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Abstract: The use of parallel tempering or replica exchange molecular dynamics (REMD)
simulations has facilitated the exploration of free energy landscapes for complex molecular
systems, but application to large systems is hampered by the scaling of the number of required
replicas with increasing system size. Use of continuum solvent models reduces system size
and replica requirements, but these have been shown to provide poor results in many cases,
including overstabilization of ion pairs and secondary structure bias. Hybrid explicit/continuum
solvent models can overcome some of these problems through an explicit representation of
water molecules in the first solvation shells, but these methods typically require restraints on
the solvent molecules and show artifacts in water properties due to the solvation interface. We
propose an REMD variant in which the simulations are performed with a fully explicit solvent,
but the calculation of exchange probability is carried out using a hybrid model, with the solvation
shells calculated on the fly during the fully solvated simulation. The resulting reduction in the
perceived system size in the REMD exchange calculation provides a dramatic decrease in the
computational cost of REMD, while maintaining a very good agreement with results obtained
from the standard explicit solvent REMD. We applied several standard and hybrid REMD methods
with different solvent models to alanine polymers of 1, 3, and 10 residues, obtaining ensembles
that were essentially independent of the initial conformation, even with explicit solvation. Use of
only a continuum model without a shell of explicit water provided poor results for Alaz and Alajo,
with a significant bias in favor of the a-helix. Likewise, using only the solvation shells and no
continuum model resulted in ensembles that differed significantly from the standard explicit
solvent data. Ensembles obtained from hybrid REMD are in very close agreement with explicit
solvent data, predominantly populating polyproline Il conformations. Inclusion of a second shell
of explicit solvent was found to be unnecessary for these peptides.

Introduction problem can preclude success even when a sufficiently
The potential energy surfaces of biological systems have longaccurate Hamiltonian of the system is used in the simulations.

been recognized to be rugged, hindering conformational T.hUS, a'significan.t effort has been put into deV|S|ng efficient
transitions between various local minima. This sampling Simulation strategies that locate low-energy minima for these
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complex systems. Conformational sampling was recently due to the fewer degrees of freedom. This factor can
reviewed and is also the subject of a recent special journal determine whether REMD is a practical approach to model
issue? the system. For example, in the 10-residue peptide model

One approach that has seen a recent increase in the use gfresented below, 40 replicas are needed when the solvent is
biomolecular simulation is the replica exchange methéd.  included explicitly, while only 8 are sufficient for the same
In replica exchange molecular dynamics (REM@also peptide with a continuum solvent model. Larger systems
called parallel temperiry a series of molecular dynamics Wwould be expected to show even greater differences; the
simulations (replicas) are performed for the system of number of peptide atoms increases approximately linearly
interest. In the original form of REMD, each replica is an with sequence length, while the volume of a sphere (and
independent realization of the system, coupled to a heat battthus the number of solvent atoms) needed to enclose
at a different temperature. The temperatures of the replicasextended conformations increases with the peptide length
span a range from low values of interest (such as 280 K or to the third power. Thus one can roughly estimate that
300 K) up to high values (such as 600 K) at which the system the difference in number of replicas required for explicit
can rapidly overcome potential energy barriers that would vs continuum solvation of a system will increase with
otherwise impede conformational transitions on the time scalethe number of solute degrees of freedom to tHe
simulated. power.

At intervals during the otherwise standard simulations,  Continuum solvent models are thus an attractive approach
conformations of the system being sampled at different to enabling the study of larger systems with REMD. Among
temperatures are exchanged based on a Metropolis-typghe various models that have been developed, the GB
criterion’ that considers the probability of sampling each approach is commonly used with molecular dynamics due
conformation at the alternate temperature (described in moreto its computational efficiency, permitting use at each time
detail in Methods). In this manner, REMD is hampered to a step. However, these models can also have significant
lesser degree by the local minima problem, since simulationslimitations. Since the atomic detail of the solvent is not
at low temperature can escape kinetic traps by “jumping” considered, modeling specific effects of structured water
directly to alternate minima being sampled at higher tem- molecules can be challenging. In the case of protein and
peratures. Likewise, the structures sampled at high temper-peptide folding, it appears likely that the current generation
atures can anneal by being transferred to successively loweiof GB models do not have as good a balance between
temperatures. Moreover, the transition probability is con- protein—protein and proteifrsolvent interactions as do the
structed such that the canonical ensemble properties aremore widely tested explicit solvent modéfé More par-
maintained during each simulation, thus providing potentially ticularly, it has been reportét?®28 that ion pairs were
useful information about conformational probabilities as a frequently too stable in the GB implicit water model, causing
function of temperature. Due to these advantages, REMD salt bridged conformations to be oversampled in MD
has been applied to studies of peptide and small proteinsimulations, thus altering the thermodynamics and kinetics
folding 3:6:8716 of folding for small peptides. A clear illustration was given

For large systems, however, REMD becomes intractable by Zhou and Berri€ who sampled the C-termingkhairpin
since the number of replicas needed to span a givenof protein G (GB1) with both a surface-GB (SGB)
temperature range increases with the square root of thecontinuum model and an explicit solvent. The lowest free
number of degrees of freedom in the sysfém? Several energy state with SGB was significantly different from the
promising techniques have been propé%&d23 to deal with lowest free energy state in the explicit solvent, with incorrect
this apparent disadvantage to REM. salt bridges formed at the core of the peptide, in place of

The method chosen to treat solvent effects can have ahydrophobic contacts. Zhou extended this study on GB1 by
direct impact on the system size and thus the computationalexamining several force field-GB model combinations, with
requirement of employing REMD. Explicit representation of all GB models tested showing erroneous salt-bridges.
solvent molecules significantly increases the number of atoms The more rigorous models based on PoissBaltzmann
in the simulated system, particularly when the solvent box (PB) equations are generally considered to be more accurate.
is made large enough to enclose unfolded conformations ofHistorically, the increased cost of evaluating solvation free
peptides and proteins. The growth in system size results inenergy with these methods results in their use primarily to
the need for many more replicas to span the same temperapostprocess a small number of conformations, or snapshots
ture range. This increase in computational cost is in addi- sampled during an MD simulation in the explicit solvéht.
tion to that added by the need to calculate forces and inte-However, some researchers have reported using PB as a
grate equations of motion for the explicit solvent mole- solvent model for molecular dynamics simulati®i? PB
cules. approaches do not necessarily overcome the difficulty of

