BIOCHEMISTRY

including biophysical chemistry & molecular biology

Article

Biochemistry 2009, 48, 8195-8205 8195
DOI: 10.1021/b1900702m

Folding Path and Funnel Scenarios for Two Small Disulfide-Bridged Proteins’

Ivan Kondov and Abhinav Verma®*

Steinbuch Centre for Computing, Forschungszentrum Karlsruhe, P.O. Box 3640, 76021 Karlsruhe, Germany

Wolfgang Wenzel*

Institute of Nanotechnology, Forschungszentrum Karlsruhe, P.O. Box 3640, 76021 Karlsruhe, Germany, and DFG Center for
Functional Nanostructures, Department of Physics, Universitdat Karlsruhe, Wolfgang Gaede Strasse 1, 76131 Karlsruhe, Germany
Present address: Centro de Investigaciones Bioldgicas Spanish Research Council (CSIC), Madrid, Spain.

Received April 24, 2009, Revised Manuscript Received July 14, 2009

ABSTRACT: The presence of disulfide bonds leads to an interesting interplay between noncovalent intramo-
lecular interactions and disulfide bond formation even in small proteins. Here we have investigated the folding
mechanism of the 23-residue potassium channel blocker IWQE and the 18-residue antimicrobial peptide
protegrin-1 1PG1, as two proteins containing disulfide bridges, in all-atom basin hopping simulations start-
ing from completely extended conformations. The minimal-energy conformations deviate by only 2.1 and 1.2 A
for IWQE and 1PG1, respectively, from their structurally conserved experimental conformations. A detailed
analysis of their free energy surfaces demonstrates that the folding mechanism of disulfide-bridged proteins can
vary dramatically from Levinthal’s single-path scenario to a cooperative process consistent with the funnel

paradigm of protein folding.

The mechanism of protein folding has been the subject of
much debate and controversy over the course of several decades.
Starting from the Levinthal’s paradox (/) through Anfinsen’s
ground-breaking refolding experiments (2), a funnel-based para-
digm for protein folding (3, 4), in agreement with experimental
observations for small globular proteins, has emerged. Disulfide
bond formation has been studied and used in landmark experi-
ments (5—10) to elucidate the mechanism of protein structure
formation and folding. Because disulfide bond formation can be
manipulated at various stages of the folding process, the control
and probing of disulfide bonds can yield insights into the protein
folding process that are difficult to obtain with alternative
techniques. In addition, many small proteins, which are most
amenable to computational and nuclear magnetic resonance-
based investigations of protein folding, are stabilized by disulfide
bonds in their native conformation.

Kinetics and thermodynamics of protein folding have been
studied by manipulating the formation (6, 7) or mutation (5) of
disulfide bonds. Reconstruction of folding intermediates of
bovine pancreatic trypsin inhibitor (BPTI) and RNase T1 (6)
helped to elucidate possible scenarios for the folding pathways of
these proteins. For particularly stable proteins, folding to the
native state may require the formation of only a subset of native
disulfide bonds. A number of studies on oxidative folding of
RNase A (7—9) have indicated a high degree of cooperation
between disulfide bond formation and chain folding. Moreover,
it was shown for the same system that disulfide-coupled folding
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kinetics does not follow the “rugged funnel” models of protein
folding (7). Furthermore, in an atomic force microscopy (AFM)
study () of cysteine pair mutants of protein 127, the disulfide
bond position had interesting implications for native state
stability. In particular, the unfolding rate constant is decreased
for cysteine pair mutants compared to that of the wild-type
protein, while the distance to the transition state is not influenced
by the engineered disulfide bond.

For a range of disulfide-containing proteins (//), enthalpic
stabilization of the native state by disulfide bridges outweighs
entropic destabilization by a reduction of the hydrophobic effect.
Disulfide bonds may thus strongly influence protein stability. For
the scorpion toxin HsTx1 (10), for example, the fourth disulfide
bridge was shown to be mandatory for the formation of the
native conformation, in contrast to its structural analogue
Pil (10). While having no impact on the helical structure in
HsTxl, the removal of this disulfide bond changes the two-
stranded S-sheet from a twisted to a nontwisted configuration.

Using experimental techniques to control oxidative conditions
during the folding process, several middle-sized disulfide-con-
taining proteins were studied recently (/2). Therein, two opposed
models for the folding mechanisms were proposed. For proteins
such as BPTI, the folding proceeds on a funnel-shaped energy
landscape along a path containing a certain number of nativelike
intermediates. The disulfide bonds and secondary structure are
formed progressively with each intermediate step. In contrast,
proteins like hirudin fold via a fast initial collapse with immediate
disulfide bond formation followed by folding to the native
conformation without building intermediates in terms of minima
on the energy landscape.

In recent years, the folding process of several proteins with-
out disulfide bridges could be studied in detail in simulations
(13—16) using all-atom protein force fields (/7), molecular
dynamics (18, 19), replica exchange (/6), and Monte Carlo
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(14, 20) or nonequilibrium methods (2/—24). However, all-atom
simulations still face difficulty with proteins containing disulfide
bridges (25, 26), due to the long time scale on which these
processes occur. Folding of disulfide-bridged proteins has thus
been studied using conformational space annealing (27), lattice
models (28), and a number of bioinformatics-based techni-
ques (29—33). Various proteins with disulfide bridges were
investigated (27) with the conformational space annealing meth-
od using a united-atom force field, where disulfide bonds were
modeled using distance-dependent harmonic potentials. Only
one of the four proteins could be folded without prior knowledge
of the disulfide bond topology. Recent molecular dynamics
studies (25) of the disulfide-bonded protein Tendamistat sug-
gested an important role for the stabilization as well as for the
folding pathway.

