
in the degree of transition state polarization implies
that folding mechanisms and rates are dependent on
the type, propensity, and burial of the secondary
structural elements.

Building on this idea with the goal to reduce
sampling time for folding two-state proteins, we
introduce native local structure constraints at all
possible sequence windows for the proteins CI-2 and
src SH3 and monitored both their folding pathway
and folding time changes. Based on the results of
previous studies, we attempt to show that constrain-
ing local structure to native can induce structural
polarization of the folding pathway thus reducing
the conformational size of the ensemble and sam-
pling necessary to reach the folded state. Addition-
ally, constraining local structure to native that is not
formed in the TSE can still increase the folding rate
by inducing structural polarization along a folding
pathway that is different from native. Results of this
study present an opportunity to improve structure
prediction sampling based on the relationship
between local sequence and structural stability. Cor-
rectly predicting local structure and constraining it,
should increase the folding rate by restricting the
structural heterogeneity during simulations. Effec-
tive local structure prediction makes this approach
particularly attractive as a way to encode a hier-
archical structure prediction program.'®

Results and Analysis

Src SH3 domain

The src SH3 domain is a 56 residue portion of a pro-
tein tyrosine kinase that associates into complexes
typically by binding proline-rich peptide sequences.
It is composed of five beta strands in an antiparallel
arrangement plus one short 3-10 helical turn. The
three loops connecting those strands are the func-
tional RT loop, by far the longest and most disor-
dered, the n-src loop connecting strands 3/4 and the
distal hairpin loop [Fig. 1(a)]. Experimental evidence
indicates that the domain folds by diffusion-collision
and exhibits two-state folding behavior.!® Based on
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Figure 1. Structures for (A) src SH3 domain [1SRL] and (B) CI-2 [2CI2] with every tenth residue numbered. In the online version,
residue windows in (A) are colored yellow 2-10, red 14-22, and orange 23-31. Residue windows in (B) are colored yellow 4-12,
red 25-33, and orange 45-53. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

phi-value analysis, the transition state is formed
when the distal hairpin and diverging turn are
structured and docked.?° This polarized transition
state can be seen in the large phi-values for these
two regions [Fig. 2(a)]. Other SH3 domains with sig-
nificant differences in sequence have been shown to
fold by a conserved folding mechanism.?? This has
been used to support the theory that topological
frustration plays a primary role in the folding mech-
anisms of small single domain proteins. It also
explains the usefulness of topological folding models,
which incorporate only native interactions.

src SH3
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Comparing constrained with unconstrained sim-
ulations for the src SH3 domain, 41% of constrained
windows show at least a two-fold decrease in folding
time and no window shows a significant (more than
two-fold) increase in folding time [Fig. 3(a)l. 90%
confidence intervals for folding times were deter-
mined by 10,000x resampling with replacement of
folding times for the 100 runs within each window.
As expected, only three constrained windows show
an increase in median folding time compared with
unconstrained simulations. Confidence intervals for

two of these windows overlap with the
CI-2
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Figure 2. Experimentally determined phi values for (A) src SH3 (Ref. 20) with the distal hairpin centered at residue 42 and

diverging turn centered at residue 23 and (B) CI-2 (Ref. 21).
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Figure 3. (A) src SH3 and (B) CI-2 median first passage folding times (in simulation steps) with 90% confidence intervals for
all constrained windows. The unconstrained median first passage folding time is shown in window zero. Data are plotted at

the first position of the 9-residue window.

unconstrained median folding time indicating that
folding was mostly unaffected by the local con-
straint. The folding time for window 7 however does
not overlap with the unconstrained median time.
Given the large confidence interval for this window,
the result is probably not significant.