Continuum solvent models such as the semianalytical modeling nonbulk effects in the first solvation shells.
Generalized Born (GB) mociélestimate the free energy of To benefit from the efficiency of implicit solvents while
solvation of the solute based on coordinates of the soluteincorporating these first shell effects, several hybrid explicit/
atoms. The neglect of explicit solvent molecules can implicit models have been proposed. These typically employ
significantly reduce the computational cost of evaluating the explicit solvent only for the first-12 solvation shells of
energies and forces for the system, but a larger effect with the solute, often surrounded by a continuum representation
REMD can arise from the reduction in the number of replicas of various types34° However, these methods have draw-
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backs in that the explicit water typically must be restrained important since it has been proposed that specific solvation
to remain close to the solute to avoid diffusion into the “bulk” of backbone amide groups plays a key role in the stabilization
continuum. These restraints as well as the boundary effectsof P, conformation$56

at the explicit/implicit interface can have a dramatic effect  For each peptide we first obtained conformation ensembles
on solute behavior. In a recent implementation, Lee et al. ysing standard REMD in explicit solvent. We used these data
employed a hybrid TIP3P/GB solvation model with excellent a5 a reference in order to remove the influence of the protein
results}* but they pointed out drawbacks typical for these force field parameters from this study of solvation models.
models, such as the need for a fixed solute volume and shapg-or each sequence, two sets of REMD simulations in the
for the solvation cavity, preventing large-scale conforma- explicit solvent were run with different initial conformations
tional changes of the type that is necessary for detailed yntj| convergence was indicated by reasonable agreement
analysis of conformational ensembles using enhanced samypetween the data sets. For example, the populations of
pling techniques such as REMD. In addition, they demon- conformation clusters in the two Alaruns in the TIP3P
strated that solvent properties such as radial density andsglyent were highly correlatedR{=0.974), demonstrating
dipole distributions showed significant artifacts due to high similarity not only in the types of structures sampled
boundary effects. in these two simulations but also in their probability in these

Recognizing that the main difficulty in applying REMD  independently generated ensembles. This level of conver-
with the explicit solvent lies in the number of simulations gence gives us confidence that the differences we observe
required, rather than just the complexity of each simulation, between the various solvent models are predominantly due
we propose a new approach in which each replica is to solvation effects and not poorly converged ensembles with
simulated in the explicit solvent using standard methods suchlarge uncertainties in the resulting data.

as periodic boundary conditions and inclusion of long-range  \we then employed pure GB REMD simulation using both
electrostatic interactions. However, the calculation of ex- ,odels available in Amber (G187 57 and GEPBC 5859 as well

change probabilities (which determines the temperature 55 the hybrid REMD approach using the same GB models.
spacing and thus the number of replicas) is handled differ- \ne 3150 performed REMD where only the first 1 or 2
ently. Only a subset of closest water molecules is retained, so|yation shells were retained for the exchange calculations

while the remainder igsmporarilyreplaced by a continuum  ithout a continuum model). Comparison of these results
representation. The energy is calculated using the hybridi, each other and to the standard explicit solvent REMD
model, and the exchange probability is determined. The rogyits provides insight into the performance of the GB

original solvent coordinates are then restored, and the y,qe|s  the improvement obtained by retaining the first
simulation proceeds as a continuous trajectory with fully 4| ation shell in the calculation of exchange probability (the

explicit solvation. This way the perceived system size for p g model), and the need for the reaction field surrounding
evaluation of exchange probability is dramatically reduced o sojvation shells.

and fewer replicas are needed.
An important difference from the existing hybrid models

ig that our system is fuIIy.so'Ivat'ed throughout the entire maps, and cluster populations among the methods. While
simulation, and thus the distribution functions and solvent 4y ot the solvation models provided similar results for alanine
properties should not be affected by the use of the hybrid dipeptide, the GB models failed to reproduce the TIP3P

model in the exchange calculation. In addition, no restraints ensemble data for Aind Ala, even at a qualitative level
of any type are needed for the solvent, and the solute Shapeproviding ensembles that were dominated byhelical

and VOI”S‘? may hchan?e smcehth(fel solvation shelrl]s are conformations. Simulations using hybrid REMD using
gelne:a?e ?\lr ea}c repiica otnt.t N | y athev%r)_/ exc ?n%eGBOBC and only a single shell of explicit water were in
caiculation. Nearly no computational overheéad IS Involve good accord with the reference simulations, with a high

since the calculation is performed infrequently as.compareddegree of similarity between structure populations
to the normal force evaluations. Thus the hybrid REMD (R2=0.93), with lack of significanto-helix, and a strong

approach can e”?p'oy more accurate continuum quels thatpreference for fPconformation. This agreement was obtained
are t00 computationally demanding for use in each time Stelodespite a significant reduction in computational cost; for

ofa st.andard molecular dynamics S|m.ulat|0n. Alay, 40 replicas were used for standard REMD in TIP3P,
In this study we have tested the hybrid REMD method on yhije only 8 were needed for pure GB or hybrid GB/TIP3P

varying lengths of polyalanine peptides (dipeptide, tetra- REMD.

peptide, and Ala). Many helical design studies have used

polyalanines with charged residu¥s?® N-capping?® and

C-capping interactiof® to solubilize the peptides and Meéthods

stabilize helical structure. Recently, experimental studies with Replica Exchange Molecular Dynamics (REMD).We

CD, NMR, and UV resonance Raman have been able to briefly summarize the key aspects of REMD as they relate

characterize a primarily polyproline type Il (Pstructure in to the present study. In standard Parallel Tempering or

short polyalaninéd=°3 and in the denatured state of longer Replica Exchange Molecular Dynamit%,the simulated

alanine peptide¥ MD simulations of polyalanines have system consists d¥1 noninteracting copies (replicas) kit

further substantiated these experimental observatiéhghe different temperatures. The positions, momenta, and tem-

quality of the solvent model is expected to be critically perature for each replica are denoted{loff!, ptl, Ty}, i =

We compared ensemble distributions of properties such
as chain end-to-end distance, backbaie free energy
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1,..M; m = 1,..., M. The equilibrium probability for this 3
generalized ensemble is 8E, T,
- M1 I 1
W o, T,) = eX;{ - FH(P['],Q['])] €Y AE,
= A
e \AAAAAAR] .
where the Hamiltoniaki(ptl,g) is the sum of kinetic energy VAVVVVVVY n

K(p!) an,d F’Otem'a' energyE(q). qu convenience .We Figure 1. Schematic diagram illustrating the energy fluctua-
denote{ p, g1} at temperaturd@m by X, and further define  ions for simulations at two temperatures for neighboring
X = {x@), .., xyl™} as one state of the generalized (epjicas. To obtain high exchange probabilities, the energy
ensemble. We now consider exchanging a pair of replicas. fiyctuations £ in each simulation should be of comparable
Suppose we exchange replicasand j, which are at magnitude to the mean energy difference AE.
temperatured,, and T,, respectively,
A A , , the replica energy gap comparable to the energy fluctuations,

X={ xax D —=x = ax lax DLy @) thus AE/OE should be near unity. Sinc&E/JE is propor-
tional to ATVf/T, the acceptable temperature gap between
neighboring replicas therefore decreases with larger systems
as AT~1//f, and more simultaneous simulations are

W(X)p(X—X') = W(X) p(X'—X) ) needed to cover the desired temperature range.

