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Monte Carlo vs Molecular Dynamics for All-Atom Polypeptide Folding Simulations
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An efficient Monte Carlo (MC) algorithm including concerted rotations is directly compared to molecular
dynamics (MD) in all-atom statistical mechanics folding simulations of small polypeptides. The previously
reported algorithm “concerted rotations with flexible bond angles” (CRA) has been shown to successfully
locate the native state of small polypeptides. In this study, the folding of three small polypeptides (trpzip2/
H1/Trp-cage) is investigated using MC and MD, for a combined sampling timel6t! MC configurations

and 8us, respectively. Both methods successfully locate the experimentally determined native states of the
three systems, but they do so at different speed, with.2 times faster folding of the MC runs. The comparison
reveals that thermodynamic and dynamic properties can reliably be obtained by both and that results from
folding simulations do not depend on the algorithm used. Similar to previous comparisons of MC and MD,
it is found that one MD integration step of 2 fs corresponds to one MC scan, revealing the good sampling of
MC. The simplicity and efficiency of the MC method will enable its future use in folding studies involving
larger systems and the combination with replica exchange algorithms.

Introduction energy. New potential functions and solvation models for use
in simulations can be rapidly tested without the need to first

the most challenging and interesting problems of molecular ?hetermlne I;[/Ihg usually corrlplllcatt)e(ilt ana(ljytlcatl derlvf:ﬁtrl]ve.s. Fll'Jr'-t
biology. In addition to much experimental effort, recent ermore, Moves can take betler advantage ot tne Implict

advances in computer simulation techniques have enabled thghature of th'e .solvent by enabling Iarge conformational changes
direct study of the folding process using all-atom representation }\;’ C(::r_os_,s efflcuT_nFly.oEer ?.Ee.rgy bf”“”?rsf‘ Athhﬁ\';?dV%n’t\lag? of
models. Due to the high computational cost of explicit solvent Is its simplicity: Equilibrium simulations in an

representation, there has been increased use of implicit solvatiorf"S€mPles can be studied without having to use the various
models, which reduce the computational burden through a thermostats and barostats necessary in MD, whose effect on

continuum treatment of the solvent. Of these, the generalizedSimwaﬂon results is not completely clear. Also, MC simulations

Born (GBSA) solvent model has been widely applied because &€ run with fully ‘flexible bonds without slowing down

it is computationally efficient and superior to earlier, simpler performance, while in MD runs bonds involving hydrogen atoms
alternatives such as surface-area or distance-dependent dielectrigeed to b,e constrqmgd using methods such as LIN@Sbe
models! Originally developed by Still et ak the model is an ~ computationally efficient.

extension of the Born treatment of ionic solvation to solutes ~Among the prerequisites for using MC to simulate polymer
containing any set of charged sites and having arbitrary dynamics are local backbone moves terroedcerted rotations.
molecular shape. Although GBSA can be criticized for a range Such moves avoid the inefficient global conformational changes
of problems inherent in implicit solvation models, it has been of simple MC backbone moves and enable computational
shown to accurately reproduce relative free energies of different efficiency due to their locality®” A visual representation of
peptide conformatiosand to identify correctly the native state  the effect of the backbone moves is shown in Figure 1. The
of several large proteins in an extensive comparison with large strength of a MC approach using concerted rotations and GBSA
decoy setd.Many recent studies have used molecular dynamics for folding polypeptides and identifying their native structures
(MD) simulations coupled with the GBSA model to fold small in aqueous solution has been demonstrated previétisly.

The folding of proteins into their native structure is one of

polypeptides in direct simulatiorfs? Impressive success is In this work, an attempt is made to evaluate the relative
achieved if this methodology is further combined with massively strengths and weaknesses of both MC and MD in folding small
parallel computing,1° or replica exchange MBL13 polypeptides. The systems studied are the tryptophan “zipper”

Similar results can be obtained using Monte Carlo (MC) trpzip2, the amyloidogenic H1 peptide from the syrian hamster
statistical mechanics instead of MD, as demonstrated recentlyprion protein, and the Trp-cage. In particular, it will be of interest
by folding several small polypeptides havigighairpin and to compare how quickly meaningful thermodynamic properties
a-helical structure$? The use of MC is motivated by the can be obtained, how fast system observables converge, and
potential advantages over MD: In particular, energy derivatives whether the native state is reliably determined independent of
are not needed including the costly ones for the GBSA free the simulation method used. In addition to the assessment of
. equilibrium properties, also basic kinetic behavior can be
um:;%ﬂ";’%%’pc(‘;%f“ponde”ce should be addressed. E-mail: Jakob@ studied. The multidimensional free energy surface of a polypep-

T University of Rome “La Sapienza’. tide with many degrees of freedom is thought to be extremely

* University of Oxford. rugged, with many stable local minima and significant barriers