Two of the local sequence areas, which show
the greatest decrease in folding time are windows
2-5 and 14-17 (window 2 contains residues 2-10,
window 3 residues 3-11, etc.). Windows in these
areas show at least a two-fold increase in folding
time and cover the most disordered region of the
native structure, the RT loop. Between these two
local sequence areas (windows 7-10), the same fold-
ing time increases are not seen. Residues for these
windows are located in the turn region of the RT
loop, which makes their local contacts more likely
to form given the spatial proximity to one another.
Thus preforming these contacts does not signifi-
cantly alter the folding time for two reasons. (1)
Local contacts in the turn region stabilize the loop
compared with strands or other disordered struc-
tures that have no local contacts. Constraining it to
be formed will have only a marginal effect on the sec-
ondary structure propensity. (2) Since there are rela-
tively few nonlocal contacts made to the loop, the local
structure does not provide an ideal position to induce
structural polarization along the folding pathway.
Therefore folding time is decreased by constraining
local structure that has little secondary structure pro-
pensity and provides a position for structural polar-
ization during folding. The turn of the RT loop does
not fit this description but constraining either
extended portion does.

Structural polarization around the first strand
of the n-src loop (residues 23-31, window 23) can be
seen in Figure 4(a), which shows a sequence of con-
tact probability maps as a function of the reaction
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coordinate @. In the contact probability map gener-
ated from structures with @ = 0.35-0.45, the n-src
loop is almost completely ordered. Surprisingly, it
adopts structure even before the tighter turning dis-
tal hairpin. Folding proceeds down the native path-
way with the formation of the distal hairpin and
docking to the diverging turn (@ = 0.45-0.55). Inter-
actions between the termini and RT loop are the last
to form. Structural polarization around another dis-
ordered region, the first extended portion of the RT
loop (window 2), can be seen in Figure 4(b). In these
simulations, the RT loop forms first while docking
between the distal hairpin and diverging turn occurs
much later. Instead, early structuring of the loop
promotes contacting between the termini. The fold-
ing pathway for this constrained window is consider-
ably different from the native pathway.

Folding rate changes for the rest of the struc-
ture follow the criteria outlined above (Table I). In
the turn region of the n-src loop (windows 25-29),
folding times do not decrease significantly. Second-
ary structure propensity is only partially affected
by the constraint since there are local contacts in
the turn. Constraining these windows does not pro-
mote structural polarization because there are few
nonlocal contacts to the turn. For windows in the
turn region of the distal hairpin (windows 36-37),
folding times also did not decrease significantly.
Constraining the strands that made up the turn
however (windows 34 and 41), decreased folding
times at least two-fold. The native folding pathway
is polarized around the strands of the hairpin when
they dock to the diverging turn. Since there are very
few nonlocal contacts in the turn region itself, con-
straining leaves the folding time unchanged. Win-
dow 35 does not follow this trend, but the confidence
interval indicates that noise has affected the median
folding time.

Local Structure Constraints Speed Up Folding
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Figure 4. Contact probability maps for src SH3 simulations constraining (A) residues 23-31 as a function of the reaction
coordinate Q. The color bar indicates the probability that a contact is formed for structures with a Q-value shown inside the
triangle. The sequence runs along both the x and y axes. The constraint promotes the early formation of the n-src loop.
Interactions within the RT loop and termini are formed after the distal hairpin (residue 42) and diverging turn (residue 22)
contact. The constrained simulation retains many features of the native folding pathway based on experimental results. (B)
Constraining residues 2-10 as a function of the reaction coordinate Q. Early contacting between the termini is a result of

constraining the N-terminus.

Chymotrypsin inhibitor 2 (CI-2)

Chymotrypsin Inhibitor-2 (CI-2) is 65 residue pro-
tein containing six strands in a parallel/antiparallel
beta-sheet packed against an alpha-helix to form a
hydrophobic core [Fig. 1(b)]. Experimental evidence
indicates that it folds with two-state behavior.?®?4
Based on a broad range of phi-values, the TSE
appears as an expanded version of the native [Fig.
2(b)]. Larger phi-values have been determined for
residues in the helix, mini-core (strands 3/4 and loop
between them), and the turn between strands 4 and
5. Otzen and Fersht®® have found that strands 1, 5,
and 6 are in general not structured at the transition
along with strand 2. It is believed that the transition
state contains a loose hydrophobic cluster formed
between the mini-core and helix. Evidence suggests
that after the formation of strands 3/4 and the helix,
both strands dock to the C-terminus of the helix.?!
Condensation then takes places around this nucleat-
ing hydrophobic cluster. CI-2 is a representative
example of nucleation-condensation folding.