) - Model Systems and Simulation DetailsWe simulated
where p(X—X) is the exchange probability between twWo  hree polyalanine sequences: alanine dipeptide(Adéanine
statesX and X'. With the canonlcal_ ensr—_zmble, the potentlal tetrapeptide (Alg, and polyalanine (Ala), all with acety-
energyE rather than total Ham|lton.|aH will be used S|mpl_y lated and amidated N- and C-termini, respectively. All
be_cause the momentum_ can be m_tegrated out. Insertm_g €Gimulations employed the Amber f99 force fie2 with
1 into eq 3, the following equation for the Metropolis mqgification to reducen-helical bias. Explicit solvent and
exchange probability is obtained: hybrid REMD used the TIP3P water modéIThe standard

_ 1 1 , , REMD simulations in explicit solvent and in pure GB were
p=min(1, exq | — — (E@") — E@)}] @) run using our REMD impl tati distributed in Amb
kel KoT, sing plementation as distributed in Amber
(version 8)¢° The hybrid solvent REMD calculations were
In practice, several replicas at different temperatures areperformed with a locally modified version of Amber 8. All
simulated simultaneously and independently for a chosenbonds involving hydrogen were constrained in length using
number of MD steps. Exchange between a pair of replicas SHAKE.® The time step was 2 fs. Temperatures were
is then attempted with a probability of success calculated maintained using weak couplifigto a bath with a time
from eq 4. If the exchange is accepted, the bath temperaturesonstant of 0.5 ps.
of these replicas will be swapped, and the velocities will be  Secondary structure basin populations for central residues
scaled accordingly. Otherwise, if the exchange is rejected, were calculated based ap'y dihedral angle pairs. The
each replica will continue on its current trajectory with the dihedral angle ranges defining for those regions are provided
same thermostat temperature. in Table S1. The solvent accessible surface areas (SASA)
As we described above, one of the major limitations of for simulated peptides were calculated using the gbsa
REM is that the number of replicas needed to span a optionin AMBER. The end-to-end distances for Alaere
temperature range grows proportionally to the square root calculated between catoms of Ala2 and Ala9 (omitting
of number of degrees of freedom in the simulated system. terminal residues) using the ptraj module of Amber. Cluster
While a more rigorous analysis of the acceptance probability analysis for Ala, was performed using moil-vief#, using
in REM trials has been given recently using a Gaussian backbone RMSD for Ala29 and a similarity cutoff of 2.5
energy distribution modé@P°one can also approximate from ~ A.
eq 4 that the overall exchange probabikty.is proportional Explicit Solvent REMD. The Alay peptide ino-helical
to exp(~AT4T?), which implies that a greater acceptance conformation was solvated in a truncated octahedral box
ratio requires a smaller temperature gepor a more dense  using 983 TIP3P water molecules for a total of 3058 atoms.
temperature distribution to reach. On the other hakd, The system was equilibrated at 300 K for 50 ps with
should be as large as possible so as to span a wideharmonic positional restraints on solute atoms, followed by
temperature range with a small number of replicas. The minimizations with gradually reduced solute positional
relationship can be estimated through consideration of restraints and three 5 ps MD simulations with gradually
potential energy fluctuations of two replicas sampling at the reduced restraints at 300 K. Long-range electrostatic interac-
target temperature,land T,-; (Figure 1). The instantaneous tions were calculated using PMESimulations were run in
energy fluctuatioE in a given simulation at temperature the NVT ensemble.

To maintain a detailed balance of the generalized system,
microscopic reversibility has to be satisfied, thus giving

T scales as/fT, and the average energy gafE between Forty replicas were used at temperatures ranging from 267
two neighboring replicas is proportional tAT, wheref is K to 571 K, which were optimized to give a uniform
the number of degrees of freedom and = T, — Tp-1. exchange acceptance ratio 6f30%. Exchange between

Obtaining a reasonable acceptance ratio relies on keepingneighboring temperatures was attempted every 1 ps, and each
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REMD simulation was run for 50 000 exchange attempts (50 We determined the number of water molecules to retain
ns). The first 5 ns of each simulation was discarded to removein the hybrid model based on analysis of the number of
the initial structure bias. waters in the first solvation shell of Alain the ensemble

To provide a stringent test of data convergence for greaterof structures sampled in the standard REMD explicit solvent
conformational diversity expected for Al two sets of simulations. We found that 100 water molecules were
REMD simulations were performed, starting from different sufficient even for the most extended conformations (data
initial conformations. In one set, all replicas were started not shown). Thus this number was used for all replicas and
from a fully a-helical conformation; in the other an extended all exchanges. For Ala30 water molecules were enough
conformation was employed. In the case of Adand Ala, to incorporate the first solvation shell and 60 water molecules
lower bounds for uncertainty were estimated by separating for the first and second solvation shells. These numbers
the full simulation data into halves and reporting the increase to 50 waters and 100 waters for the first solvation
difference between values calculated for each half. shell and the first and second solvation shells of ;Ala

A similar procedure was used for A'and A|a3 A|al was reSpeCtiVer. Alaand Alaz hyb“d simulations were run for
solvated in a truncated octahedral box using 341 TIP3P water™~30 000 exchanges, and the first 5000 were discarded.
molecules. Ala required 595 water molecules. For both At each exchange step, the distance between the oxygen
systems the same equilibration procedure as used fqg Ala atom of each water molecule and all solute atoms was
was employed. To cover the same temperature range 20calculated. Water molecules were then sorted by their closest
replicas for Ala and 26 replicas for Alawere needed. Both ~ solute distance, and all water molecules exceptXheith
systems were simulated fer40 000 exchanges, and the first the shortest solventsolute distances were temporarily
5000 exchange attempts were discarded as equilibration. discarded (wherX is the number of waters retained in each

Implicit Solvent REMD. Solvent effects were calculated ~System, as described above). The energy of this smaller
through the use of two Generalized Born implementations System was then recalculated using only these close waters
in Amber (GB'CT and GEPEC (note that GBEC is model 2 and the GB solvent model. This energy was used to calculate
in ref 59)). Two sets of intrinsic Born radii were used, both the exchange probability, and then all waters were restored
adopted from Bond? with modification of hydrogert to their original positions and the simulations were continued
Unless otherwise noted, the 88 model was used with the ~ (Figure 2). In this manner the simulations using the hybrid
mbondi radii, and the GEC model was employed with solvent model were continuous simulations with fully sol-
mbondi2 radii (as recommended in Amber). Scaling factors vated PBC/PME, and the hybrid model was used only for
were taken from the TINKER modeling packa@®lo cutoff ~ the calculation of exchange probabilities.
on nonbonded interactions was used. All other simulation
parameters were the same as used in explicit solvent. Results and Discussion