While disulfide bonds stabilize the protein in the thermody-
namic sense, they may impede the folding process by stabilizing
misfolded intermediates (34), especially in early folding
stages (28). In the latter study, it was found that the stiffness of
the polypeptide chain due to constrained motion results in lower
folding rates. Specifically, disulfide bonds that accelerate folding
seem to be mostly formed in early stages of the folding process (in
the rate-determining formation of the so-called folding nucleus),
while those that decelerate the folding are formed only after the
rate-determining step. The competition between secondary and
tertiary structure formation and the formation of disulfide bonds
of varying topology offers a new degree of freedom that may be
exploited in the elucidation of the folding process for small
proteins accessible to both experiment and simulation.

We have recently investigated the potassium channel blocker
IWQE containing two disulfide bonds using a combination of
free energy and molecular dynamics simulations (35, 36) under
reducing conditions. While failing to stabilize the native config-
uration, the protein exhibited significant native secondary struc-
ture content and even visited near-native configurations. Here we
extend our approach to study folding of disulfide-bridged
proteins under oxidizing conditions, including the long time scale
process of disulfide bond formation.

MATERIALS AND METHODS

In recent years, we have pursued a free energy approach to
protein folding and structure prediction and developed an all-
atom force field based on models of the most important
biophysical interactions. This method (37) is based on the
thermodynamic hypothesis stipulating that many proteins in
their native conformations are in thermodynamic equilibrium
with their environment. According to this paradigm (2), the
native conformation of a protein corresponds to the global
minimum of its free energy surface. In this approach, each
protein backbone conformation r is assigned an “internal free
energy” obtained by integrating the solvent degrees of freedom
[within the SASA model (38)], such that the relative free energy
difference between two conformations 7 and j with energies E;
and E;, respectively, is given by E; — E;. The advantage of this
approach is that it decouples the sampling of the conformational
space from the computation of relative free energies of confor-
mations. Therefore, we can use any sampling technique, includ-
ing nonequilibrium methods such as the basin hopping
technique, to generate a protein conformational ensemble until
the low-energy region of the free energy surface containing the
native conformation is sufficiently sampled.
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Force Field. The PFFO1 (21, 22) and PFF02 (37, 39) free
energy protein force fields have been developed to describe the
free energy surface. The PFF0I force field comprises the follow-
ing nonbonding interactions
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where r;; values denote the interatomic distances. The Lennard-
Jones potential depth and equilibrium distance, V; and Ry,
respectively, have been optimized imposing constraints of series
of proteins from the PDB.! The second, electrostatic term
depends on the partial atomic charges (¢;) and pairwise dielectric
constants (¢y,), with g; being the type of amino acid residue
pertaining to atom 7. The last two terms provide implicit
description of solvent interaction [the SASA model (38)], where
A; is the contact area for atom 7 and V}y,, is the short-range
backbone—backbone hydrogen bonding.

While the PFFO1 force field was parametrized for helical
proteins, its extension PFF02 (37, 39, 40) includes corrections
that permit folding of 5-sheets and proteins of mixed secondary
structure. To date, more than 20 proteins (40) with 20—60 amino
acids could be folded to an average backbone root-mean-square
deviation (rmsd) of 2.8 A from completely unfolded conforma-
tions. Thus, the PFF02 force field provides an unbiased and
transferable description of the free energy landscape for proteins
containing both f-sheet and a-helix secondary structures. The
PFF02 force field was used throughout this study.

In this study, we describe disulfide bridges by a Morse
potential

Vss(r) = Eo{[1 —e P77 =1} (2)

that is widely used to describe chemical bonds in classical force
fields. ry is the equilibrium distance between the sulfur atoms
forming a disulfide bridge; E is the energy corresponding to r,
and f3 is characteristic of the spatial extent of the potential. In the
following, we used an ro of 2 A and a  of 17" In this work, we
choose Ej values of 2 and 5 kcal/mol for IWQE and 1PGI,
respectively. In comparison, Czaplewski et al. (27) employed a
harmonic potential biased by 5.5 kcal/mol to describe the
disulfide bond. Investigations exploring various potential forms
and parameters (4/) show that the Morse potential with the
parameters given above has the best overall performance for the
proteins studied compared to other potentials. In particular, it
performs better than harmonic potentials because it is short-
range; i.e., it decays exponentially on long distances. The merits
and drawbacks of the Morse and other constraining potentials
for folding these two and further proteins are discussed else-
where (41).

To interpret energy differences in this model, it is important to
recall that our description assigns an internal free energy to each
backbone conformation. By virtue of its parametrization, this
internal free energy contains an entropic contribution of the
solvent and side chain entropy (using the vacuum as a reference).
Energy differences between different conformational ensembles
must be corrected by the backbone entropy difference to arrive at

! Abbreviations: FNC, fraction of native contacts; PDB, Protein Data
Bank; rmsd, root-mean-square deviation.
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the physical energy scale. Such corrections are large when the
differences between highly flexible unfolded ensembles and near-
native collapsed conformations are considered. The late stages of
the folding process, which are considered here, occur between
conformations in the collapsed ensemble which have similar
backbone entropy, so these corrections are small. Extensions of
the basin hopping method have been suggested to account for
these differences but could not yet be validated for protein
simulations (42).

