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Abstract: We report the predictive de novo folding of three two-helix proteins using the free-
energy protein forcefield PFFO1. Starting from random initial conformations 40—90% of the
members of the simulated ensembles converge to near-native conformations. The energetically
lowest conformations approach the conserved part of the native conformations to within 1.64,
1.86, and 1.84 A for IWQC, 1WQD, and 1WQE, respectively. An analysis of the low-lying
conformations predicts the correct topology of the disulfide bridges, which are formed in additional
simulations with a constraining potential. The free energy landscapes of these proteins are very
simple, suggesting them as candidates for all-atom molecular dynamics simulations. In five
independent simulations we find the formation of the correct secondary structure and several
folding events into the tertiary structure.

1. Introduction the protein folding mechanism. We have previously folded
The development of methods that simulate the protein folding the widely studied 23 amino acid trp-cage protelf}819.2622
process at the all-atom level and the elucidation of its which has spurred many theoretical investigations because
mechanism are among the important outstanding problemsof its fast folding time.
of biophysical chemistry-# Significant new insights arise . L .
from de novo folding studies of small proteins and peptidés. In this |nvest|gat|or_1 we fo!d_three homologou; potassium
We have recently demonstrated a feasible strategy for all-channel blockersiwhich exhibit a parallel two-helix bundie.
atom protein structure predictidri in a minimal thermo- ~ We find that all three peptides fold reproducibly into stable
dynamic approach_ We deve'oped an all-atom free_energytertiary Stl’uctures, with very Simple fl’ee-energy funnels. We
forcefield for proteins (PFFO1), which is primarily based on demonstrate through molecular dynamics simulation that the
physical interaction$! We already demonstrated the repro- lack of competing metastable conformations makes these
ducible and predictive folding of several proteins with-20  proteins ideal candidates for folding studies to elucidate the
60 amino acid$g:*2~14 interplay of secondary and tertiary structure formatiot:2>
While manyp-hairpin systems have been investigated both
experimentally and theoretically, '’ there is a relative
scarcity of small two-helix peptides that are known to fold 2. Methods
experimentally into well-defined tertiary structure. Since two- )
helix proteins constitute a minimal model, in which to 2.1. Forcefield. We have recently developed an all-atom
investigate the interplay of hydrophobic collapse, secondary (With the exception of apolar Giyroups) free-energy protein
structure formation and the formation of native contacts, the forcefield (PFFO1) that models the low-energy conformations
identification of such systems may be helpful to elucidate of proteins with minimal computational dema#fet®!1 The
forcefield parametrizes the internal free energy of the protein
* Corresponding author phone:49-7247-82-6383. E-mail:  (excluding backbone entropy) and contains the following
wenzel@int fzk.de; Web: http://www fzk.de/biostruct. nonbonded interactions:
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Herer; denotes the distance between atdnasdj and
g(i) the type of the amino acid

The Lennard-Jones parameteVs, R; for potential depths
and equilibrium distance) depend on the type of the atom
pair and were adjusted to satisfy constraints derived from a
set of 138 proteins of the PDB datab&%e’® The nontrivial
electrostatic interactions in proteins are represented via
group-specific dielectric constants,q depending on the
amino acids to which the atom@ndj belong). The partial
chargesqg and the dielectric constants were derived in a
potential-of-mean-force approaéh.Interactions with the
solvent were first fit in a minimal solvent accessible surface
modef® parametrized by free energies per unit avgdo
reproduce the enthalpies of solvation of the Gly-X-Gly family
of peptides’® A; corresponds to the area of atarthat is in
contact with a fictitious solvent. Hydrogen bonds are
described via dipole—dipole interactions included in the
electrostatic terms and an additional short-range term for
backbone—backbone hydrogen bonding (CO to NH) which

v{T}) = z Vi
]

depends on the OH distance, the angle between N, H, anaI

O along the bond, and the angle between the CO and NH
axis!t

In the folding process under physiological conditions the
degrees of freedom of a peptide are confined to rotations
about single bonds. In our simulation we therefore consider
only moves around the side-chain and backbone dihedral
angles, which are attempted with 30% and 70% probability,

energysurfacds thebasisof thebasinhopping technique’3*
alsoknownasMonte Carlowith minimization. This method
simplifiesthe original potentialenergysurfaceby replacing
theenergyof eachconformationwith the energyof anearby
local minimum. This replacemeneliminateshehigh-energy
barriersthat are responsiblefor the freezing problem in
simulatedannealingIn manycaseghe additionalminimiza-
tion effort to find a local minimum for each starting
configurationis morethan compensatetyy the increaseof
efficiencyof the stochastisearchon the simplified potential
energy surface.The basin hopping techniqueand deriva-
tives” have been used previously to study the potential
energy surfaceof model proteing® and all atom protein
models??:36-38