For Alay, the use of the continuum solvent model resulted Comparison of Exchange Efficiency for Hybrid and
in a total of 109 atoms considered explicitly in the simula- Standard REMD in Ala 1o. Even though REMD has become
tions (~28 times fewer than in the explicitly solvated a useful tool to improve conformational sampling, REMD
system). The much smaller system size permitted the use ofsimulations are highly computationally expensive, particu-
8 replicas to cover the same temperature range that requiredarly when the solvent is treated explicitly. The increase in
40 replicas in the explicit solvent, while obtaining the same cost arises not only from the additional effort involved in
30% exchange acceptance probability. Exchanges werecalculating forces in a given simulation but also from the
attempted every 1 ps, and the REMD simulation was run increase in the number of simulations (replicas) needed to
for 50 000 exchange attempts (50 ns). Simulations were span a particular temperature range. This increase is due to
initiated with the same two initial conformation ensembles the much larger number of degrees of freedom present in
as were used for the explicit solvent REMD calculations, the explicitly solvated system as compared to that in
with comparison of the two runs providing a lower bound continuum solvent models. In the case of glaur largest
for the uncertainty in resulting data. For Aland Alg the model system, the number of replicas needed to span the
same approach was used, with 4 replicas used to cover theange of 267 K to 571 K increases from 8 to 40 when
temperature space for each system. Simulations were run forswitching from implicit to explicit solvation.
50 000 exchange attempts, and the first 5000 exchanges were We evaluated the utility of the hybrid solvent model during
discarded. the calculation of the exchange probability on several levels,

Hybrid Solvent REMD. All simulation parameters inthe  using Alag as its size is most relevant to the larger systems
hybrid solvent REMD simulations were the same as those that would benefit most from this method. First, we validated
employed for standard REMD in the explicit solvent, with that fewer replicas were needed to obtain efficient exchange

the exception that the number of replicas (8 for Alalas, with the hybrid model as compared to the number required
and Alag) and the target temperatures were the same as thosevhen retaining the full periodic box of explicit water
used for the pure GB REMD simulations for Adalt is molecules during the exchange probability calculation (eq

important to note that the hybrid solvent model was used 4). Efficient exchanges were obtained with the hybrid model
onlyfor calculation of exchange probability; the simulations even when using the same number of replicas as was needed
themselves were performed on fully solvated systems with for the pure continuum solvent REMD simulations. Next,
truncated octahedral periodic boundary conditions and PME we evaluated whether the use of the hybrid model affected
for the calculation of long-range electrostatic interactions. the data obtained from the simulations, with particular



Hybrid Solvation Models J. Chem. Theory Comput., Vol. 2, No. 2, 20085

Figure 2. Schematic description of hybrid solvent REMD. The fully solvated Ala;o (with truncated octahedral boundary conditions)
is simulated between exchanges (left). The exchange energy is calculated by retaining only the closest 100 waters (center),
with bulk solvent properties calculated using the GB solvation model. After the exchange calculation the explicit solvent is restored,
and the dynamics continues under periodic boundary conditions. This approach allows on the fly calculation of the solvation
shell, whose shape adjusts automatically to the solute conformation (top: a-helical structure, bottom: extended structure). As
a result, many fewer replica simulations are required.

emphasis on the conformational distributions sampled by the
model peptides. These distributions were also compared to
those obtained for REMD with only the continuum solvent
model.

An important benefit of REMD is the ability to obtain
improved sampling at low temperatures of interest by
exchanging conformations with higher temperature simula- 0.020
tions that have less likelihood to become kinetically trapped. 0.000

0 20
As described in Methods, the probability of the successful ”°‘°'Zzz7i I/\ /\

I40 . 6|0 . 80I ‘ 'IOOI llZO
5 571K ]
exchange of conformations between two temperatures de- gggﬁj /\ /\ /\ /\ /\_— C
pends on the overlap in potential energy distributions at those ooqg A S\ SN A\
temperatures. Figure 3 shows the potential energy distribu- ; A oy 0000
tions for each temperature for sets of simulations with explicit

solvent (A) and those with GB (B) between 267 K and 571

e e e e e O ith 40 repicas, (B) GB REMD wit 8 repicas, and (C) explc

’ . . . solvent REMD with 8 replicas using the same temperature
smaller S_yStem’ and fewer replicas are still able_ tf) acmevedistribution as GB REMD. GB simulations involve fewer
the req_uwed ove.rlap. In contrast, yvhen the explicit solvent degrees of freedom and are able to span the energy range
model is used with only the 8 replica temperatures that are v fewer replicas. In contrast, no overlap is obtained when
successful with GB, no significant overlap in the distributions ,sing explicit solvent with the same replica and temperature
is observed (Figure 3C). selection as GB. This implies that no exchanges would be

Based on Figure 3, exchanges between replicas at neighpermitted, and the benefits of REMD would be lost.

boring temperatures are expected to occur with a high
probability when using 40 replicas in explicit solvent or 8 8 standard MD simulations at different temperatures, and
replicas with GB. No exchanges are expected for the explicit therefore no sampling improvement is obtained. Thus, in
solvent with only 8 replicas. Figure 4 shows the temperature order for replicas to sample a range of temperatures, more
histories of the first 2 replicas in the same explicit solvent replicas (and significantly more computational resources) are
and GB REMD simulations as were shown in Figure 3. As required for simulations in the explicit solvent. Reducing this
expected, the replicas visited all available temperatures duringrequirement while maintaining fully explicitly solvated
the run (the other replicas showed similar behavior and are simulations is the goal of our hybrid model.
not shown for clarity). However, the explicit solvent REMD These exchange efficiencies are all consistent with previ-
with only 8 replicas showedo exchanges even after 25 000 ously reported REMD simulations and the known scaling
attempts (25 ns simulation), and all replicas remained at theirwith system size of the number of replicas required for
initial temperatures. This REMD simulation is identical to efficient exchange. In our case these data provide an

Figure 3. Potential energy distributions for Ala;, simulations
over a range of temperatures using (A) explicit solvent REMD
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0 s00 10000 1s000 20000 25000

Number of Exchange Attempts
Figure 4. Temperature histories for Ala;o replicas using (A)
explicit solvent with 40 replicas, (B) GB with 8 replicas, and
(C) explicit solvent with 8 replicas. For clarity only the first
two replicas for A and B and only the first 5000 exchanges of
B are shown. Consistent with the potential energy distributions
shown in Figure 3, exchanges are only obtained when
sufficient overlap in potential energy distributions is present.
If too few replicas are used (C), the result is a series of
standard MD simulations.