Simulation Method. The basin hopping technique (23, 43)
employs a relatively straightforward approach to eliminating
high-energy transition states of the free energy surface. The
original free energy surface is simplified via replacement of the
energy of each conformation with the energy of a nearby local
minimum. This replacement eliminates high energy barriers in the
stochastic search that are responsible for the freezing problem in
simulated annealing. In many applications, the additional effort
for the minimization step is compensated by the improved
efficiency of the stochastic search. The basin hopping technique
and derived methods (44) have been used previously to study the
free energy surface of model proteins (49) and polyalanines using
all-atom models (46, 47).

Every basin hopping cycle contains a move generation step, a
minimization step, and an acceptance criterion. In the following,
we use move generation methods that gradually distort the
conformation by small changes of the dihedral angles of the
protein, thus generating a nearly continuous protein trajectory.
Side chain and backbone angles are changed in 30 and 70% of the
moves, respectively. The dihedral angle changes for 50% of the
moves are drawn from a uniform distribution with a maximal
change of 5°. The angle changes for the remaining 50% of the
moves are taken from a move library that accounts for side chain
rotamer preferences, as described previously (23).

Here we replace the gradient-based minimization step with a
simulated annealing run (48), because local minimization gen-
erates only very small steps on the free energy surface. Within
each annealing simulation, new configurations are accepted
according to the Metropolis criterion, while the temperature is
decreased geometrically from its starting value to its final value.
The starting temperature and cycle length determine how far the
annealing step can deviate from its starting conformation. The
final temperature must be small compared to typical energy
differences between competing metastable conformations, to
ensure convergence to a local minimum. The annealing protocol
is thus parametrized by the starting temperature (7s), the final
temperature (T = 2 K), and the number of steps. We investigate
various choices for the numerical parameters of the method but
have always used a geometric cooling schedule (23).

At the end of one annealing cycle, the new conformation is
accepted if its energy difference with respect to the current
configuration is not higher than a given threshold energy er.
Throughout this study, we use a threshold acceptance criterion of
1 kcal/mol. Here we started 30 copies of the extended conforma-
tion (denoted in the following by X); i.e., all backbone dihedral
angles were set to 180°, and 800 and 600 independent basin
hopping cycles were performed for IWQE and 1PGI, respec-
tively. In every cycle, the initial temperature was chosen from an
exponential distribution and the number of simulated annealing
steps was increased following ref 23. In addition, 30 simulations
with a length of 300 cycles have been performed for both proteins
starting from the NMR structure of each protein under the
conditions outlined above. Then the sets of accepted structures of
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all runs were used in the further analysis. To determine secondary
structure, we used DSSP (49). The protein structures were
visualized using PYMOL (50).

Native Contacts. The fraction of native contacts (FNC) was
computed for each accepted conformation. The use of the contact
order or FNC as folding reaction coordinates has been estab-
lished (57, 52). We have used the MMTSB tool set (53) to
calculate the residue—residue native contacts based on distances
between heavy atoms. In this study, a threshold distance of 4.2 A
between side chain heavy atoms has been used. While the rmsd is
characteristic for the quality of the secondary structure, native
contacts characterize the mutual alignment of side chains in the
tertiary native structure. It is noted that the NMR structures for
the two proteins studied exhibit rather different side chain
alignment (up to 0.4 difference in units of FNC). Thus, the best
structure obtained, starting from both the extended and the
natural conformations, was chosen as a reference for calculation
of FNC rather than NMR structures. The accepted conforma-
tions from all independent simulations were sorted according to
their amount of native contacts. Then, for each FNC, the
minimal energies were calculated. The probability of the disulfide
bond presence was calculated from the number of all accepted
conformations with a sulfur—sulfur distance of <3.6 A for
IWQE and 3.0 A for 1PG1.

Connectivity Tree. To characterize the tertiary structure of
transition and intermediate states along the folding pathway of
the two proteins, a decoy family tree (connectivity tree) was
constructed. This tree characterizes the topology of the low-
energy region of the free energy landscape. To construct the
connectivity tree (54), we group all conformations encountered in
the simulations into clusters according to energy brackets. The
bottom of each tree branch corresponds to a metastable con-
formation of the protein, which grows with an increase in energy
into a larger, structurally similar ensemble. When two such
families overlap structurally, the branches of the tree are joined,
illustrating the topological relationship of low-lying metastable
ensembles. In this work, we applied a clustering algorithm as
described and used in ref 55. Thereby, the threshold for merging
of families is 3 A, and only families with a contribution larger
than 1% in the total population were considered.

RESULTS

Two-Helix Protein. The 23-amino acid potassium channel
blocker IWQE (56) comprises two a-helices (Pro3—Hisl1 and
Vall5—Cys22) connected by a turn region. The native conforma-
tion 1s stabilized by two disulfide bonds between residues Cys4
and Cys22 (bond at end region E, E-bond) and Cys8 and Cys18
(bond at turn region T, T-bond).