No constrained window for CI-2 has a signifi-
cant increase in folding time and 45% of constrained
windows show at least a two-fold decrease in folding
time [Fig. 3(b)]l. There are two sequence regions,
which do not show a change in folding time com-

Buck and Bystroff

pared with unconstrained simulations. Windows cen-
tered directly on the helix (windows 12-19) have
folding times that are approximately equal to uncon-
strained simulations. Even though the helix forms
several nonlocal contacts with strands of the ter-
mini, most of the contacts in the helix are local.
Folding rate changes for these windows are not
expected to increase since preforming these contacts
does not significantly alter the secondary structure
propensity (Table I). The functional loop connecting
strands 3 and 4 (window 39) is another constrained
window that shows no decrease in folding time. This
part of the structure is mostly disordered in the
native state and has few nonlocal contacts since it is
mostly floating outside the surface of the protein.
Although the local structure propensity changes con-
siderably after constraining the loop, structural
polarization near the window will not occur given
the lack of nonlocal contacts for this structure.
Constrained windows which show the greatest
decrease in folding times are in the strands that
make up the beta-sheet [Fig. 3(b)]. In the sequence
of contact probability maps for simulations con-
straining window 25, strand 3 from CI-2, contacts
are stabilized between strands 3 and 4 shortly after
the helix appears [Fig. 5(a)]l. The turn between

PROTEIN SCIENCE ‘ VOL 20:953-869 963



Table I. Comparison of Folding Time Changes, Contacts, and In(ky for Different Regions of CI2 and src SH3

Domain

CI2 Src SH3
Window Structure Local® Nonlocal® %A° In (kp)? Structure Local Nonlocal %A In (ky)
0 unconstrained 100 —11.8 unconstrained 100 -—-11.7
1 2 5 94 117 1 4 115 -11.9
2 3 4 94 —-11.7 1 9 48 11
3 3 5 59 —11.2 RT loop (extended 1) 1 11 49 -11
4 strands 1/2 2 9 47  -11.0 2 12 49 11
5 3 10 42  -10.9 1 13 62 -11.3
6 3 12 52 —-11.1 2 12 101 —-11.8
7 2 15 50 —11.1 5 9 138 -12.1
8 5 13 61 —-11.3 8 6 99 -11.7
9 7 12 56 —11.2  RT loop (turn) 9 5 100 —11.7
10 6 15 56 —11.2 9 7 83 -11.6
11 8 14 78 -11.5 4 14 76 -11.5
12 10 14 94 117 2 16 73 114
13 helix 9 14 93 —11.7 0 17 98 —11.7
14 9 22 107 —11.8 RT loop (extended 2) 2 15 49 -11
15 9 22 105 -11.8 3 13 44 —-10.9
16 9 22 79 115 5 8 41 -10.8
17 9 20 78 -11.5 5 5 33 -10.6
18 9 17 113 -11.9 4 3 31 -10.6
19 9 15 94 117 2 5 31 -10.6
20 9 13 77 =115 0 10 34 -10.7
21 9 10 72 —-11.4 0 14 28 —10.5
22 6 11 64 —11.3 1 14 32 -10.6
23 1 14 66 —11.3 n-src loop (strand) 1 13 28 -10.5
24 1 12 67 —-11.4 1 12 60 -—11.2
25 strand 3 1 12 31 -10.6 2 9 78 -11.5
26 0 12 35 —-10.7 4 7 84 -11.6
27 0 10 31 —10.6 n-src loop (turn) 8 3 81 -11.5
28 0 8 34 -10.7 9 2 72 -11.4
29 1 5 22 -10.3 6 7 76 -11.5
30 2 2 34 -10.7 2 16 51 -—11.1
31 3 0 36 —-10.7 1 20 57 -11.2
32 3 1 37 -10.7 0 22 50 11
33 3 3 34 —10.7 distal hairpin (strand 1) 0 22 59 -—11.2
34 1 7 30 -10.6 1 20 54 -11.1
35 0 10 38 -10.8 3 16 84 -11.6
36 0 12 45 —-11.0 7 7 70 -11.4
37 0 12 55 ~—11.2  distal hairpin (turn) 10 2 81 -11.5
38 0 11 73 -11.4 10 2 82 -11.5
39 functional loop 4 6 91 117 5 7 61 —11.2
40 5 4 76 —-11.5 1 14 67 -11.3
41 8 1 65 —11.3 0 15 41 -10.8
42 6 4 46 —11.0 0 15 35 —-10.7
43 4 9 37 -10.8 0 14 41 -10.8
44 2 16 25 —10.4 1 11 52 -11.1
45 strand 4 0 21 31 -10.6 3 6 84 -11.6
46 0 21 41  -10.9 6 2 56 —11.2
47 0 21 51 -—11.1 6 0 58 -11.2
48 1 16 50 -—11.1 6 0 79 -11.5
49 4 12 56 —11.2
50 8 4 50 -—11.1
51 10 2 65 —11.3
52 8 4 52 —11.1
53 3 9 80 -11.5
54 1 12 69 —-11.4
55 strands 5/6 1 12 45 -109
56 1 12 57 —-11.2
57 1 11 69 —-11.4