0,04 ————— ———————

0031 -
I STIK 1
n_m = — A.
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Temperature (K)

0 I 2500 ' 5000 I 7500 ‘ 10000
Number of Exchange Attempts

Figure 5. Potential energy distributions (A) and temperature
histories of 2 Ala;o replicas (B) using 8 replicas in periodic
boxes with fully explicit solvent but with the hybrid solvent
model for calculation of exchange probability. Use of the
hybrid model gives overlap between neighboring temperatures
and allows replicas to span a range of temperatures, in sharp
contrast to the total lack of exchanges for the same simulated
system with standard REMD (Figures 3C and 4C). For clarity
only the first 10 000 exchanges are plotted, and only 2 replicas
are shown in the lower figure.

Okur et al.

the pure GB model. Consistent with this observation, multiple
exchanges are observed despite the relatively small number
of replicas employed. The replicas are able to traverse the
entire temperature range on the nanosecond time scale. It is
interesting to note that this is more rapid than seen for the
standard REMD explicit solvent run, most likely due to the
larger temperature step taken with each successful exchange
with the hybrid solvent model (due to larg&T between
neighboring replicas). The standard REMD run requires more
exchanges to traverse the same total temperature range. This
suggests that the hybrid calculation may have additional
advantages beyond simply reducing the number of replicas
as compared to the standard REMD; however, such an
analysis is outside the scope of the present article.

Analysis of Conformational Sampling in Hybrid and
Standard REMD. After establishing the ability of the hybrid
REMD model to reduce the number of replicas required to
obtain efficient exchanges, we examined the ability of the
hybrid approach to reproduce ensemble data obtained with
standard REMD in the explicit solvent. We also investigated
whether the reaction field beyond the solvation shells is
required, and the dependence of the results on the number
of solvation shells included in the exchange calculation. For
the larger Alay, the computational demands of obtaining
high-precision data for various hybrid models (which require
fully solvated simulations) prevented exhaustive testing.
Thus, these more detailed tests were performed on the smaller
models alanine dipeptide (blocked Alaand alanine tetra-
peptide (blocked Alg.

Alanine Dipeptide. We first compared results obtained
for the standard REMD with TIP3P to those from 2 different
GB models as well as to TIP3P but using the hybrid solvent
model for calculation of exchange probability. The hybrid
model employed either a first solvent shell (30 TIP3P waters)
or first and second shells (60 waters). The population of
minima corresponding to alternate secondary structure types
(see Methods for details) are shown in Table 1. The largest
population is found for the polyproline Il basin-85%),
followed by ana-helix and aS-sheet (each-25%), and a
much lower population of a left-handed-helix or turn
conformation (+3%). We make the observation that all of
these solvent models provide essentially the same results.
Use of either GBE® or GBHCT with no explicit solvent either
in MD or in the exchange calculation provides populations

important context for evaluation of the use of hybrid for each of the basins with an error 622% population as
solvation models during the calculation of exchange prob- compared to the standard REMD in the explicit solvent.
ability. We performed REMD simulations using the same Similarly, the average SASA is nearly identical for all
exp||c|t|y solvated system as shown above, but with on|y models. These data indicate that the hybrid model is at least
the 8 replicas/temperatures that gave an efficient exchangePerforming adequately and does not have any obvious and
with pure GB solvation. With standard REMD, this system Serious problems and that similar results are obtained for
showed no overlap in potential energy distributions and was either the first and second solvation shells or only the first
unable to generate any successful exchanges (Figure 4C)She|| This insensitivity is expected since the GB simulations
We employed the hybrid solvent model only for calculation adequately reproduced the explicit solvent data with no
of the exchange probability (eq 4) for this fully explicit explicit solvent shell. The insensitivity of the results to
solvent system. The distributions of the potential energies solvent model strongly indicates that alanine dipeptide is not
for the different temperatures during 10 000 exchange @ good test case for evaluation of the effects of inclusion of
attempts (10 ns) are shown in Figure 5. Use of the hybrid €xplicit solvent.

solvent model permits the simulations to achieve nearly the Alanine Tetrapeptide. We next turn to results from
same level of energy distribution overlap as we obtained for alanine tetrapeptide to evaluate whether the agreement
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Table 1. Populations of Basins on the Alanine Dipeptide ¢/ip Energy Landscape Corresponding to Alternate Secondary
Structures, along with Average Solvent Accessible Surface Areas?

alanine dipeptide o p P! ot SASA
explicit solvent 28.1+1.0 251+0.1 36.2 £ 0.5 26+0.1 355.8 £ 0.0
GB©BC 29.3+0.8 26.5+05 35.1+0.2 0.7+0.1 356.5+ 0.0
GBHCT 28.5+0.2 276+£0.1 34.0+0.2 0.8+0.2 356.5+0.1
hybrid first shell + GBOBC 29.7+138 24.7+0.4 350+15 254+0.1 3558+ 0.1
hybrid first and second shells + GB©BC 30.3+15 24,7+ 0.3 36.0 £ 0.2 1.3+08 3559+ 0.1

2 The results for the pure GB and hybrid REMD models are all similar to those obtained using standard REMD with full explicit solvent.

Table 2. Data for the Central Alanine in Alanine Tetrapeptide (Blocked Alaz)?

alanine tetrapeptide o B Pl ol SASA
explicit solvent 23.6+0.1 23.4+13 402+14 51+0.1 565.3 + 0.1
GBOBC 50.5+ 24 175+ 0.9 229+ 0.6 11+04 557.4 £ 1.0
GBHCT 57.8+ 1.0 152 +0.2 18.2+ 0.4 1.2+01 552.4 +£ 0.4
hybrid first shell noGB 41.4+0.8 13.5+0.9 23.4+1.0 13.1+0.8 552.7 £ 0.1
hybrid first and second shells noGB 295+ 0.2 141+ 0.2 241+05 23.4+£03 550.8 £ 0.2
hybrid first shell GBOBC 21.6 £ 0.9 21.24+0.2 41.1+0.3 76+1.0 563.2 £ 0.1
hybrid first and second shells GB©8C 283+ 1.7 22.2+0.9 37.7+0.2 3.8+0.1 563.8 £ 0.2
hybrid first shell + GBHCT 235+1.1 22.1+0.8 428+1.0 2.3+0.0 566.4 + 0.2
hybrid first and second shells + GBHCT 149 +0.2 256 +0.1 494+ 04 19+04 569.6 + 0.1

2 Populations of basins on the ¢/y energy landscape corresponding to alternate secondary structures are shown, along with average solvent

accessible surface areas. Data are discussed in the text.

between all solvent models tested for alanine dipeptide is significantly better agreement with the standard TIP3P
maintained in larger systems. In Table 2 we show populations REMD data, regardless of the GB method or number of
for secondary structure basins for the central alanine residueshells. The more recent GB° model performed best, with

using standard REMD with explicit solvent, G& or

errors in population of only~3% for all basins with the

GBHCT, Data are also shown for several hybrid models, as exception of thea-helix conformation with the first and

discussed below.
For standard REMD in explicit solvent, we observe that

second shell model, which had an error that was less than
5%. The average SASA was also in excellent agreement with

the populations have not changed significantly from those standard REMD. We conclude that this hybrid model is

obtained for alanine dipeptide, with a slight increase in
population of the polyproline Il conformation that dominates

significantly better than the pure GB REMD or inclusion of
only the solvation shells with no reaction field. The addition

the ensemble. In this case, however, we observe that bothof a second shell in the exchange calculation appears to make

of the pure GB models are in significant disagreement with
TIP3P, with a-helical conformations dominating the en-
semble (over 50% for each GB model). The two GB models
are similar to each other. Overstabilization of salt bridges in
GB has been reportéé?262’but no salt bridges are present
in this system.