Previously, we have investigated this protein in a combination
of free energy and molecular dynamics simulations (35, 36).
These simulations were performed under reducing conditions. I.
e., they did not employ a disulfide bond potential. Therein, the
free energy protocol folded IWQE to a low-energy conformation
with correct secondary structure, while failing to fully satisfy the
disulfide constraints. The sulfur atoms in the lowest-energy
conformation had a dg distance of 3.3 A (E-bond) and a dr
distance of 5.5 A (T-bond), compared to the distance of 2.0 A
in the native conformation for both. Subsequent molecular
dynamics simulations (35, 36) started from this low-energy
conformation suggested that the secondary structure elements
are stable. The tertiary arrangement of the helices fluctuated
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Table 1: Characterization of the Lowest-Energy Members of Most Prominent Decoy Families for Protein 1WQE*

family secondary structure E-bond [T-bond| FNC [RMSD Eiot Eprron
IN CHHHHHHHHHHCSCHHHHHHHHC + + 1.00 2.11 —45.30 -42.99
TH1 CHHHHHHCCSCSSSCHHHHHHHC — — 0.17 6.29 -40.48 —40.47
TH2 CCSSHHHHHTCCSCHHHHHHHHC + - 0.42 3.90 [-37.89 -36.58
[H3 CCSCHHHHHHCCSSCHHHHHHHC — + 0.17 6.27 |-36.94 -35.60
H4 CHHHHHHHHCCCSSSCCHHHHHC + + 0.33 493 |-35.49 -32.73
U1 CCSSSSCCBSSSSSCSSSCSBCC — + 0.25 6.14 |[-31.99 -30.79
IHS CCSSHHHHSCCSSSCCCSHHHHC — — 0.17 3.85 -30.42 -30.08
IH6 CCSSHHHHHHHHHHHTCCHHHHC - — 0.00 6.06 -30.34 -30.23
U2 CCSSSSCCSEESSCCSSCSEECC - — 0.17 6.65 -29.53 -29.51
U3 CCSCSSSCCSTTSSSTTSHHHHC — — 0.17 6.89 |-27.79 -27.77
U4 CCSSCSSCCSCCSSSCCCTTTTC — — 0.17 6.44 |-26.31 -26.26

“The secondary structure of IWQE determined by NMR is CCHHHHHHHHHTCCHHHHHHHHC (56). The reference for FNC is conformation N. The

reference for rmsd is the NMR structure (56).

AS

FIGURE 1: Cartoons of folded protein IWQE (colored green) super-
imposed on the corresponding native structures (colored cyan).
Sulfur atoms of cysteine residues forming disulfide bridges are
depicted as golden spheres.

significantly, but visited conformations were in agreement with
the correct disulfide bonding pattern on a short (~50 ns) time
scale.

Here, we study the protein in the presence of the disulfide
bridge potential described above in 30 independent basin hop-
ping simulations starting from completely extended conforma-
tions. The results of the folding simulations are summarized in
Table 1. We find a lowest-energy conformation within 2.1 A of
the native conformation. Figure 1 illustrates the excellent agree-
ment between the folded and experimental conformation with
regard to the secondary structure, the location of the turn, and
the presence of the disulfide bridges. However, we note a
dramatic reduction in the probability of reaching the native
conformation, when comparing simulations (of equal length)
under oxidizing and reducing conditions. While absolutely
essential for the thermodynamic stabilization of the native
conformation, the presence of the disulfide bridge potential thus
seems to impede rather than enhance folding. To understand this
phenomenon and elucidate the folding process, we have com-
puted the fraction of native contacts (FNC) for all accepted
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FIGURE 2: Folding minimal energy profiles (®) and probabilities
P(S—S) of building a disulfide bond in the end region (®) and the
turn region (A) for protein IWQE. Data points are interpolated using
Akima splines (solid lines). Vertical straight lines separate the folding
stages as discussed in the text. The regions with letters U, I, and N
indicate families of unstructured, intermediate, and nativelike con-
formations, respectively.

conformations in our simulations (cf. Materials and Methods)
and drawn the energy profile as a function of the FNC as shown
in the top panel of Figure 2. The fraction of native contacts has
often been used as a one-dimensional reaction coordinate for
protein folding (57, 52). To improve our understanding of the
interplay between disulfide bond formation and the folding
process, we have additionally calculated the probability of
formation of each disulfide bond for each value of FNC. The
bottom panel of Figure 2 depicts the probabilities P(S—S) for
disulfide bridge presence versus FNC.

For FNC values of <0.35, we observe a monotonous decay of
the energy that is accompanied by a simultaneous increase in the
probability of disulfide bond formation for both bonds. For
FNC values of >0.35, further formation of the T-bond is
hindered: its probability exhibits a plateau at approximately
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FIGURE 3: Decoy tree for protein IWQE. The lowest-energy con-
formations are labeled as in Table 1.

50% for FNC values from 0.35 to 0.6. In contrast, the E-bond is
formed with almost unit probability already for conformations
with 50% native contacts. This region is followed by a free energy
barrier (0.5 < FNC < 0.7) of ~5 kcal/mol that is associated with
a significant reduction in the probability of forming the E-bond
(~30%). An FNC of ~70% corresponds to the thermodynamic
transition state. For larger FNC values, we observe a rapid
decrease in the energy accompanied by a re-formation of the
E-bond.

Thus, folding seems to proceed in two major phases. In the first
phase, both disulfide bridges are partially formed in a compact
ensemble which is inconsistent with the final tertiary structure
of the protein. In the second phase, the T-bond must, on average,
be broken and re-formed once the correct tertiary arrangement
is approached. Both the formation of the disulfide bridges and
the correct tertiary structure are required for thermodynamic
stabilization of the protein. Observation of a low disulfide bond
probability at early stages is consistent with the finding that
“early” disulfide bonds accelerate while “late” ones decelerate the
total folding process (28). Since formation of the T-bond occurs
after the transition state, folding into the native ensemble is rapid.
As a result, there are few data in the region of FNC values
between 0.85 and 0.95, but there is clear evidence for disulfide
bond rearrangement.