10.1021/jp061619b CCC: $33.50 © 2006 American Chemical Society
Published on Web 07/29/2006




16734 J. Phys. Chem. B, Vol. 110, No. 33, 2006 Ulmschneider et al.

Figure 1. Visual demonstration of the concerted rotation Monte Carlo algorithm with flexible torsion and bond angles. The graph shows the
sampling of a segment of a polypeptide, with 50 overlaid structures from a short MC rur? sfe3. Note that the conformational change is
restricted to a local window of the protein backbone. In a full Monte Carlo simulation, the position of the window is varied randomly along the
chain, and three side chain moves are attempted for every backbone move. For this figure, the side chain moves were switched off in the simulation
to reveal the sampling effect of the backbone moves only.

that delay the folding of the system into the global free energy hydrogens for which radii of 1.15 A are assigned, as in the
minimum of the native stat®.On a short simulation time scale  original study?® For the MC simulations, the GB energy was
MC runs will yield a Markov chain of conformations that does only updated for the part of the molecule close to the move
not incorporate a time element. On a much longer time scale, site, significantly increasing the performance with only a
determined by the lag time necessary to escape from main localminimum loss of accuracy. The nonpolar contribution to the
minima, it is expected that MC and MD will show similar solvation free energy was calculated as in the original method
behavior, since both methods are expected to require aby Still et al? to be proportional to the total solvent accessible
comparable effort to escape from the same large conformationalsurface area (SASA) with an effective surface tension of 4.9
trap or cross the same large kinetic barrier. Thus, the comparisoncal/(mol A?). The SASA was computed using a probe radius of
of both methods will enable an assessment of how many MC 1.4 A. Since exact SASA calculations are usually time-
moves/scans on average correspond to an MD time step, aconsuming, SASA is slowly varying, and the contributions of
quantity that is unique to the system studied. Finally an the SASA term to the free energies are relatively small, a SASA
efficiency comparison can be made taking into account the CPU mimic based on the Born radii was used, which has been shown

time used. to be very accurate, but much faster.
) ) For each polypeptide a series of eight MC runs was performed
Simulation Methods starting from completely stretched conformations. Attempted

The MC simulations were run with a MC program developed MC backbone moves were made every fourth MC step; the
by the authors especially for the simulation of protein folding rémainder were single side chain moves, which are rapid. Each
and includes the concerted rotations, as detailed in the original®f the MC runs was 4 billion configurations of length, for a
report!® A newer version of the concerted rotation algorithm total simulation “time” of 3.2x 100 configurations. Instead of
was used in which the root search of the chain closure was MC steps, we have used the more meaningful quantity of a MC
replaced by an analytical solution, resulting in slightly better “Scan”or “sweep”, which is defined as the number of MC steps
performance. Each simulated system consisted of just a singler€quired to move-on average-each residue of the system once.
copy of the polypeptide. Normal protonation states were adopted Thus, 1 MC scar= 12 MC steps for trpzip2, 14 MC steps for
for pH 7, i.e., deprotonated carboxylic acids and protonated H1, and 20 MC steps for Trp-cage.
amines and guanidines; the termini were treated to reproduce The MD simulations, with fixed bond lengtisand a time
the experimental conditions: acetylated N-terminus and ami- step of 2 fs for numerical integration were performed with the
dated C-terminus for the H1 peptiécharged N-terminus and ~ GROMACS software packagé modified by us to include the
amidated C-terminus for trpzig?,and charged termini for the ~ GBSA implicit solvation model described above. The setup was
Trp-cage?! The potential energy was evaluated with the OPLS- identical to the MC runs, and the eight simulations per system
AA force field?? and the simulations used sampling at a were run for 250x 1Cf time steps (500 ns) each, resulting in
temperature of 300 K for the H1 peptide and 323 K for the an aggregate simulation time of2 10° time steps (4s). The
trpzip2 and Trp-cage. The full potential energy was evaluated systems were coupled to a heat bath at the respective simulation
with no cutoffs for the nonbonded interactions and with a temperature (see below) and a time constant=sf0.1 ps using
dielectric constant of 1 for the Coulombic interactions. The a Berendsen thermostt.
utilized GBSA method was the fast asymptotic pairwise  Considerable effort was spent to ensure that both the MC
summation model developed by Qiu, Still, and co-workérs, and MD simulations sample the polypeptide systems using
which has been demonstrated to yield excellent results in identical potential functions. A fit of the total molecular
predicting experimental free energies of solvation as well as mechanics system energy plus the GBSA solvation energy for
hydration effects on conformational equilibf&The electrostatic 1000 evenly spaced conformations along a trpzip2 trajectory,
energy and, therefore, the Born radii are recomputed for every as calculated by MD and MC, gave a correlation coefficient of
MC configuration; the constituent atomic radii are taken from r2 > 0.99 and a root mean square error~ed.1%, which was
the OPLS-AA force field ( = 0.50) except in the case of the accuracy of the input data.
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For both the trpzip2 and H1 runs, a cluster analysis was state) of folded states were estimated by averaging over the small
carried out to assess the main secondary structural motifsnumber of folding events encountered during the simulations.
populated during the simulations. The pairwise method of Daura
et alZ was employed. Since clustering becomes computationally Resyits
costly for large coordinate sets, the structures were taken every
millionth MC step/every 200 ps and were superimposed using  Structural Comparison of trpzip2. The first test system is
main-chain least-squares fitting (RMSD), with a similarity cutoff the tryptophan zipper trpzip2. Tryptophan zippers are a series
(the maximum value of the RMSD of a cluster member to the of small peptides recently synthesized by Cochran ef al.
cluster center) of 1.8 A. Since most clusters are sparsely Despite their size of only 1216 residues, they form remarkably
populated and do not represent the main features of thestable S-hairpins in aqueous solution characterized by a
simulations, only the most populated clusters were further structural motif of tryptophantryptophan cross-strand pairs.
analyzed. In the case of H1, clusters with similar secondary The system trpzip2 (sequence SWTWENGKWTWK) was
structural motifs were grouped together as a result of clustering. chosen for simulation due to its high stability. CD spectroscopy