Next, we performed REMD simulations in explicit solvent,
but retain only the first (50) or the first and second (100)
solvation shells in the exchange calculation. Importantly, no
GB model was included in these simulations. Using only a
single solvation shell results in a significant bias in favor of
a-helical conformations (41% vs24% for standard REMD),
much too little polyproline Il conformation and nearly three
times theo-/turn conformation than was sampled in standard
REMD. Inclusion of a second shell (without GB) resulted
in an even greater shift of the ensemble toward turn

no significant difference as compared to a single shell.

As described above, the MD simulations between ex-
changes in the hybrid model are performed with full explicit
solvation. We thus do not need to restrain the explicit water,
and since the solvation shells are surrounded by bulk explicit
solvent, we expect no effect on the water geometries as have
been reported when using a hybrid &8xplicit water model
for dynamics*! To test this hypothesis, we calculated the
radial distribution function for water oxygens around the
carbonyl oxygen in the central Ala2 and found that the
function obtained in the hybrid model was indistinguishable
from that in the standard REMD in the explicit solvent
(Figure S1). Since these data are obtained from the entire
set of structures, this close agreement is also a further
indicator of the similarity of the ensembles obtained using
hybrid or standard REMD.

structures. Notably, both of these shell models show a The hybrid model using G&T performed comparably to

significantly smaller average SASA than obtained with
standard REMD in the explicit solvent, consistent with a

GB®B¢when only a single shell was used, but the fistcond
shell model showed a marked reduction in thenhelix

drive toward compact conformations that reduce the water/ conformation (from 23.5% to 14.9%). This was accompanied

vacuum interface that is present without a reaction field to
surround the solvent shells.

by an increase in the average SASA. These effects with
GB"CT are even more apparent in Aland will be discussed

We next examine the data obtained from the hybrid model in more detail below.

in which GB solvation was employed in addition to shells
of explicit solvation. We note that all of these models are in

Polyalanine (Alayg). The conformational variability avail-
able to Alay s significantly greater than for alanine dipeptide
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Table 3. Data for the Central Ala5 in Blocked Ala;p?

Alazg o g p! ok SASA
explicit solvent 249 +0.8 195+0.6 395+04 84+20 11954 £ 5.6
GBOBC 67.8+ 1.8 8.3+0.7 125+ 0.8 42+0.1 1098.6 + 0.4
GBHCT 83.1+0.1 32+0.1 5.0+£0.0 23+0.1 1038.3 £ 1.6
hybrid GBOBC +Hfirst shell 35.7+6.2 17.3+£0.2 29.0£5.3 6.6 £ 0.7 1140.8 £ 4.4
hybrid GBHCT + first shell 12.3+0.2 28.3+0.3 505+1.2 21+1.1 12754 £ 2.5
hybrid GBOBC' + first shell 298+ 1.6 185+1.6 343+05 89+03 1167.8 £2.5

2 Populations of basins on the ¢/y energy landscape corresponding to alternate secondary structures are shown, along with average solvent
accessible surface areas. GBCBC refers to the hybrid model using GBOBC with slight adjustment of the Born radius on H bonded to O. Uncertainties
reflect differences between independent simulations from different initial structures. Data are discussed in the text.

or tetrapeptide. We thus performed a more stringent evalu-using mbondi radii likely arises from the use of 0.8 A for
ation of data convergence in this case to ensure that thehydrogen atoms bonded to oxygen. In the more recent
differences we observe between the different solvent modelsmbondi2 set, this value was restored to the default Bondi
are statistically significant. We performed two completely value of 1.2 A. This larger value appears to have an improved
independent REMD simulations for each of the solvent balance of hydrogen bonding of the explicit solvent to the
models, in each case starting from 2 different initial solute or to the bulk (continuum) solvent.
ensembles (fully extended or fully helical). This allows us ~ Comparison of Global Structural Properties. Our
to evaluate the influence of the solvent model within the analysis of alanine dipeptide and tetrapeptide focused on local
context of intrinsic uncertainties in each data set. backbone conformation; in the larger AdJave supplement
We also consider separately the logé) conformations this analysis with more global properties of the chain. We
and more global properties of this larger peptide, such ascalculated the end-to-end distance distributions forAila
end-to-end distance distributions and conformation cluster the 300 K ensembles obtained from each of the different
analysis. REMD simulations. In Figure 6 we show the results of the
Comparison of Local Conformational Preferenceslin 2 explicit solvent REMD simulations that were initiated from
Table 3 we show secondary structure basin populations forfully a-helical or extended conformations, respectively. A
the central Ala5 residue. Free energy surfaces for thesebroad distribution of distances is observed, suggesting that
simulations are provided in Figure S2. For the reference no particular conformation is preferred, consistent with the
standard REMD simulations in explicit solvent, the polypro- local backbone preferences for the central Ala5. Consistent
line 1l conformation is again favored with the sam@0% with the small uncertainties in thg/y basin populations,
population as we obtained for alanine dipeptide and tet- we observe that the initial conformation has essentially no
rapeptide. In comparison, both GB models show a very large effect on the distribution, indicating that the REMD simula-
bias in favor ofa-helix conformations {70—80%). tions are well-converged on this time scale. Similar behavior
Consistent with the results obtained for alanine tetra- is observed for other temperatures. As expected, standard
peptide, the GBT hybrid model favors extended conforma- MD simulations at 300 K were trapped near the initial
tions with large SASA too stronglys(and R), despite the conformation on this time scale (data not shown).
bias in favor of arn-helix for the pure GBCT simulations. In Figure 6, we show the distance distributions at 300 K
This suggests that the explicit water shell is solvated too obtained from GB REMD using the two GB models (HCT
strongly by this GB model. The GBC hybrid model shows  and OBC). In contrast to the relatively flat profiles seen in
a more balanced profile in good agreement with the full the explicit solvent REMD data, a sharp peak near 11 A is
TIP3P data. The strong bias favoring @shelix in the pure obtained using either GB model, with essentially no sampling
GBPCB¢ model is nearly completely eliminated when a single of extended conformations with end-to-end distances greater
solvent shell is retained, although some remains with than ~15—20 A, unlike the explicit solvent REMD that
approximately 10% too muct-helix present in the GB¢ shows a nearly flat distribution out te-22 A. This is
hybrid. consistent with the strong bias towasdhelix in the pure
In addition to differences in the method for calculating GB models as shown in Table 3. The bias is somewhat less
GB effective Born radii, the GBT and GBEC simulations pronounced with the GB® model than with GB®T. We
employed different intrinsic Born radii (denoted in Amber note that these differences between the various solvent
as mbondi and mbondi2 sets, respectively), consistent withmodels are much larger than the differences obtained from
recommendations for these models. To determine the relativealternate initial conformations using the same solvent model.
influence of these two differences, we repeated the calcula- In Figure 6 we also show end-to-end distance distributions
tions, swapping the GB models and radii (€8 with at 300 K obtained from REMD with the same hybrid
mbondi2, GEEC with mbondi). We found that the results variations shown in Table 3, each of which retained only
depended nearly exclusively on the set of radii and were the first shell (100 closest) water molecules combined with
less sensitive to the GB models themselves (data not shown)different GB models in the exchange calculation. When
This is consistent with the aim of the GB* model, which GBMCT was used in the hybrid model (Figure 6C), the
was designed to provide improved properties for larger distributions differ significantly from the reference explicit
systems than our current mod&MWe note that the strong  solvent REMD data, consistent with the large increase in
bias toward extended structures seen in the hybrid modelspolyproline 1l backbone conformations and average SASA
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Figure 6. Ala;p end-to-end distance distributions at 300 K
obtained in REMD using alternate solvent models (red): (A)
pure GBHCT, (B) pure GBOEC, (C) hybrid REMD with GBHCT
and mbondi radii, (D) hybrid REMD with GB®EC and mbondi2
radii (H° = 1.2 A), and (E) hybrid REMD with GBBC' (mbondi2
radii with H#° = 1.15 A). In each case the results are inde-
pendent of initial conformation (solid/dashed lines). Data from
standard REMD with explicit solvent are shown in each graph
for comparison (black).