To go beyond the description based on a one-dimensional
reaction coordinate and elucidate the thermodynamics of the
folding process, we constructed the connectivity tree of the
protein, as shown in Figure 3. Connectivity trees (see Materials
and Methods) completely characterize the complex low-energy
conformational ensemble of the protein and the topology of the
free energy surface. Each branch terminates in a metastable
conformation representing a local minimum in the internal free
energy of the protein. The structural parameters characterizing
the 11 families with more than 1% probability of occurrence (of
67 families in total) are summarized in Table 1. The lowest-energy
conformation of the first family, shown at the bottom of the
innermost branch of the tree and labeled N, is the native fold
exhibiting both a-helices connected by a turn passage in the
middle and two disulfide bonds. The next three families, sorted by
energy, still have significant resemblance with the native con-
formations but have incompletely formed helical regions. Fa-
milies IH1, IH3, and H4 merge together at a rather low energy,
while all other families merge as single branches to the trunk.
Conformation HS exhibits less pronounced native structure

Biochemistry, Vol. 48, No. 34, 2009 8199

-

FIGURE 4: Cartoons of folded protein 1PG1 (colored green) super-
imposed on the corresponding native structures (colored cyan).
Sulfur atoms of cysteine residues forming disulfide bridges are
depicted as golden spheres.

elements, while conformations from families U1, U2, U3, and
U4 have large unstructured regions. The low degree of local
structure in the tree and the absence of clearly structured
branches are indicative of a funnel-shaped free energy landscape.
Overall, we observe a good correlation between the presence
of disulfide bonds and an increasing level of native content
(measured by FNC). Structure H6 has no native contacts
and disulfide bonds but a low energy which results from
significant helical content. Conformation H4 has two disulfide
bonds but a smaller FNC than conformation IH2 due to less well
formed secondary structure. Furthermore, conformation Ul has
one disulfide bond and therefore a larger FNC, although the
secondary structure does not resemble that in the native con-
formation at all.

B-Hairpin Folding. In the second part of this study, we
investigate a f-sheet protein, 1PG1 (57), which has a native
conformation with two f-sheet strands connected by a turn
backbone region and two disulfide bridges near the backbone
termini (labeled E for end) and the turn (labeled T for turn)
between Cys6 and Cys15 and between Cys8 and Cys13, respec-
tively. We first performed simulations starting from the native
conformation, as retrieved from the PDB, with and without
disulfide bond potential. In the simulation with the disulfide
bond potential, the protein is stable in the native conformation,
while the simulation without the disulfide bonding potential
diverges from the native structure by as much as 7.26 A. This
shows that the disulfide bridges are essential for stabilizing this
protein, which is structurally well reproduced in their presence.

We have then performed 30 independent folding simulations
starting from a completely extended conformation X, which
differed by ~18 A from the native conformation and has no
secondary structure and also no disulfide bonds. The simulation
with the lowest energy converges to a conformation which, in the
structurally defined region, agrees well with the experimental
structure (first NMR conformation in the PDB set), as illustrated
in Figure 4. For the whole peptide, the large overall backbone
rmsd of 3.78 A results from the outlying four-residue fragment
(Arg-Gly-Gly-Arg) at the N-terminus that is most likely un-
structured under physiological conditions. When this region is
excluded, the backbone rmsd between the folded and simulated
structure is just 1.26 A, indicating that the simulation reproduces
the native structure within the experimental resolution. Table 2
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Table 2: Lowest-Energy Members of the Most Prominent Decoy Families for Protein 1PG1¢

family secondary structure E-bond [T-bond| FNC [RMSD|RMSD-| Ei Eprroz
IN CCSSEEEEETTEEEEECC + + (100 [3.78 [1.26 -48.19 |-40.63
B1 CTTCSSEEETTEEECCCC + + (041 |7.60 [3.53 -4420 |-36.62
U1 CCSSSBCCTTTSCCCBCC + - 036 [5.98 |4.63 -43.68 |-39.91
U2 CCSBTTBCSSSCCBSCCC + + 0.36 16.39 5.31 -43.22 |-35.72
B2 CBTTTEEETTTSEEEECC + - 0.27 17.23 6.69 -43.03 |-39.24
B3 CTTTSCEEETTEEESSCC + + 1050 16.77 [6.10 —-42.14 |-34.50
B4 CCCCEESCTTTSEECSCC — - 0.28 |8.22 4.02 -38.75 |-38.59
U3 CTTSCBSSSSSBSCCCCC + - 1027 [7.27 |4.63 -37.68 |-33.86
1 CTTSHHHHHHHHSCCCCC + - 1023 [558 [4.22 -36.52 |-32.71
H2 CHHHHHHHHHHHSCCTTC + - [0.09 [5.75 [5.52 -36.23 |-32.50
H3 CHHHHHHHHHHSSCCSCC - + 0.23 14.96 4.52 -35.60 |-32.03
H4 CCSSCTTSHHHHHHHHTC + - 10.14 (6.86 [6.07 -33.67 |-29.99

“The secondary structure of IPG1 determined by NMR is CCSEEEEEETTEEEEEEC (57). The reference for FNC is conformation N. The reference for
rmsd is the NMR structure (57). rmsd— is calculated without the first four residues (see the text).
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FIGURE 5: Folding minimal energy profiles (@) and probabilities
P(S—S) of building a disulfide bond in the end region (®) and the
turn region (A) for protein 1PG1. Data points are interpolated using
Akima splines (solid lines). Vertical straight lines separate the folding
stages as discussed in the text. The regions containing letters U and N
indicate families of unstructured and nativelike conformations,
respectively.

summarizes the structural features of the lowest-energy confor-
mations of 12 selected families (see the decoy tree in the text
below). Several of these conformations exhibit partially 5-sheet
segments on both sides of the turn. However, not all of the
conformations contain closed disulfide bridges, as indicated in
the table. Finally, there are some high-energy conformations
(HI—H4) that do not even possess the correct secondary
structure.