In contrast to previous work, we use a simulated annealing
proces® for the minimization step. The temperature is
decreased geometrically from its starting to the final value
of Ty = 2«. Following an optimized protoc#l the starting
temperaturdls is drawn randomly from a distributiop(Ts)
~ exp(TdTg). The performance of the method is only weakly
dependent on the choice &§, which was chosen as 750 K
for all simulations reported here.

While each simulated annealing run is typically much more
expensive than a local minimization using gradient based
echniques, it can nevertheless be competitive for very rugged
potential energy surfaces, or when the computation of the
gradient of the potential is prohibitive. The number of moves
in each individual basin hopping cycle, is increased with the
square root of the cycle numbarasN = 10 000 x Vm.

At the end of one annealing step the new conformation
was accepted if its energy difference to the current config-
uration was no higher than a given threshold energyan

respectively. The moves for the side-chain angles are drawn@PProach proven optimal for certain optimization probléfns.

from an equidistributed interval with a maximal change of

Throughout this study we use a threshold acceptance criterion

5 degrees. Half of the backbone moves are generated in théf 1 keal/mol. _ _
same fashion; the remainder is generated from a move library 2-3- Molecular Dynamics. Starting from the same un-
that was designed to reflect the natural amino acid dependenfolded conformation as above, we performed all-atom

bias toward the formation oft-helices orj-sheets. The

probability distribution of the move library was fitted to
experimental probabilities observed in the PDB dataBase.
While driving the simulation toward the formation of

implicit water molecular dynamics simulation using the
AMBERS simulation packagé with the AMBER99 force-
field*? using the Born/SASA solvation mod®r 58 The
simulation was performed at the linux cluster of the KIST

secondary structure, the move library introduces no bias supercomputational materials lab with up to 16 processors

toward helical or sheet structures beyond that encounteredn parallel. The system was first minimized by steepest
in nature. descent. We generated five trajectories with 50 ns total

free energy landscape of proteins is extremely rugged duemin.im.ization the Simulatipns are heated independently to

to the comparatively close packing of the atoms in the their f|n.al temperature. Slm.ulatlons were performed using

collapsed ensemble. Rugged potential energy surfaces aréangevm temperature coupling and electrostatic interactions

characterized by the existence of many low-lying minima, Without cutoff.

which are separated by high-energy barriers. For this reason,

the global optimum of such a surface is difficult to obtain 3. Results

computationally. Simple methods, such as steepest descenB.1. Free-Energy Folding Simulations . Structures for the

or simulated annealing, are almost always trapped in peptides 1IWQC, 1WQD, and 1WQE with 26, 27, and 23

metastable conformations. amino acids, respectively, were retrieved from the PDB
Efficient optimization methods must therefore speed up databas® and unfolded by setting all backbone dihedral

the simulation by avoiding high-energy transition states, by angles to random values until nonclashing conformations

adapting large scale moves wherever possible, or by acceptwere obtained. The starting conformations had backbone

ing unphysical intermediates. One of the simplest ideas to root-mean-square deviations (RMSB) of 11.8 A, 7.8 A, and

effectively eliminate high-energy transition states of the free- 9.7 A to the native conformations of IWQC, 1WQD, and
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Figure 2. Convergence of best and mean energy (top panel,
in kcal/mol) and RMSB (bottom panel, in A) as a function of
the number of basin hopping cycles for the simulations of
1WQC. Note that early in the simulation, one of the non-native
conformations was lowest in energy, before it was overtaken
by a near-native conformation. For simplicity the RMSB
deviation was measured against the first, not the best NMR
model.