The principal experimental data for comparison with the and NMR experiments reveal@hairpin with a type 'l -turn
present simulation results are the structures of the polypeptidesat the Asn-Gly junctior? To speed up conformational sampling,
as obtained from detailed NMR studies. For the H1 peptide, a the temperature was set to 323 K, close to the experimental
low-level X-ray structure is availabf.To quantify the similar- melting temperature of 345 K.
ity to the native state, we aligned each conformationto the ¢ Fjrst, we compared the various different conformations

positions of the relevant experimental structure and calculated sampled during both the MC and MD simulations. All runs show
the root-mean-square .Cdeviation (RMSD). The reference 5 immediate relaxation of the system from the extended state.
NMR structure for trpzip2 was the most representative con- Thjs injtial fast collapse is much faster in terms of CPU time
former, 1, of the 20 submitted structures (PDB code 11421). for the MD simulations €0.05 x 10f time steps, or 100 ps)
For H1, a previously determingtihairpin structure derived from  han for MC (<1.7 x 10° MC scans). Straight downhill folding
the low-level X-ray conformer was uséd.The reference  fom a high-energy unfolded conformation to a compact
structure for Trp-cage (PDB code 1L2Y) was conformer 1 of eqyilibrium-like structure is akin to a minimization for the MD
the 38 refined NMR structurés Since the conformational space  gigorithm, enhanced in this case by the use of implicit solvent.
of even small polypeptides has many degrees of freedom, it is o, the other hand, in MC simulations the energy can only be
helpful to choose order parameters and project the ensemblesmv\”y lowered in a rattle-like fashion converging on the
into two dimensions. We constructed a free energy function in | inimum only after many accepted and rejected moves.

terms of surfaces with the axis of RMSD to the experimental Once collapsed conformations are reached, the initial differ-

structure and the radius of gyratioR;. For a system in : ) X
- o ; . ence in the dynamics of MC and MD vanishes, and both show
thermodynamic equilibrium, the change in free energy on going frequent transitions between compact folded states. Multiple

from one state of the system to another is given by folding/unfolding cycles are observed, and the system can be

P, trapped in compact coil g8-hairpin conformations for consider-
AG=—RTIn—= able time, usually with several backbone hydrogen bonds
P2 formed. A cluster analysis of the MC simulations reveals the

h is the ideal is th main secondary structure motifs sampled (Table 1): The native
w ehreR 'Stt) %: ea fg?S;.O“StanT"S oy temperatture, ar state is the most populated cluster, with 24.2% of all structures.
IS the probability of finding the system in staeA_two-_ A type I' -turn with the Gly at position 3, Glu-Asn-Gly-Lys is

dimensional space of peptide conformations was divided into afound as observed in the NMR measurements. All native

grid with a spacing of 0.2 A in both dimensions, and the free interstrand hydrogen bonds are formed, and the average
energy (the_negative quarithm of the population) was calculated backbone RMSD to the NMR structure ié 0802 A A

for each bin. In addition, t_he average total ene_r@yv_vas partially folded state is populated 4.8% of the simulation time
calculated for egch ceI.I, Wh'c.h s the sum O.f peptide internal and is characterized by the core of the hairpin formed but with
energy plus the interactions W'th ;he solvent given by the GBSA the last two interstrand hydrogen bonds broken and a salt bridge
sc_)lvatlon free energy. As such it mcl_udes th(_a solvation entropy. between the charged N-terminus and the C@OGIUS. It has
Finally the solute entropy was obtained using a rather short lifetime of about 1& 10° MC scans. A main