It is interesting to note that several designed -hairpin peptides
without disulfide bonds, such as the Trp-zipper peptides, fold
very rapidly with the same protocol, requiring less than 2% of the
number of steps with a folding probability of >90% (39).
According to the “new paradigm” of protein folding, it is
generally assumed that the protein folding process is guided by

a funnel in the free energy landscape, which accelerates the
process and permits the molecule to find its unique native
conformation with high probability (58). Here, the folding
simulations in the absence of the disulfide bridge potential show
that 1PG1 must fold against the gradient of its internal free
energy profile.

If we decompose the energies into contributions associated
with the disulfide potential and the rest of the energy function, we
find that the near-native conformations found in the simulation
are separated by a wide energy gap from all competing con-
formations when the disulfide bridge term is considered. With the
disulfide bridge potential, the native conformation (N) is sepa-
rated by 5 kcal/mol from unstructured conformation Ul, for
example. If the disulfide bridge potential is switched off, this
difference shrinks to <1 kcal/mol, indicating that the native
conformation is losing its thermodynamic stability.

To analyze the folding scenario, we have gathered all accepted
conformations encountered in the folding simulations and
reconstructed the free energy profile. Figure 5 shows the free
energy versus the FNC (cf. Materials and Methods). Conforma-
tions with low FNC values are characterized by high energies.
With increasing contact order, the free energy falls slightly
and after a rather low barrier at an FNC of 0.15 undergoes
a subsequent much stronger decay (of ~8 kcal/mol). In the
FNC region from 0.3 to 0.5, the free energy profile is almost
constant. A very well pronounced plateau-like transition state
along the reaction coordinate can be identified between FNC
values of 0.55 and 0.8. It is characterized by an activation free
energy of 3.6 kcal/mol.

The energetic contribution of the disulfide binding potential
changes as a function of FNC. As the repulsive part of the Morse
potential is essentially not sampled in our simulations, the total
energy (including the disulfide bond potential) should be always
less than the PFF02 energy. We find that the energy contribution
from the disulfide bond potential increased from approximately
4 kcal/mol (corresponding roughly to one disulfide bond) for an
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FIGURE 6: Decoy family tree for protein 1PG1. The lowest-energy
conformations are labeled as in Table 2.

FNC of 0.1 to 8§ kcal/mol for the near-native conformations (cf.
Table 2), on average. This agrees with the probability of disulfide
bond formation P(S—S), as indicated in the bottom panel of
Figure 5. For the extended conformation with an FNC of 0, the
probabilities for occurrence of both disulfide bonds are vanish-
ing. Subsequently, we observe three stages in the formation of the
disulfide bonds. In the first stage, where the FNC increases from
0to 0.1, the E-bond is rapidly formed with probabilities of up to
0.86. In contrast, the bond at the turn region (T-bond) stays
mostly open (closure probability of 3%). This stage is character-
ized by a barrierless decay of the energy (cf. Figure 5, top panel).
The moderate energy decrease is indicative of a simple bond
formation that is not accompanied by major reorganization of
the secondary structure. The presence of this bond may hinder
further formation of secondary and tertiary structure. In the
second stage, we observe a decay and subsequent plateau of
reduced P(S—S) ~ 0.5 for the E-bond in the FNC range from 0.15
to 0.35, which follows the small free energy barrier at an FNC of
0.15. In this region, we find a rapid increase in P(S—S) for the
T-bond from near zero to 0.50, indicating an increasing level of
formation of the second disulfide bond. This increase continues
to 75% probability at an FNC of 0.55. In this region, the
nucleation at the turn competes with the formation of the
E-bond. Similar competition between disulfide bond formation
and nucleation has been discussed in ref 28. In the third stage, for
FNC values of >0.55, we observe a significant decrease in the
probability for the E-bond, while the T-bond is completely
formed. This reorganization correlates well with the broad
barrier in the energy profile. For FNC values of >0.8, both
disulfide bridges are closed.

To characterize the relevant conformations, we computed the
connectivity tree (see Figure 6). The structural information for
the relevant conformations is summarized in Table 2. We find
that 99% of the sampled population can be represented by 12
families (of a total of 52 families). The lowest-energy conforma-
tion of the first family (N) exhibits the native fold (cf. Figure 4).

The second family (B1) exhibits a similar overall structure and
two completely formed disulfide bonds. The significantly larger
rmsd of 7.6 A is due to the incompletely formed secondary
structure with a reduced S-sheet content. Family U1 represents a
conformation lacking the 5-sheet strands but featuring a turn in
the backbone middle and a disulfide bond at the end. The reason
for the stabilization of a coil-like structure is the large energy gain
(~3.8 kcal/mol) resulting from formation of the single disulfide
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bond at the backbone end. The family associated with this
conformation merges with the main family at an energy only
slightly above that of family B1. The lowest-energy conformation
of the next family (U2) is unstructured but includes two disulfide
bonds. Again, the stabilization is primarily due to the formation
of two disulfide bonds. This family comprises structures of the
crossover region [0.5 < FNC < 0.6 (cf. Figure 5)] and merges to
the trunk at a very high energy. The next two families, B2 and B3,
are dominated by nativelike but incompletely folded structures.
The former has a better formed secondary structure (and thus
lower total energy) and one disulfide bond at the end. The latter
family has less pronounced [-sheet regions but two well-formed
disulfide bonds and a high fraction of native contacts (50%).
These two structures are separated by a small local barrier and
merge together with the trunk family after families B1 and Ul.
Family B4, exhibiting a very short 5-sheet region and no disulfide
bonds, merges with B3 after a very small barrier. The top
conformation of family U3 is very similar to U2 except for the
absence of the disulfide bond at the turn. It merges independently
at a very high energy to the trunk. The last four families shown in
Figure 6 comprise an a-helix and a coil connected by a small turn
region. Their lowest-energy conformations are well separated by
more than 10 kcal/mol from the first seven families and contain
one disulfide bond, predominantly at the backbone ends (H1,
H2, and H4).