2 Number of local contacts made within the window.

® Number of nonlocal contacts made between the window and outside residues.
¢ Median folding time as a percent of unconstrained median folding time.

4 k¢ is in units of simulation steps.
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Figure 5. Contact probability maps for Cl-2 simulations (A) constraining residues 25-33 as a function of the reaction
coordinate Q. The color bar indicates the probability that a contact is formed for structures with a Q-value shown inside the
triangle. The sequence runs along both the x and y axes. The constraint stabilizes early interactions within the mini-core
(strands 3/4). Contacting between the mini-core and helix forms next indicating that folding retains many features of the
native pathway based on experimental results. (B) Constraining residues 4-12 as a function of the reaction coordinate Q. Early
contacting between the termini is a result of constraining strands 1/2.

strands 4 and 5 is formed next while nonlocal con-
tacts between the termini are the last to occur. Over-
all the sequence of contact formation retains many
features of the native folding pathway. The rate
increase appears to be a result of mini-core stabiliza-
tion, which enhances polarization near the con-
strained local structure. Constraining window 4
which covers strands 1 and 2 is another local struc-
ture that decreases folding time two-fold. The
sequence of contact probability maps shows that the
helix forms early as expected [Fig. 5(b)l. The next
fastest forming contacts are located between the ter-
mini. Folding proceeds with contacting between
strands 4 and 5 while the major part of the beta-
sheet is the last to form. In this case, structural
polarization near the termini decreases folding time
by making a major change to the folding pathway.

Rigid body constraints

Constraining local structure in off-lattice continuum-
based simulations is similar to Monte Carlo algo-
rithms such as fragment assembly and lattice-based
methods. In fragment assembly, secondary structure
is inserted randomly into the chain.2®?” Although
successful in structure prediction, the algorithm
allows chain crossings, which may lose pathway in-

Buck and Bystroff

formation that could improve sampling. Lattice-based
Monte Carlo simulations also benefit by allowing
multiple residue concerted movements.?®2° However,
sampling on lattice grid points can cause local struc-
ture deformations, which may lead to unwanted bar-
rier crossings or off-pathway sampling. The strength
of these two Monte Carlo approaches lies in their
ability to sample constrained local structure. By aver-
aging out the local fluctuations, tertiary interactions
that depend on the formation of local structure can
occur more often. This idea has shown to be useful in
hierarchical structure prediction algorithms, which
attempt to fold sequences from local to global.?*-32
The question remaining then is how to average
out local structure fluctuations in off-lattice contin-
uum-based simulations? One simple way is to add
distance restraints onto sequence local contacts.
There are two conditions that need to be satisfied to
make the restraint effective. The restraint must be
stronger than all other local interactions, otherwise
it will not be maintained continuously. Second, the
time step must be kept sufficiently small to prevent
spring-like waves when restraints are tested. Reduc-
ing the time step however is counterproductive if the
total CPU time for sampling increases. Another way
to average out local fluctuations is to constrain
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structure using one of the various Lagrangian multi-
plier routines.?>3* In these algorithms, atomic posi-
tions are updated as if no constraint existed. After-
wards a corrective force is computed and applied to
satisfy the constraint condition. Often the procedure
needs to iterate several times. The cost of computing
these corrective forces is only justified if longer time
scale behavior is simulated given the same CPU time.