Table 2. Final Population of Decoys of the Basin Hopping
Simulations for IWQC?2

RMSB RMSB;-2 energy secondary structure

290 164  —67.10 CHHHHHHHHHHTCHHHHHHHHHHHHC

Figure 1. Overlay of thfe expgrlmental (in red, first model) 321 167  —66.80 CHHHHHHHHHHTCHHHHHHHHTTTTC
and the folded conformations (in blue) of IWQC, 1WQD, and 260 195 —6540 CHHHHHHHHHHTCHHHHHHHHHSCCC
1WQE, respectively. 631 407  —65.40 CHHHHHHHHHTSCSHHHHHHHHSCCC

3.85 201  —65.00 CHHHHHHHHHTSCHHHHHHHHTSSCC

Table 1. Length, Sequence, and Disulfide-Bridge
Topology (Numbers of the Amino Acids) for the Peptides
1WQC, 1WQD, and 1IWQE

255 192  —64.70 CHHHHHHHHHHTSHHHHHHHHHSCCC
308 152  —64.40 CHHHHHHHHHTCCHHHHHHHHHHHHC

3.98 232  —64.20 CHHHHHHHHHTSCHHHHHHHHTTTTC
name #AA sequence DS1 DSz 334 174  —63.90 CHHHHHHHHHHTSCHHHHHHHHHHHC
1WQC 26 DPCYEVCLQQHGNVKECEEACKHPVE 3/21 7/17 4.83 2.15 -63.40 CHHHHHHHHHTSCHHHHHHHHTSCCC
1WQD 27 DPCYEVCLQQHGNVKECEEACKHPVEY 3/21 7/17 6.45 4.57 -62.80 CHHHHHHHHHHTCCHHHHHHHHHHHC
IWQE 23 NDPCEEVCIQHTGDVKACEEACQ 422 8/18 6.38 445  —62.40 CHHHHHHHHHHTCCHHHHHHHHHHHC

6.34 441  —62.40 CHHHHHHHHHHTCCHHHHHHHHHHHC

. 6.30 442  —62.30 CHHHHHHHHHHTCCHHHHHHHHHHHC
1WQE, respectivelythey had no secondary structure. Table 245 167 6210 CHHHHHHHHHTCOHHHHHHHHHSCCO

1_shows the sequences of the peptides, which have avery ;4 281  —6L70 CHHHHHHHHHHTCCCCHHHHHHSCRE
high degree of homology. We note that all three peptides 356 175  —60.80 CHHHHHHHHHHSSHHHHHHHCSSSCC
are stabilized by two disulfide bridges, as indicated in the 5q; 285  —59.70 CHHHHHHHHHCHHHHHHHHHHTSSCC
table. 3.14 1.92  —59.60 CHHHHHHHHSSSCHHHHHHHHHHHHC
For each of the peptide we performed 20 independent basin 6.19 482  —58.30 CHHHHHHHSCCTTCHHHHHHHHSCCC
hopping simulations with 200 cycles each using the protocol awe computed the minimal RMSB deviation (in A) to the 30
described above. In order to avoid any bias toward the nativeexperimental models of the full protein and of amino acids 1-20,
conformation, there was no potential representing the dis- 'éSPectively. The secondary structure was computed with DSSP-¢7
. . . . . . H, T, S, and C designate helix, turn, strand, and coil conformations,
ulfide bridges in these simulations. Figure 2 shows the regpectively.
convergence of the energy and the RMSB deviation for
1WQC vs the number of function evaluations as a repre- structures dominate the low-energy spectrum of the simulated
sentative example. ensemble. In a free-energy forcefield the native conformation
Tables 2—4 summarize the energies, RMSB deviations, is selected on the basis of its estimate of internal free-energy
and secondary structure for the final population of these in comparison to other conformations with well-defined
simulations. There are 30 NMR models for each of the secondary and tertiary structure. This is in contrast to MD
peptides, which differ in the unstructured tail-fragments after or REM investigations, where occupation probability deter-
amino acid 20 of the sequence. The table therefore reportsmines the thermodynamically stable conformation. Thus
the RMSB deviation to the closest model and the RMSB finding a particular conformation repeatedly with the lowest
deviation to the structurally conserved part of each peptide. energy, as was observed for ALL proteins studied here,
All three proteins were folded predictively to very good predicts the native conformation. Not in all simulations that
resolution. Predictive folding is achieved, when near-native reach the native conformation all stabilizing tertiary interac-