AE — AG misfolded structure encountered in the simulation (20.9%) is

== represented as cluster 2: This coiled conformation is stabilized
by three interstrand hydrogen bonds, a salt bridge between the
for each bin. All values foiG and E have been shifted such ~ NHs" of Lys12 and the COOof Glu5, and a favorable stacking
that the lowest value of the free energy surface and the potentialof three of the tryptophan rings. It has a long lifetime of 267
energy surface is zero. Thus, the reported surface val@s 10° MC scans. The remaining50% of all st.ructures fall mto
are the transfer free energies with respect to the bin that has? large number of clusters that can be mainly characterized as
been set to zero. Similarly, th&E value of each bin is the ~ random coil and misfolded hairpins, with very low occupancy
relative potential energy to the bin with= 0. and short lifetime.

To check the effect of a different grid size on the thermo-  The result of the corresponding cluster analysis for the MD
dynamic properties, different grid spacings of-80L5 A were simulations is shown in Table 2. The native state is not the
used to construct the same free energy surfaces. Surfacesnost populated cluster and has only an occupancy of 12.6%,
constructed on smaller bin sizes tended to be rougher as fewerabout half that of the MC runs. The hairpin is identical to the
points are available per bin, but all were similar, with the same one sampled with MC, and the average backbone RMSD to
overall shape and spread of the free energy. Finally, the folding the NMR structure is an even lower (460.2 A. Interestingly,
time (the average time required to reach the native state) andboth MC and MD runs located the native state nearly as often
dwell time (the average time the system remains in the native (three to four times). The most populated cluster in the MD

AS
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TABLE 1: Cluster Analysis of All MC Runs for trpzip2 2

Cluster Structure Occupancy Nvisi  tvisic [10° MC scans]
1 242 % 3 95+ 97
2 20.9 % 3 169 + 98
3 4.8 % 1 110
4 4.2 % 1 85
5959 Coils, helices, 45.9 % N 33

misfolded hairpins

a A total of 259 clusters were found. The first four most populated clusters are represented, classified according to secondary structure, the time
the clusters are visited during the simulatiohsi{), and their average lifetime in million MC scansid).

runs is the misfolded coiled conformation found as cluster two poorly converged thanG, with a standard deviation @fg ~
in the MC study, involving the salt bridge between the ;IH 10 kcal/mol for all histogram points. This is because many
of Lys12 and the COO of Glu5. The occupancy (22.6%) is conformations with diverse energy contribute to every point.
similar to the MC runs. This cluster has a lardérsic and the Nevertheless, the energetic stabilization of the native state and
time the simulations stay in it is shorter than the corresponding the competing misfolded structures can clearly be seen. The
cluster in the MC runs because of the frequent transition to the native state has the lowest solute entropy.
almost similar clusters 3 and 4, leading to a combined population To evaluate the convergence of the free energy profile, we
of ~34% for this misfold. The stability of this structure in both  calculated the root-mean-square deviation of the free energy at
MC and MD sampling could be due to the noted overstabili- each bin averaged over the eight trajectories considering as the
zation of salt bridges in GBSA modéis3tRecently, corrections  expectation (reference) profile the one calculated using all
have been proposed to the generalized Born equation to increasérajectories. Since the various trajectories do not individually
dielectric screening for side chains involved in erroneous salt sample all of the available phase space, there is an average error
bridges3? of 0.5-1.6 kcal/mol (smaller around the native state since
Thermodynamics of trpzip2. To obtain insights into the  averaging is limited to the trajectories that sampled there),
folding mechanism, we project the many-dimensional system indicating that longer simulations are necessary to obtain more
onto one or two structural coordinates. Figure 2 shows the free accurate free energy surfaces. However, since only three runs
energy surface using the backbone RMSD to the NMR structure located the native state during the MC and four during the MD
as descriptor of the system. A two-state folding pattern is simulations, the relative populations of the states are not
evident, with a deep well for the folded states~a.5-1.1 A converged, and the well depths, the barrier heights, and the
and a shallow broad basin of the unfolded structures ranging folding free energy are expected to deviate significantly from
from 4 to 6 A. For both the MC and MD runs, the magnitude converged values. Figure 4 shows the development over time
of the folding barrier in this landscape is abou8 kcal/mol, of the average root-mean-square error over all bins and
and the native state is only marginally stable wis ~ 0 kcal/ trajectories, revealing the convergence of the free energy values
mol compared to the unfolded basin. These results are almostalong both the MC and MD simulations.
identical to a previous study, although a different force field A second system descriptor can be introduced to project the
was used theré Although MD and MC are entirely different  free energy surface onto two structural coordinates. Figure 3
simulation techniques, the results are remarkably similar, shows the free energy of trpzip2 as a function of the RMSD
confirming thermodynamic properties can be reliably obtained from the native structure and the radius of gyration, which is a
by both. measure of the overall compactness of a conformation. The two-
To determine the factors that stabilize the two minima, we state nature of the landscape is evident with the deep native
also show the components of the free energy in the same figure well and the broader basin of the unfolded structures. Extended
The effective energy and entropy contributions span a range ofstructures Ry > 9 A) all occupy regions of large free energy
~15 kcal/mol, and significant compensation is se®B.is more and have a short lifetime. Previous calculations of trpzip2 have
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TABLE 2: Cluster Analysis of All MD Runs for trpzip2 2