for this model shown in Table 3. This bias toward more
extended conformations in the hybrid using '&&Bis also

J. Chem. Theory Comput., Vol. 2, No. 2, 20089

N

Figure 7. Representative structures for the most populated
clusters in 300 K ensembles obtained using various solvent
models. (A) Very similar P, structures are obtained from 2
independent standard REMD simulations with explicit solvent,
initiated in extended and fully helical conformations. (B)
Comparison of structures from GBCBC and TIP3P. GB©BC
prefers a-helical conformations, in disagreement with explicit
solvent simulations. (C) Using GBB<" with the hybrid model
provides structures in close agreement with standard REMD
in TIP3P. Terminal residues were not included in the cluster
analysis.

does not affect the pure GB calculations since;Al@s no
H bonded to O.

The GB’2¢ hybrid model showed improved agreement
with the pure TIP3P data, with all basin populations within
5% of the standard explicit solvent REMD. Some slight bias
favoring ana-helix at the expense of some polyproline I
conformation remains in this model and will be the subject
of future investigation. We repeated the simulations of
alanine dipeptide and tetrapeptide using this modified radius
and found that the populations (Table S2) remained in good
agreement with standard REMD with explicit solvent.

Since the backbone conformation populations suggest that
the R, basin is the global free energy minimum in both the

consistent with what we observed for alanine tetrapeptide standard explicit solvent and the hybrid solvent models

(Table 2).

(Table 3 and Figure S2), we performed cluster analysis to

We next analyzed the distributions obtained from the determine the extent to which this local preference was

GBOCEBC hybrid model (Figure 6D). In this case, much better

reflected in the conformation of the entire polymer chain.

agreement with the reference data is seen than with eitherOnce again we compare results from independent ensembles

GBOCEC alone or the explicit/GB®T hybrid. However, the

generated by REMD with different initial conformations to

sampling of the most extended conformations (longest end-ensure the convergence of our data.

to-end distances) is slightly reduced in the hybrid REMD
simulations.

The most populated cluster for Akat 300 K in both
standard explicit solvent REMD runs was an extendgd P

The good convergence of our data suggested the possibilityconformation (over 98% of the local backbone conformations

of using it for minor empirical adjustment of the mbondi2
values for use with the GBC hybrid model. We adjusted
the radii of hydrogen bonded to either N or O by 0.05 A.
Modification of H on N had little effect on the resulting

in this cluster are B, data not shown). This fully Pcluster
comprised~20% of the overall ensemble in both explicit
solvent simulations (19.5% vs 21.2%). Representative struc-
tures for the clusters obtained from the independent simula-

distributions (data not shown), but reduction of the radius tions differed by only 1.3 A in backbone RMSD (Figure 7A).

of Hon O from 1.2 to 1.15 A (GBE®) resulted in an end-

Once again, the high level of consistency between the data

to-end distance distribution in improved agreement with sets and independence of not only the conformation but also
standard explicit solvent REMD data (Figure 6E and Table the absolute population of the clusters give us confidence in
3). This slight reduction in the hydrogen radius is consistent the converged nature of our data. The relatively low

with the increased electronegativity of oxyg@his change

population of this cluster in both simulations is also consistent
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with the broad distribution of end-to-end distances (Figure . A B o |C 30

6). A more detailed analysis of the ensemble of structures _ »s 9 I—'g [— R*=093 Jas _
sampled by Alg will be presented elsewhere, but this g% 20 2 Srla 4202
preference for P conformations is consistent with the EE’L 15 Z 18r 1158
experimental and simulation reports described previously. & ”5’ . 15F ;;";
As was demonstrated with the analyses presented above,  (##ie1.1.1.1. © RN AT .'(9
the pure GBST and GEP®® REMD simulations do not 0 S Pt 0 0 2 povaiations > 0 0 @ Poplations
reproduce the data obtained in the explicit solvent, nor are TIP3P Runl TIP3P Runs 1&2 TIP3P Runs 1&2

they consistent with experimental data. The most populated Figure 8. Cluster populations at 300 K from REMD for TIP3P
cluster in both cases is fulkyg-helical (Figure 7B shows the  Runl vs Run2 (A), TIP3P Runs 1&2 vs GB©BC Runs 1&2 (B),
GBPBC structure), comprising-48% of the overall ensemble and TIP3P Runs 1&2 vs hybrid GB98C Runs 1&2. High
for GB"CT and 25.4% for GBEC, This analysis is consistent  correlations between individual TIP3P simulations and be-
with the a-helical bias apparent in the Ramachandran free tween TIP3P and hybrid simulations are observed, with the
energy surfaces shown in Figure S2. difference in the largest cluster in (C) corresponding to an