Table 3. Final Population of Decoys of the Basin Hopping
Simulations for 1IWQD?2

RMSB RMSB;1-2¢ energy secondary structure

323 186  —69.30 CHHHHHHHHHHSCHHHHHHHTCHHHHC
282 191  —68.70 CHHHHHHHHHHSSHHHHHHHTCHHHHC
387 193  —68.70 CHHHHHHHHHHTCHHHHHHHHHHHHHC
292 208 —6850 CHHHHHHHHHHSSHHHHHHHTCHHHHC
489 172  —68.40 CHHHHHHHHHHTSHHHHHHHHHCTTTC
343 332  —68.40 CCSHHHHHHHHTSCHHHHHHHHTTCCC
393 193  —68.00 CHHHHHHHHHHTCHHHHHHHHHHHHHC
327 199  —67.70 CHHHHHHHHHTSCHHHHHHHHTHHHHC
330 251  —66.10 CHHHHHHHHHHHCHHHHHHHHTHHHHC
426 405 —66.10 CHHHHHHHHTTTTCHHHHHHHHHHHHC
363 367 —65.50 CHHHHHHHHHHHHCHHHHHHHHTTCCC
367 368 —65.50 CHHHHHHHHHHHHCHHHHHHHHTTCCC
296 279  —65.50 CCCHHHHHHHHTSCHHHHHHHHTTSCC
367 372  —64.70 CHHHHHHHHHHHHCHHHHHHHHTTCCC
405 177  —63.90 CHHHHHHHHHTCSSHHHHHHHHHHHHC
461 460 —63.50 CHHHHHHHHHHTCCHHHHHHHHHHHHC
327 209  —63.40 CHHHHHHHHHTSCHHHHHHHSSHHHHC
367 370 —63.30 CHHHHHHHHHHTTCHHHHHHHHTTCCC
516 297  —62.60 CHHHHHHHHHHSCHHHHHHHHHCTTTC
356 229  —60.20 CHHHHHHHHTTTCHHHHHHHHHHHHHC
401 391  —60.20 CHHHHHHHSCSSCHHHHHHHHHTTCCC

aWe computed the minimal RMSB deviation (in A) to the 30
experimental models of the full protein and of amino acids 1—20,
respectively. The secondary structure was computed with DSSP:7
H, T, S, and C designate helix, turn, strand, and coil conformations,
respectively.

Table 4. Final Population of Decoys of the Basin Hopping
Simulations for IWQE?

RMSB RMSB;_3 energy

secondary structure

1.90 1.84 —-57.00 CHHHHHHHHHHHTCHHHHHHHHC
1.64 1.63 -56.90 CHHHHHHHHHHHTCHHHHHHHHC
1.66 1.66 -56.90 CHHHHHHHHHHHTCHHHHHHHHC
1.70 1.67 —-56.80 CHHHHHHHHHHHTSHHHHHHHHC
1.70 1.69 -56.50 CHHHHHHHHHHTCCHHHHHHHHC
1.68 1.67 -56.50 CHHHHHHHHHHTCCHHHHHHHHC
2.13 2.10 -56.50 CHHHHHHHHHHTCCHHHHHHHHC
1.74 1.72 -56.50 CHHHHHHHHHHTCCHHHHHHHHC
1.73 1.70 —-56.40 CHHHHHHHHHHTCCHHHHHHHHC
1.72 1.70 —-56.40 CHHHHHHHHHHTCCHHHHHHHHC
1.68 1.67 -56.30 CHHHHHHHHHHTCCHHHHHHHHC
1.74 1.71 -56.30 CHHHHHHHHHHTCCHHHHHHHHC
1.69 1.66 -56.30 CHHHHHHHHHHTCCHHHHHHHHC
2.12 2.14 —-56.20 CHHHHHHHHHHTCCHHHHHHHHC
1.69 1.66 —-56.20 CHHHHHHHHHHTCCHHHHHHHHC
1.69 1.67 -56.10 CHHHHHHHHHHTCCHHHHHHHHC
171 1.68 —-56.10 CHHHHHHHHHHTCCHHHHHHHHC
2.18 2.14 —-55.00 CHHHHHHHHHHCSCHHHHHHHHC
2.04 2.02 —-54.70 CHHHHHHHHHHCSCHHHHHHHHC
5.73 4.54 —54.40 CHHHHHHHHHTCCSCHHHHHHHC
4.71 3.84 —53.50 CHHHHHHHHHCTTSCHHHHHHHC

aWe computed the minimal RMSB deviation (in A) to the 30
experimental models of the full protein and of amino acids 1—20,
respectively. The secondary structure was computed with DSSP:67
H, T, S, and C designate helix, turn, strand, and coil conformations,
respectively.