In this work, we utilize rigid body dynamics
(RBD) as a local constraint method for off-lattice
continuum based Go model simulations. RBD treats
one or more sets of atoms as independent rigid
bodies. Fixing local windows using this method pro-
motes folding near constrained regions early on dur-
ing simulations. Furthermore, applying local con-
straints in the presence of the entire chain promotes
nonlocal contacting to the fixed window when nonlo-
cal contacts are present in the native structure for
that window. This result presents an opportunity to
improve the protein structure prediction algorithm
Zipping & Assembly (Z & A).3%%° In Z & A, distant
restraints are used in absence of the entire chain. It
would be interesting to investigate whether nonlocal
contacting observed using this Go6 model is repro-
duced in molecular dynamics simulations of the
entire chain. Given the results of this study, the
tendency for Z & A to produce low contact order pre-
dictions may be overcome.

Conclusion
In summary, we have shown that using a Go6 model
and constraining local sequence windows to their
native structure by RBD affects both the kinetics
and folding pathways for CI-2 and the src SH3 do-
main. Constraining local structure decreases folding
time two-fold for 41% of src SH3 windows and 45%
of CI-2 windows. For both proteins, folding times are
never significantly increased after constraining any
window. Rate increases are dependent on the local
structure propensity before adding the constraint
and whether the window provides an ideal position
for structural polarization during folding. In agree-
ment with others, constraining native local structure
found in the TSE does not alter the native folding
pathway. However, constraining native local struc-
ture not found in the TSE can cause entropically dis-
favored contacts to form early, which increases the
folding rate. Rate enhancements result from lower-
ing the entropic penalty for these nonlocal contacts
to form since the enthalpy of the native state is the
same for constrained and unconstrained simulations.
All folding rate increases are consistent with the
goal to reduce sampling time necessary to reach
native structures during folding simulations.
Although the observed variability is significant,
no single constrained window decreases folding time
more than three-fold for src SH3 or four-fold for CI-2
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while experimental folding times can span orders of
magnitude for proteins with different topologies and
similar length sequences. This suggests that differ-
ences in local structure propensity and burial may
not affect folding rates as much as differences in
contact order or topological complexity. On the other
hand, the range of folding times for unconstrained
G0 model simulations is compressed (Table II). Ex-
perimental folding times for 1PGB and 1SRL are
separated by a 16-fold decrease while there is a two-
fold decrease in unconstrained Go6 model simula-
tions. This known feature of Go6 models implies a
lack of sufficient cooperativity.*® However, there is a
correlation between the rank order of folding times
between experiment and Go model simulations. Con-
sidered in this context, a two-fold folding time
change may be more important than first suggested.

In an experiment by the Baker group, engineer-
ing a disulfide bond across the base of the distal hair-
pin of the src SH3 domain caused a 30-fold decrease
in folding time.*! In constrained simulations for win-
dow 41 (the second strand of the distal hairpin), there
is a two-fold decrease in folding time compared with
unconstrained simulations. Although it is difficult to
make a direct comparison of these folding time
decreases, given the compression in the simulated
range of folding rates, this result is intriguing. It is
also interesting to consider how the experimental
folding rate for the src SH3 domain would change if
the strand of the n-src loop (window 23) were forced
into the native conformation in the denatured state.
In simulations, there is nearly a four-fold change in
folding time. However, there is no experiment to our
knowledge that can constrain the polypeptide back-
bone in an extended conformation.