Cluster Structure Occupancy Nvisii  tvisit [10° MD steps]
/|
- “_K;St
> 36.5 + 35
1 s 22.6 % 18
g =S4 (73 ns)
ok
p §
y CHET O nsu 4 7971
,¢ praSs (158 ns)
3 6.1 % 22 250+ 25.5
(51 ns)
A 34+ 38.5
4 3 f,.,%f 5.0 % 14 -
NS (68 ns)
¥ *T‘:“\“‘-t‘;v-_..’-:'(g\
W
Coils, helices, o <25
3-318 isfolded hairpins 337 % (<50 ns)

a A total of 518 clusters were found. The first four most populated clusters are represented, classified according to secondary structure, the time
the clusters are visited during the simulatiofsi{), and their average lifetime in million MD steps and nanosecotgs)(

revealed very similar landscap¥sThe same shape of the bonds of the hairpin significantly formed. Although the MC
landscape of MC and MD demonstrates the independence ofsimulations show this structure to be quite stable, the average
the thermodynamic results on the chosen sampling method. lifetime in the MD runs is somewhat shorter. A second hairpin
H1. The second system studied is the 14-residue amyl- with a type IV B-turn involving G114-A115-A116-A117
oidogenic H1 peptide MKHMAGAAAAGAVYV from the syrian  encountered in the explicit solvent simulations has a very low
hamster prion protein (residues 10822). This peptide is  occupancy o~1.2% in the MD runs and< 0.5% in the MC
considered to be important for the-to5 conformational  simulations. Helical structures are also poorly populated, with
transition that leads to amyloid formation and is responsible ~1. 19 for both MC and MD, which is a little less than the 5%
for prion diseases. An experimental structure is not available encountered in the in explicit solvent stu#yThe MC and MD
at high resolution, since in aqueous solution it aggregates veryresyits agree well with each other. However, compared to the
rapidly to form -sheet-rich fibrils;®#?while in 2,2,2-trifluo-  previous explicit solvation simulations in which the hairpin was
roethanol or membrane-mimicking environments it adopts an fond to be more stable, the GBSA simulations show consider-
a-helical conformatiort*™*° Previous work has revealed the  ape flexibility, with only the inner part of the hairpin showing

folding of H1 into ap-hairpin in simulations with explicit ¢,y formed hydrogen bonds while the chain ends tended to
solvent representatioi}:36.37 be frayed.

Tables 3 and 4 show the conformations sampled during the . .
P 9 The free energy surfaces of the H1 peptide as a function of

MC and MD runs. The H1 peptide exhibits much more - R
flexibility in the simulations, as can be inferred from the higher RMSD to the experimental structure are shown in Figure 5. A

number of clusters found and the broader distribution of the N&irpin conformation derived from the low-resolution X-ray
cluster population as compared with the trpzip2 system. The struc_:ture was used as the_reference conf_orr_natlon, negle_ctmg
increased flexibility is due to the large number of alanines in the first two and last two residues of the chain in the comparison
the H1 peptide, facilitating conformational transitions compared dué to their large conformational flexibility. A broad barrier-

to the trpzip2 system with more bulky side chains. Since only free basin is seen, with remarkably similar shape for both the
the first two clusters have a population of more than 5%, but MC and MD runs. In the previous study with explicit solvation,
many clusters represent similar conformations, the results of & similar featureless smooth surface was found, with a maximum
the cluster analysis were grouped according to secondaryspread of 3.3 kcal/mol of the free eneryA similar spread of
structure. The simulations reveal the previously reported beta <2 kcal/mol is seen here for the main sampled region. The
hairpin with type 1l A-turn involving the residues A113-G114-  f-hairpin, although clearly lowest in energy, is higher in free
A115-A116, with a population of 13.6% in the MC and 7.3% energy by~1 kcal/mol compared to the unfolded and misfolded
in MD. This is less than in simulations with explicit solvent, structures that populate the main basin-dtA RMSD. Again,
were the hairpin showed up to 30% occupafftihe chain the magnitude of the errors indicates that the free energy surfaces
ends are mostly frayed, with only the middle four hydrogen are not fully converged, despite the similar shape for MC and
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Figure 4. Convergence of the free energy profile of trpzip2 for both
the MC and MD runs. The graph shows the change of the root-mean-
square deviation of the free energy at each bin averaged over the eight
trajectories considering as the expectation (reference) profile the one
calculated using all trajectories. The relative progress of MC and MD
is shown withtmax = 250 x 10f MD steps and 333 10° MC scans.
0 2 4 6 8 Both methods show a steady convergence to the final profile. Large
changes in the initial phase correspond to transitions where previously
RMSD [A] unsampled phase space regions are entered.