Figure 3. Left panel: Misfolded conformation (green) of
1WQC, corresponding to the fourth decoy in Table 2. Right:
Folded conformation (green) of 1WQC in the presence of
disulfide bridges in the simulation. The sulfur atoms are shown
in orange, the experimental model in red.
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Figure 4. Plot of the energy vs the RMSB in all accepted
conformations in the simulations for 1WQC, the triangles show
the best conformations of the 20 simulations. There are only
two structural clusters in the free-energy landscape with
characteristic RMSB deviations of around 3 and 6 A to the
experimental model.

and 1WQE, respectively. The data demonstrate that the
simulation method is very robust: 50% (1WQC), 40%
(IWQD), and 90% (1WQE) of the simulations converge to
conformations with RMSB deviations of less tha A to

the native conformation.

In Figure 1 we show the overlay of the lowest energy
conformations with the respective experimental model. The
figure demonstrates the high degree of similarity of the folded
and experimental conformations. It is interesting to note that
the addition of just one amino acid from 1WQC to 1WQD
leads to a noticeable change in structure that is reproduced
in the theoretical model.

3.2. Analysis of the Free-Energy LandscapeNext we
turn to the surface of the internal free-energy (excluding
backbone entropy) of 1IWQC as a representative example of
the three peptides. Figure 4 shows energy versus RMSB for

tions are fully formed. As a result there may be many more all accepted configurations at the end of basin hopping cycles
near-native conformations that are slightly higher in energy. (from all simulations). The triangles indicate the terminal
We found the lowest 3, 9, and 18 of 20 simulations to configurations of the individual simulations. We clearly see
converge to near-native conformations of IWQC, 1WQD, two broad funnels of conformations, which terminate into



low-energystructureswith 3.4 A andabout7.0 A RMSB
deviation to the native conformation, respectively. The
configuration correspondingto the non-native funnel is
shownin the left panelof Figure 3. This conformationis
inconsistentwith the formation of the correct number of
native disulfide bridgesof this peptide.Thereis only one,
very broadfolding funnelconsistentwith the nativedisulfide
bridge topology. For this reason the proteinsstudiedhere
may be ideal examplesto follow the kinetics of protein
folding with molecdar dynamics or replica exchange
methods'—4°

3.3. Simulations with Disulfide Bridges. Inspectionof
the final conformationof the simulationsreportedabove
suggestscorrectpairing for the native disulfidebridges,even
if the distancesbetweenthe sulfur atomsare too largein
the absenc®f any constraing potential. We havetherefore
addeda constrainingpotential, which variedwith the square
root of the distancebetweerthe sulfur atomsin the correct
disulfide bridge topology

Ves= Vo z Y, (dl - dO)

whered; is the distancebetweerthe sulfur atomsin theith
disulfide bridge, and Vo = 5 kcal/mol, dy = 2 A wasthe
target distancefor all disulfide bridges(typical experimental
valuesare2.05A). Thefunctionalform of the potentialwas
chosento obtain an appreciabléeorce evenfor small bond
mismatcheslIn the main simulation the disulfide bridge
potential was only apgied to the correctdisulfide bridge
pairing. In exploratory simulations we had applied the
potential also to other pairings, but for the protein under
investigationherethesepairing wereincommensuratgith
the helical startingstructuredormedin the unbiasedsimula-
tions discussedn the previoussection.Application of the
incorrectparingsthuseitherled to conformationsn which
the sulfur atomsdid not approachone anotherclosely or
where the heliceswere destroyed.In both casesthe free
energyincreasedsignificantly comparedto the converged
structuresdescribedbelow.

Starting from the final population of 1IWQC of the
precedingsectionwe performeds0 additional basinhopping
cyclesusing the annealingcycle describedn the methods
section.The resultsof the simulationsare summarizedn
Table 5. Find more near-native conformationsand the
energetiaggapbetweerthe nativeandnon-nativeconforma-
tions morethandoublesfrom 1.7 kcal/molto 3.9 kcal/mol.
Becausenostof the structural differenceshetweerthenative
andthe non-nativestructuresarisein the unstructuredail,
which is not directly affectedby the formationof disulfide
bridgestheoverall RMSB deviationdid not improvemuch.

Thisexampe demonstratethatuncanstrainedsimulations
canbe usedto the predictthe native topology of disulfide
bridge formation,which canbe later refinedin constrained
simulationsto form ideal disulfide contacts.