Energy Landscapes. While the connectivity tree elucidates
the topology of the free energy landscape, the folding process can
be interpreted more easily on the basis of projected low-dimen-
sional free energy surfaces, which exhibit the low-lying meta-
stable regions. Disulfide bond formation occurs on time scales
that are difficult to sample with present day kinetic simulation
methods. In the absence of explicit kinetics, we have taken the
approach to characterize the internal free energy landscape of the
protein using efficient sampling techniques. Folding of the
protein can then be understood in terms of transitions among
the low-energy conformations of the protein and visualized by
suitable projections to low-dimensional reaction coordinates.
Such projections always run the risk of omitting important
details of the folding process. For this reason, we have computed
the connectivity trees, which are free of any assumption regarding
the reaction coordinates and fully characterize all relevant low-
energy conformations. In Figure 7, we plot the free energy of the
locally most stable conformation as a function of disulfide bond
distances rss g and rsg 1 for the E-bond and T-bond, respectively.
In such coordinates, the extended conformation X of IWQE is
located at (rssprsst) = (65 A38 A). In agreement with the
topological information for the decoy tree, we observe a funnel-
like structure of the free energy landscape with an overall
downhill slope toward the native conformation.

Late events in the folding process are characterized by transi-
tions between the low-energy regions of the free energy land-
scape. The lowest-energy conformation of family IHI1 (cf.
Figure 3, depicted in cyan) is characterized by partially formed
helical regions and the absence of disulfide bridges. It is con-
nected to two major metastable basins at (10.8 A,2.9 A) and (2.9
A,8.9 A), and to the global minimum (colored green). Confor-
mations in the region around IH3 (colored blue in Figure 7)
feature fully formed helices and a disulfide bond near the
turn. The energy barrier for transitions from structure IHI to
the transient structure IH3 at (10.8 A,2.9 A) is ~10 kcal/mol.
The structure associated with the other local minimum, again
with almost fully formed secondary structure, is connected to



8202  Biochemistry, Vol. 48, No. 34, 2009

C

N

Kondov et al.

FIGURE 7: Minimum free energy landscape along the distances between sulfur atoms of bonds in the turn (T) and the end (E) of protein IWQE.
Cartoons of four selected conformations are colored cyan (IH1), magenta (IH2), blue (IH3), and green (N), and their locations on the surface are
denoted by bullets of the same color. The possible reaction pathway is drawn schematically in black.

the global minimum (conformation N) via a free energy barrier
of 9 kcal/mol. The barrier between basins IH! and IH2 (colored
cyan and magenta, respectively) at (2.9,8.9) is approximately
14 kcal/mol, while the barrier between TH2 and N is as small
as 3 kcal/mol. A direct path connects structure IHI with the
global minimum crossing two barriers of approximately 10 and
6 kcal/mol.

Overall, the surface is thus characterized by an overall down-
hill gradient starting from the extended (X) and ending in the
native conformation (N), but several pathways to reach this low-
energy conformation seem possible. The time spent in each basin
will depend on the barrier separating it from the adjacent basins.
Because of the lower free energy of activation, the direct channel
and the channel via structures with a disulfide bridge at the turn
are presumably the more preferred folding pathways. In addition
to a folding scenario, where both disulfide bridges form essen-
tially simultaneously (schematically indicated by the black line on
the surface), there are other pathways where one disulfide bond is
formed preferentially first. This is in agreement with the observed
correlation between the FNC and formation of a disulfide bridge.
The figure thus clearly illustrates that IWQE folds through
several low-lying metastable conformations with at least one
disulfide bond, but tertiary arrangements are inconsistent with
the native fold. Thus, partially formed bonds must be broken, to
reach the native conformation in a slow process on a rather
rugged surface. The folding routes discussed above are summar-
ized in Scheme 1.

For 1PGI1 (see Figure 8) the extended conformation X is
located at (rss g,iss 1) = (32.9,19.9) and the native conformation
at (rss g.tsst) = (2.6,2.6). The energy landscape reveals multiple
wells and saddle points (transition states) situated on a path
starting from the extended conformation (not shown) and
leading to the native conformation. We shall start our discussion
with the metastable ensemble at (6.5,7.2), a weakly populated
state. Its corresponding lowest-energy conformation B4, colored
blue, exhibits a well-formed turn and a partially formed f3-sheet
region (see Table 2), while disulfide interactions are almost absent
(=0.15 kcal/mol). The basin at (6.5,7.2) is connected to another
one at (2.5,9.8) via a transition state located near (5.0,7.4) with a
barrier of approximately 15 kcal/mol. This step includes forma-
tion of the disulfide bond at the end and corresponds to the FNC
range from 0.3 to 0.6 in Figure 5. This region is populated by

Scheme 1: Folding Pathways for IWQE
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conformations U1, B2, H1, and H2. The lowest-energy confor-
mation, Ul, is colored magenta in Figure 8. The minimum at
(2.5,9.8) is bridged with the global minimum by two transition
states at (2.8,6.8) and (3.9,3.8) with barriers ~5 and 6 kcal/mol,
respectively. These barriers correspond to the cleavage of the
E-bond for FNC values between 0.6 and 0.8 shown in Figure 5.
Nativelike conformations B1, B2, and B3 (Figure 6 and Table 2)
are located in the funnel leading directly to the native conforma-
tion. The transitions discussed above can be summarized sym-
bolically as shown in Scheme 2.