Figure 2. Free energy profile of trpzip2 as a function of RMSD from . - . . -
the NMR structure for the MC runs (top panel) and the MD runs Fo_ldlng Tlmes_. A compar_lso_n of_the folding _tlme§ of_the

(bottom panel). The plotted value &G is the free energy relative to ~ Studied polypeptides gives insight into the folding kinetics of
the lowest bin which was set 16 = 0. The same holds foAE. A both the MC and MD simulations. Experimentally, trpzip2 has
narrow valley of the native state and the broad basin of misfolded a folding time of 1.8-2.5us at 300 K, as determined by laser
structures can be seen. Also shown are the energetic and solute entropiF-jump spectroscopd? and previous computational estimates
contribution to the free energy, with low average energy for both the 5,0 3-6 us10 Although we study this system at a combined

native state and the misfolded conformations. The errors of the free e
energy are calculated as the root-mean-square deviatid@ afveraged length of 4us, the dynamics is expected to be much faster due

over the eight trajectories with the complete profile as the reference. 10 the neglect of the viscous drag of water in our MD
The standard deviation &E is a much larget ~ 10 kcal/mol for all SlmU'QtlonS, which is necessary to measure the Unt_"_ased
histogram bins, revealing the conformational flexibility. sampling performance of MD as compared to MC. In addition,

the temperature is slightly higher, 323 K. For all folding events,

AG the mechanism of-hairpin formation was found to be a
[keal/mol] “zipper”, with the turn region forming first before the subsequent
78 backbone hydrogen bonds, in agreement with previous Work.
-7 The growth of the population of the native state over the course
m56 of the simulations (the cumulative ratio of nativelike structures

45 to all structures) is shown in Figure 7. In sufficiently long

simulations this curve is expected to level out at the equilibrium
34— population, indicating again that the 500 ns/4 billion MC steps
w23 | chosen are not long enough for full convergence. Here, as noted
W12 above, the MC runs exhibit &2 times higher population at
01 the end of the simulations with respect to MD. A quantitative
assessment of the performance of both MC and MD runs for
trpzip2 is given in Table 5. The average of the folding titpe
of the observed folding events is 12810° MC scans and 130
. x 10° time steps (259 ns) for MD. If the relative CPU time is
01 2 3 4 5 6 7 8 9 factored in, it is visible that the MC runs fold2.55 faster than
RMSD [A] MD, a factor strongly dependent on the level of optimization
Figure 3. Two-dimensional free energy profile of trpzip2 as a function  Of the programs used.
of RMSD from the NMR structure and the gyration radius for the MC The low number of folding events leads to errors of the
runs (top panel) and the MD runs (bottom panel). The free energy folding times that are quite large. For example, in a previous,
contours are in units of kcal/mol. much shorter MC study of trpzip2, folding times in the range
of (29—-46) x 10° MC scans were encountered using a similar
MD. The instability of the hairpin was also reported in the setupl# significantly lower than the values found here. In
previous study, where a value &f0.6 kcal/mol was deter-  addition, several trajectories show an initial fast collapse into

mined*° the native state: One of the MD runs of trpzip2 folds in just
Figure 6 shows the two-dimensional free energy surfaces as2.5 x 1P time steps (5 ns) (visible in Figure 7), and two of the
a function of RMSD to the experimental structure ddThe MC runs of the H1 system collapse straight into the hairpin in

large featureless basin is even more apparent, and the differencenly 3.2 x 10° and 8.3x 10° MC scans. Such fastlicky
to the corresponding landscape of trpzip2 striking. MD and MC collapses” reveal a problem with starting simulations from
are seen to yield almost identical results. extended conformations rather than the equilibrated compact
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TABLE 3: Cluster Analysis of All MC Runs for H1 2
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Structure N, cluster Type Occupancy NViSit [106 B;Vési;canS]
=N s _ from1.8 £ 1.1
.. <" Y s I B trn 136%  2-5
{_{m I hairpin to 108 + 98
Y -
& 2 Partial 1% 3 10£11
é} % o-helix
Coils, 520 - 85.7 % - -

unfolded structures

a A total of 530 clusters were found. The most populated clusters are shown, grouped together according to secondary structure, the number of

clustersNeuster Of €ach group, the time the clusters are visited during the simulatddag)( and their average lifetime in million MC scansid;).