3.4.Molecular DynamicsFolding Simulations. Thefree
energysurfaceof 1IWQE, asillustratedin Figure4, is much
moresimplethanthatencounteredbr otherproteinswe have
investigatedso far.1%14 However the internal free-energy
estimatedoesnot containbackboneentropy;stabilizationof

Table 5. Final Population of Decoys of the Basin Hopping
Simulations for IWQC with the Constraining Potential?

RMSB RMSB;-2 energy secondary structure

2.94 1.59 -56.50 CHHHHHHHHHHTCHHHHHHHHHHHHC
2.61 1.79 —56.20 CHHHHHHHHHHTSHHHHHHHHTSSCC
3.17 1.67 —54.80 CHHHHHHHHHHTSHHHHHHHHTTTTC
3.33 1.77 —53.50 CHHHHHHHHHTSCHHHHHHHHTTTTC
3.12 1.47 —53.40 CHHHHHHHHHTCCHHHHHHHHHHHHC
3.42 1.69 —53.10 CHHHHHHHHHHTSCHHHHHHHHHHHC
2.83 1.35 -52.80 CHHHHHHHHHTCCHHHHHHHHHHHHC
4.61 1.86 —52.60 CHHHHHHHHHTSCHHHHHHHHTSSCC
2.76 1.88 —51.20 CHHHHHHHHHTCCHHHHHHHHHSCCC
2.33 1.48 -50.60 CHHHHHHHHHTCCHHHHHHHHHSCCC
3.33 1.79 —46.70 CCCHHHHHHHTSCHHHHHHHHTTTTC
3.45 2.27 —46.50 CHHHHHHHHHHTSTTCHHHHHHSCCC
3.31 1.99 —-46.50 CHHHHHHHHSSSCHHHHHHHHHHHHC
6.11 3.98 —45.30 CHHHHHHHHHTSCSHHHHHHHHSCCC
5.80 4.16 —44.20 CCCHHHHHHHHTSCHHHHHHHHHHHC
5.74 4.19 —44.00 CCCHHHHHHHHTSCHHHHHHHHHHHC
5.96 4.27 —43.80 CCCHHHHHHHHTCCHHHHHHHHHHHC
5.73 4.26 —43.20 CCCHHHHHHHHTSCHHHHHHHHHHHC
4.99 2.67 —42.90 CHHHHHHHHHCHHHHHHHHHHTSSCC
4.24 3.71 —36.30 CHHHHHHHTCCTTCTHHHHHHHSCCC

aWe computed the minimal RMSB deviation (in A) to the 30
experimental models of the full protein and of amino acids 1—20,
respectively. The secondary structure was computed with DSSP:67
H, T, S, and C designate helix, turn, strand, and coil conformations,
respectively.

one particular conformation with respect to all others does
not mean that this conformation is stable with respect to the
unfolded ensemble. To settle this question kinetic or ther-
modynamic simulations must be performed. We have
therefore performed all-atom implicit water molecular dy-
namics simulations for this protein as described in the
methods section. The results for the deviation of the actual
conformation from the native structure and the two helices
are shown in Figure 5. The simulations equilibrate quickly
into a rapidly fluctuating ensemble with an average overall
rmsd deviation between 5 and 8 A. When we analyze the
rmsd deviation of the helical segments however (Helix1:
1-11, Helix 2: 15-21), we find that the entire simulation is
dominated with conformations that are withir-2 A of the
respective fragment of the protein. We have also analyzed
the helix propensity as a function of time for each amino
acid as a function of time, as measured by DSSP. Figure 6
demonstrates a very strong helical content for both segments,
but the propensity of helix formation may be forcefield
dependent (see below). The figure illustrates very nicely that
numerous folding and unfolding events occur for each helix.
Both helices dissappear completely for short time windows
during the simulation, only to form again on a 10 ps time
scale.