Incontrast to IWQE, 1PG1 exhibits energy differences as large
as 10 kcal/mol between the metastable conformations. Although
there is a steep decrease in the energy as a function of FNC, 1PG1
emerges as a prototype for a protein with a golf-course folding
landscape. Its native conformation is stabilized by contact
interactions [similar to Go models (59)], which are fully present
only in the native ensemble. The folding process of 1PGI is
accompanied by two sequential stages of disulfide bond forma-
tion. In the first stage, only the E-bond is formed in an ensemble,
which is incapable of accommodating the T-bond. In contrast to
IWQE, the formation of disulfide bonds for 1PGI does not
follow but rather precedes the formation of the secondary and
tertiary structure.

DISCUSSION

One of the most intriguing questions regarding disulfide
bridges is their interplay with other intramolecular interactions
in the course of protein folding. In the classical Anfinsen scenario,
the formation of the disulfide bonds follows after the complete
secondary and tertiary structures are formed. Early reduction of
the disulfide bonds can thus be used to halt the folding process
(6, 7). In this view, disulfide bond formation improves the
thermodynamic stability of the protein after the process of
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FIGURE 8: Minimum free energy landscape along the interatomic distances between the turn (T) and the end (E) sulfur atoms for protein 1PG1.
Three selected conformations are colored blue (B4), magenta (U1), and green (N), and their locations on the surface are designated by bullets of

the same colors.

Scheme 2: Folding Pathways for 1PGI
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structure formation is essentially complete. The disulfide bond
formation process can thus be viewed as a selection mechanism
that significantly increases the probability of finding the protein
in its native conformation.

In this investigation, we have sought to characterize the folding
scenario for two peptides using stochastic all-atom simulations in
a transferable force field. We have performed folding simulations
of the antimicrobial peptide protegrin-1 1PG1 and the potassium
channel blocker IWQE starting from completely extended con-
formations. For both proteins, independent simulations identify
the native conformation as the global minimum of the free energy
landscape in the presence of a Morse potential modeling the
disulfide bridges. These minimal energy conformations deviate
by only 2.1 and 1.2 A from the structurally conserved regions
of the NMR models for IWQE and 1PGl, respectively. On the
basis of these de novo folding simulations, we have completely
characterized the topology of the free energy surfaces of the
two mini-proteins using connectivity graphs. While the free
energy surface of both proteins is characterized by landscapes
comprising just a few (order of 10) distinct structural families,
the energetic arrangement and topological connection differ
significantly. Projecting the free energy onto low-dimensional
folding reaction coordinates, such as the fraction of native
contacts or the disulfide bond distance, we can discuss likely
folding scenarios.

For 1PGI, we found that disulfide bonds have a strong
influence on the preferred secondary structure as was also
indicated in ref /0. Thermodynamic stabilization due to disulfide
bridges in 1PG1 is crucial for the preferred native conformation
in 1PG1, and this has also been observed in other proteins (/7). In
good agreement with earlier work, we find that the rugged funnel
folding model is not generally valid (7). In particular, disulfide
bond formation either may be a prerequisite for conformational
folding (as in the case of 1PG1) or can proceed in steps only after
certain folding intermediates have been formed (as in the case of
IWQE). Similar implications of disulfide bonding for folding
kinetics have been discussed recently in a review (8).

X

u1

Our simulations suggest completely different folding scenarios
for the two proteins: while the two-helix bundle IWQE folds
cooperatively via a long-lived intermediate in which the disulfide
bridge near the sequence termini forms first, the 5-hairpin follows
a folding scenario in which a preformed disulfide bridge must be
broken in the vicinity of the thermodynamic transition state to
reach the native conformation.

Similar to proteins such as BPTI (12), the two-helix IWQE
folds through several intermediates, progressively realizing its
native conformation. Folding of this protein thus appears to
follow Anfinsen’s scenario: the secondary structure forms early in
the folding process, and various disulfide bridge arrangements
exist in the low-energy part of the free energy surface. Some of
these arrangements are in disagreement with the native tertiary
structure, which is selected on the basis of intramolecular
interactions and disulfide bond formation. In the majority of
folding paths, disulfide content must be partially rearranged in
the course of the folding process among low-energy conforma-
tions for the full formation of the native structure.

In contrast, the near-native ensemble of 1PG1 contains only
conformations with the presence of stabilizing disulfide bridges.
This protein rather follows a folding scenario very similar to that
proposed recently for hirudin (72). First, IPG1 collapses into an
unstructured ensemble, where the loss of backbone entropy is
compensated by the gain of a terminal disulfide bond. To form
the correct secondary structure, this bond must be partially
broken to generate the correct three-dimensional structure near
the turn, including the local disulfide bond. Folding into the
native ensemble thus follows a path, in the sense of Levinthal, via
a well-characterized intermediate ensemble that is separated from
the native ensemble by high-energy transition states.

Our investigation thus demonstrates how disulfide bridge
interactions can modulate the folding scenario for small proteins
to explore completely different folding mechanisms, ranging
from Levinthal’s scenario featuring a single dominating folding
path to Anfinsen’s scenario, which is conceptually realized in the
“rugged funnel paradigm” for the folding of most globular
proteins today.
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