TABLE 4: Cluster Analysis of All MD Runs for H1 2

Structure Neluster Type Occupancy  Nvisic  fvisii [10° MD steps]
B I’ B turn - 1-6
A =~ 0 -
?% 6 hairpin 73%  4-13 (2-12 ns)
AT e IV B turn - o 2+ 1
‘4@ A 2 hairpin L.7% (4 ns)
%}N\A Rl 21
y ’(:{/ (4 ns)
Coils, 693 - 89.8 % - -

unfolded structures

a A total of 703 clusters were found. The most populated clusters are shown grouped together according to secondary structure, the number of

clustersNuster Of €ach group, the time the clusters are visited during the simulatdig)( and their average lifetime in million MD steps and

nanosecondsfsi).

ensemble of the denatured state. This is done to avoid biasing(—t/ty). In the limit of short simulations with << tt, Poided ~

the results, but it should be noted that there will still be a bias

t/ts. A linear fit of the cumulative number of folding events

due to all simulations beginning from the same structure. In versus time yields, and these numbers are shown in the same
these few fast collapses, the folding from high-energy extendedtable. The MD folding time is lower than both the experiment

unfolded conformations proceeds without crossing any barrier and previous studies due to the neglect of solvent viscosity,
straight to the folded state, which is a special case that is unlikely and the inaccuracy is high since there are only three to four

to occur when initiating folding from low-energy compact

folding events. Calculating for the H1 system is not possible

structures. It has been noted before that fast folding events aredue to the poor stability of thg-hairpin.

not representative of the major folding pathwa$g8Including

MC vs MD Comparison. How does MC compare to MD?

such runs in the overall statistics increases the uncertainties. If, The folding times enable an estimate of the ratio of MC moves

e.g., the fast 5 ns folding event of trpzip2 would be discarded,
thets, would increase to 34% 146 ns. A large spread of values
is also seen with the average lifetimen the folded state.

to MD time in the simulations. For trpzip2;6 x 10° MC steps
correspond to 0.5< 1P time steps MD, which is a ratio of
~12 MC moves for 1 MD integration step of 2 fs. The H1

Results for the H1 peptide are shown in the same table. Thesystem yields a ratio 6£7 x 10° MC steps per 0.5 10° time
errors are larger here, since H1 exhibits a significantly broader steps, or~14 moves/time step. Interestingly, these numbers are

range of botht,, andz. Due to a large number of extremely
short folding events in the MD simulations < 5 ns), the
average lifetime of the hairpin is very short, as noted above.
The MC runs show a larger stability of the hairpin, and again
MC locates this state faster than MD by a factor-.

The folding timet; can also be determined from a fit to a
single-exponential kinetics mod€lin which the probability that
a molecule has folded is expected to foll®wged = 1 — exp-

exactly proportional to the amount of residues of the peptides
(12 for trpzip2, 14 for H1). If the ratio is expressed in the
number of MC scans, the simulations both independently reach
the result of 1 MC scar 1 MD time step. This ratio reveals
the efficiency of MC (in which half of all moves are usually
rejected) to sample the conformational space using all-atom
force fields and the latest solvation models. Interestingly, the
result is almost identical to a previous comparison of MC and
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Figure 5. Free energy profile of the H1 peptide as a function of RMSD
from the S-hairpin structure for the MC runs (top) and the MD runs
(bottom) (see caption of Figure 2 for detail®)G is almost similar
and the graphs reveal that théhairpin, despite its low conformational
energy, is about-1 kcal/mol higher in free energy than competing
compact conformations.

AG | MC +10
[keal/mol]
m7-8 L9
67 L g <
m56 o
4-5 -7
3-4 6
. 2-3 T T T T T T
12
moq (MD o [°

3 4 5 6
RMSD [A]

Figure 6. Two-dimensional free energy profile of the H1 peptide as
a function of RMSD fromp-hairpin structure and the gyration radius
for the MC runs (top panel) and the MD runs (bottom panel). The free
energy contours are in units of kcal/mol.
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MD, in which the conformational equilibration of a box of liquid
hexane molecules was studi#dThe ratio found was 1.3 MC
scansx 1 MD time step. The MC runs were found to be 1.6
3.8 times faster than those of MD. In our simulations, the MC
runs were~2—2.5 times more efficient than those of MD. Of
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Figure 7. Growth of the population of the native state of trpzip2 (the
cumulative ratio of nativelike structures to all structures). The relative
progress is compared along the MC and MD runs with = 250 x

10f MD steps and 333% 10° MC scans. The high starting population
of the MD runs is due to a single fast5 ns collapse event from an
extended initial structure, remaining folded for only 23 ns.

course, this ratio is highly dependent on the level of performance
of the individual MC and MD programs.