Next we analyze the sulfarsulfur distance between
CYS8—-CYS18 and CYS4-22 as a function of time (lower
panels in Figure 5). These distances also fluctuate strongly,
averaging more than 10 A during the simulations. On
occasion, however, some of the sulfur atoms approach each
other to within 3-4 A, i.e., close enough for a disulfide
bridge to form. On isolated instances, which occur in three
of the five simulations (in one simulation two times
independently), folding events occur in which both pairs of
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Figure 5. Analysis of the molecular dynamics trajectories as a function of simulation time. The top panel of each graph shows
the rmsd of the actual conformation to the native conformation (black) and for the helical fragments only (red: helix 1—11, blue:
helix 15—21). The lower panel always shows the deviation of the sulfur—sulfur distance for a potential disulfide bridge (at 2 A
distance) for the amino acids forming the first (green, CYS8—CYS18) and the second disulfide bridge (brown, CYS4—-CYS22).

sulfur atoms approach one another (see Figure 7), while bothdisulfide bridge pairing. These events can occur in sequence
helices are preformed. In those occurrences (which laston atime scale below 1 ns but happen even concurrently on
several ps), the simulations attain all-atom RMSDs to native a time scale of the order of 100 ns.

of 3.43 A, 3.80 A, and 3.47 A, respectively. The intrahelix ~ These observations agree with the predictions of the free-
rmsd vary between 2.1 and 2.5 A for helix 1 and between energy folding investigation reported above. The free-energy

0.8 and 1.0 A for helix 2 in this time frame. model also predicts the existence of an exclusively helical
low-energy ensemble, which collapses into the native
4. Discussion conformation at the bottom of the free-energy funnel.

From this analysis emerges a picture of the folding processBecause the free-energy model contains no backbone en-
for IWQE: the low-energy part of the folding funnel is tropy, the native conformation is found with high probability
characterized by fluctuating conformation in which both in the free-energy approach, even though it is not stable
helices are preformed. Both helices fold and unfold repeat- (without disulfide bridges) under physiological conditions.
edly during the simulation. As the protein explores this  These results are best put into perspective in the context
landscape it occasionally visits conformations that can lead of the frameworR~52or diffusion-collisior?®54approach of

to the formation of the correct disulfide bridges that would protein folding, where secondary structure fragments of the
stabilize the native conformation. We note that neither the protein assemble first, which then assume their final tertiary
MD simulations nor the free-folding simulations in PFFO1 structure by docking into one another. The folding process
produced conformations that are consistent with a non-nativemay thus conceptually be divided into two steps: the
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Figure 6. Time average over a 100-ps moving window of the helix propensity of each amino acid in the molecular dynamics
simulations. In the native conformation the firs helix spans amino acids 1—11, and the second helix spans amino acids 14—21,
respectively. The scale for helix probability is the same in all panels.

assembly of the secondary structure precursors and the finasmall system. Therefore an enthalpic contribution from the
collapse into the tertiaray structure. For the proteins describeddisulfide bridges is required to stabilize the native conforma-
here the latter requires the formation of disulfide bridges for tions.

enthalpic stabilization. We note that both simulations suggest In this picture the folding time is determined by the rate
the existence of preformed helical sections; for the specific of helix formation and the rate of disulfide bridge formation.
systems in question the failure to connect the disulfide Many present molecular dynamics forcefields, in particular
bridges in any other than the native topology from the low- those with implicit solvent modefsmay contain a bias
energy conformations further supports the idea that the toward on particular secondary structure. The combination
helices must be largely formed for the assembly of tertiary Of Amber99/GBSA that was used in the present study was
structure. However, in accordance with the funnel paradigm "eported to overemphasize helical secondary structure
of protein folding®# there is no single unique intermediate eIemenFé.HsThis would influence the frequency with which
conformation that must be passed in the folding process tothe helical precursors for disulfide bridge formation are
the native state. Instead our simulations suggest the existenc¥iSited, and further studies are required for quantitative
of a wide ensemble of two-helix structures that precede the "€SUltS.

final collapse to the native conformation. In this final collapse

there is a huge loss of configurational entropy that is 5. Conclusions

apparently not compensated by the weak hydrophobic free-In this study we have demonstrated the reproducible folding
energy gain (increase in solvent entropy) afforded by this of three small two-helix proteins, which were recently



cysteineresiduedo hydrophobicresiduedeadingto hydro-
phobic collapseof the preformedhelical ensembleinto a
well-definedtertiary structurethat requiresno stabilization
by disulfide bridges.Suchdesignexercisesnayhelpto guide
the design of stable hydrophobic cores for such small
proteins, which would have implications for important
challengesn proteindesign,e.g.,for zinc-fingerdesignt' 6>
In arecentfolding studywe coulddemonstrat¢hatthe ATF
zinc finger (PDB code 1BH]I) folds in the absenceof the
ion into a preformedensemblewith 3 A of the native
conformationjn ascenaricsimilarto thatencounteretiere®
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