Methods

We use the Go model first proposed by Clementi et
al.” Readers are encouraged to review the paper for
background on using this model to reproduce the
TSE for proteins studied in this work. To describe
the model briefly, each residue is represented as a
single interaction point located at the position of the
alpha-carbon. The energy of a configuration I" with a
native configuration of I'y is given by the following
function:

E(T,To)= Y K(ri—ra)*+ > Ko(6 — 00;)*

bonds angles

+ Z {Ks)l) {1 - cos(cbi — d)é?)}

dihedrals

+K‘§)3> {1 - cos3(¢i - ¢$))} }

non-native
contact C 12
i3 Tij

(D)

native

contact roii 12 roii 10

+ > e 5(—’) —6(—’) +
Ry rij rij
i<j—-3 ] J
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§ 5 The variables rg;, 0o;, and ¢g;, correspond the
g 1853383 native values for bond length, bond angle, and dihe-
;a;a 2 dral angle, respectively. The nonlocal 12-10 Len-
nard-Jones function was set to minimize the dis-
tance rg; between any two natively contacting
o residues. All residues not contacting in the native
-
Z25|Hounww structure are given a repulsive energy where C =
S ET | H> o QO 2 .
s § Bl A 4.0 A. The following energy constant values were
8 used K, = 100, K, = 20, K = 1.0, K’ = 0.5, and
¢ = 1.0. A native contact was declared between any
two residues separated by a sequence separation of
g at least four residues when any heavy atom from
E3| o 8 =0 one residue was less than 6.5 A of any heavy atom
£EE R from the other residue using the PDB coordinate
g file. During folding simulations, the reaction coordi-
nate @ was calculated as the percentage of native
contacts formed. A native contact between two resi-
_ dues was considered made if the distance between
*g g 0 their alpha-carbons was less than 1.2 times the
o3| v g E E g . . . . .
E w uf; g Rl native contacting distance r¢;;. Simulations were run
gé S =g % using constant temperature Langevin dynamics and
& e total system momentum was kept constant using a

Berendsen thermostat.*?

Local structures were constrained to native
using RBD. The total translational force for each
rigid body was taken as the sum over all individual
forces for constrained residues F{, . = > F;. Simi-
larly, the total rotational force on the rigid body
was the sum of all the individual torques

FI,=>rjxF;. At each simulation step, forces

Unconstrained
Go folding
time?
27,000
62,000
125,200
127,200
429,600

rot —
were computed the same way for all residues regard-

less of whether they were constrained or not using
the derivative of the GO energy function. Forces
were then rigidified for the constrained region using
the equations shown above. Rigid body momentum
and position were updated and stored separately.
Using a sufficiently small time step ensures that
bond stretching is minimal between constrained and
unconstrained portions of the chain.

To demonstrate that constraining local sequence
windows can increase the folding rate (shown by a
decrease in folding time) compared with uncon-
strained sequences, constant temperature simulations
were run at the transition temperature identified in
unconstrained simulations. Transition temperatures
are located by running long simulations and identify-
ing the temperature at which structures are 50%
folded/unfolded (Fig. 6). Although the transition tem-
perature in constrained simulations may be different
from unconstrained, it is still consistent with the goal
of studying the effects of constraining local structure
on the rate of folding. Median first passage studies
were conducted for all 9 residue sliding windows
along the length of the sequence by constraining the
local sequence window to its native structure. For
each constrained window, 100 folding simulations
were started from native and unfolded at high tem-
perature to generate uncorrelated initial structures.

N
5

56
56
65
89

Fold
3 Helical Bundle
Alpha+Beta Mixed Sheet

SH3 barrel
2 Sheet Beta Sandwich

Alpha+Beta Sandwich

Chymotrypsin Inhibitor-2

Name
Albumin binding domain
TnFN3

Protein G
src SH3

Table II. Comparison of Experimental and Unconstrained Go Folding Times

# Measured in units of simulation steps.

PDB
Code
1PRB
1PGB
1SRL
2CI2
1TEN
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Figure 6. (A) Melting curve for src SH3 constant
temperature simulations is shown. (B) The transition
temperature is located at the peak in energy variance
(1.415). At the transition temperature, Q-values between 0.3
and 0.7 were observed only transiently, indicating 2-state
behavior.

Simulations were then jumped to the transition tem-
perature. Configurations were considered folded and
simulations stopped if at any time @ was 0.85 or
greater.
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