Trp-Cage. With the encouraging performance of the MC
folding simulations of trpzip2 and H1, we tested this method
on a larger and more complex system, the “Trp-cage” mini-
protein. This 20 residue polypeptide with the sequence
NLYIQWLKDGGPSSGRPPPS has been optimized by Neidigh
et al?! and is one of the smallest proteins displaying two-state
folding properties. Due to the larger number of MD studies
available of this systefn®840.4lywe only ran the MC simulations.

A setup identical to the trpzip2 runs was used, with eight runs
at 4 billion MC steps (200x 10° MC scans) each at a
temperature of 323 K. The experimental reference is the NMR
structure (PDB code 112y), which shows a shoitielix, and a
triplet polyproline Il helix. Due to the larger size and complexity
of the system, the sampling is found to be less exhaustive than
with either trpzip2 or H1. Only one folding event is detected,
after 67x 10° MC scans, and the system remains firmly folded
for 104 x 10° MC scans. The average backbone RMSD to the
NMR structure over the folded state is2.7 A, a value
somewhat higher than obtained in previous studies due to the
flexibility of the chain ends. The chain ends are not well defined,
as can be seen by the structural variation of the submitted NMR
conformers in the PDB file 1L2Y. A representative overlay of
the folded phase conformation with the NMR structure (con-
former 1) is shown in Figure 8. Although uncertain, the folding
time expressed in CPU days gives a similar result to the other
two polypeptides, witha, = 5.9 days, and a performance of 12

x 10° MC scans/day. Since the native state was only encoun-
tered once, the thermodynamic properties are too unreliable to
report—much longer simulations or probably replica exchange
runs are necessary to yield these quantities. The folding time
of Trp-cage is experimentally estimated to bd us*? Many

MD folding studies report much faster folding events, in the
range of 16-30 ns>®8and these probably have to be considered
extreme casér, as elaborated above, lucky collapses. Using
the analysis of trpzip2 and H1, the reported folding event of 67
x 10° MC scans would correspond to a larger MD time of 133
ns. The seven other MC trajectories that do not locate the native
state spend most of their time in compact and stable misfolded
conformations.
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TABLE 5: Average Folding Time and Performance for trpzip2 and H12

trpzip2 H1
MC MD MC MD
MC scans/MD steps 338 10° 250 x 1C° 286 x 10° 250 x 1P
CPU time (days) 13.6 25.6 10.6 18.8
MC scans/MD steps per day 24610° 9.75x 10° 27.0x 10° 13.3x 1¢°

tav

(1284 27) x 10P (1304 103) x 108

(259+ 207 ns)

(72 + 115) x 10 (70+ 53) x 10

(140+ 107 ns)

ta (days) 5.2 13.3 2.7 53
ts 225x 10° 1.3us
T (1534 87) x 10° (60+ 83) x 10° (96+ 102) x 10° (7.4+9.8) x 10°

(121+ 167 ns) (14.84+19.5 ns)

a All calculations were performed on 3-GHz Intel Xeon CPUs. The total simulation effort, the used CPU time, and the progress per day for each
system are given. Units are given in MC scans (1 MC sed®? MC steps for trpzip2, 14 MC steps for H1), and in time steps for MD (1 MD time
step= 2 fs). The average folding timg, is the average of the folding events observed by both MC and MD. It is also shown in CPU time, as a
measure of performancg.is the folding time estimated from a fit to a single-exponential kinetics model (see main text). The last row gives the

average lifetimer of the folded state.

Figure 8. Overlay of the NMR structure (conformer 1) and a
representative structure from the folded phase of the MC simulation
that located the native state of the Trp-cage miniprotein. The quality
of the match is lower at the chain ends, which were found to be quite
flexible at the chosen temperature of 323 K.

Conclusions

The presented work demonstrates that MC in combination
with GBSA solvation and all-atom force fields can reliably

the statistical nature of both MC and MD (MD runs are coupled
to a heat bath) leads to very similar dynamics on the longer
time scale of folding, misfolding, and unfolding of protein
conformations. The similarity of the folding results has enabled
us to estimate the ratio of MC steps (or MC scans) and MD
time steps for the case of folding simulations in implicit solvent.
We find a correspondence of 1 MC scanl MD time step.
This is in agreement with a previous comparison of MC and
MD for liquid hexane, in which a ratio of1.3 was found? In

that study, MC was found to be more efficient than MD by a
factor of 1.6-3.8. Our simulations find MC to be-22.5 times
more efficient than MD, but this ratio is expected to be strongly
dependent on the level of optimization of the respective MD/
MC program. It will be of interest to apply the efficient MC
algorithm with concerted rotations to larger systems and to
investigate its performance when replica exchange moves are
included.
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