We next performed cluster analysis on the ensembles®&Tor in free energy of only 0.15 kcal/mol. No correlation
obtained with the GBEC hybrid model with modified between TIP3P and GB©EC is observed; note also in plot (B)
mbondi2 radii. Consistent with the standard explicit solvent that the largest cluster in each solvent model has very low
REMD runs, the most populated cluster at 300 K was also PoPulation in the other model (indicated by arrows).

an extended Pconformation. Representative structures were ggch (20%) has less than 2% population in the other model.
within 1.5 A backbone RMSD from those obtained in the - nych better results are obtained from the@8hybrid data,
explicit solvent (Figure 7C), again suggesting that the hybrid \ith a correlation coefficient of 0.935 with the standard
model is able to capture the dominant effects of the explicit T\p3p REMD data (Figure 8C). All clusters larger than 5%
solvent in the exchange calculation despite the need for manyave the same rank order in the two models. There is a
fewer replicas. relatively small difference in the size of the single cluster
Since the most populated clusters were in close agreementhat is the largest for both models (1£@6% and 20.20.9%
between both TIP3P REMD simulations and the B for hybrid and standard TIP3P REMD, respectively). This
hybrid model, we compared the populations of all clusters corresponds to an error of only 0.15 kcal/mol for the free
observed. Smith et al. show&dthat cluster analysis of  energy of this cluster between the two models, compared to
simulations was a much more stringent test of convergencethe 0.05 kcal/mol difference obtained between data sets from
than other measures that they tested, including energy,the same model. For comparison, the error in the free energy
RMSD, or diversity of hydrogen bonds sampled. This was of this conformation using GB was more than 10 times larger
particularly useful when analyzing coordinate sets obtained (1.6 kcal/mol).
by merging two independent trajectories. They examined the  Since the standard explicit solvent REMD and hybrid
5 ns dynamics of an 11-residue peptide and showed that thesplvent using GBBC have the same most populated cluster,
two trajectories sampled essentially none of the same clustersye investigated the time scale required for each model to
We adapted this approach to our analysis, but we adopt this conformation as the dominant member of their
emphasize not only just the existence of conformation ensemble. This is important since the standard REMD
families in two data sets but also the fractional population simulation employed many more replicas, possibly facilitat-
of each cluster in 300 K ensembles sampled in independenting an earlier location of the Pconformation that would
simulations. All trajectories from TIP3P REMD, GB° then be adopted in the lowest temperature ensembles. In
REMD, and hybrid GB®© simulations were combined, and  Figure 9 we show the fractional size of this cluster in the
the resulting data set was clustered. A total of 44 clusters structures sampled as a function of time for the standard
contained 99% of the structures; the fraction of the ensembleREMD and the hybrid REMD, including data from both
corresponding to each cluster was calculated for each REMDinitial conformations in each model. Data are shown at 300
simulation. We compared the population of each cluster in K, and the first 5 ns were discarded in each case to remove
the different ensembles, including those generated with thebiasing of the populations by the initial conformations that
same or different solvent models. were not sampled at later points. The level of agreement is
First we evaluated the convergence of our standard REMD impressive; the long-time averages for both simulations of
simulations with TIP3P by comparing cluster sizes between the 2 models are al-20%, with convergence to this value
the independent runs with different initial conformations occurring at approximately 5 ns in all cases (in addition to
(extended and fullyo-helical). Not only were the same the 5 ns that were discarded).
conformations sampled in each run (28(89%), but the
populations of clusters in each ensemble were highly Conclusions
correlated (Figure 8AR?>=0.974 and a slope of 1.02). This  We introduced a new variant of replica exchange molecular
indicates that the relative population of each structure type dynamics in which simulations are performed with a fully
is highly converged in these data sets. explicit representation of the solvent, but those solvent
In stark contrast, when the TIP3P and @Bensembles  molecules beyond the first solvation shell are replaced with
are compared, no correlation between cluster populations isa continuum description only for the purpose of calculating
observed (Figure 8BR*=0.075), and the largest cluster in the exchange probability. This reduces the effective system
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80 . g . T ' | underlying protein force field parameters. Ensembles from
— TIP3P Runl standard REMD in the explicit solvent were considered the
— TIP3P Run2 standard, and convergence of this data set was validated by

60 - gig;;g Eﬁﬁ; - a high correlation®2=0.974) between the fractional popula-

tions of conformation families in simulations initiated with
completely different initial structure ensembles. While a
broad distribution of conformations was sampled, the pre-
dominant cluster for Alg adopted a | structure. This
preference is consistent with reported experimental and
computational results for short polyalanine peptitfes.

Simulations using the hybrid model with GB* were in
excellent agreement with the reference data for local
backbone conformations, end-to-end distance, SASA, and
populations of each conformation family in the ensemble.
The difference in population in the largest cluster indicates
that the hybrid model introduced an error of less than 0.2
kcal/mol in free energy while reducing the computational
expense by a factor of 5.

In contrast, REMD using only the GB models provided

% Population
.
=

[
=

05000 10000 15000 20000 25000
Number of Exchange Attempts

Figure 9. Population of the cluster corresponding to poly-

proline 1l helix (Figure 7) as a function of time for REMD

simulations in explicit solvent, with the 2 independent simula-

tions using the full system energy in the exchange calculation

shown in black/red and the GB©BC hybrid shown in green/
blue. At ~5 ns, all four simulations converge to a population
of 16—20% (the largest cluster in each of the ensembles),
with a slightly lower population in the hybrid models that is
consistent with Figure 8C.

ensembles that bore no resemblance to the reference data,
with the GB ensembles incorrectly dominated dhelical
conformations. This may be indicative of general errors in
these GB models, or they may arise from neglect of the

structure in the first solvation shells of the peptide. Mezei

size governing the number of replicas required to span aet al. recently reportéél free energy calculations using
given temperature range and therefore significantly reducesexplicit solvent, showing that solvation strongly favors the
the computational cost of REMD simulations. This approach P, conformation over an-helix. Solvation free energy was
is similar in spirit to hybrid explicit/continuum models that shown to be highly correlated with the energy of interaction
have been proposed for use during each step of MD between the peptide and its first solvation shell.
simulation; in the present case, however, the solventis fully |t is important to note that several challenges remain for
explicit during the dynamics, and no restraints are neededmore general use of the proposed hybrid approach. In
to maintain a solvation shell. However, since the Hamiltonian particular, the present work studied the effects on alanine-
used for the exchange differs from that employed during based peptides. Future studies should be performed on other
dynamics, these simulations are approximate and are notsequences with a more diverse representation of functional
guaranteed to provide correct canonical ensembles. It isgroups in the side chains. In particular, it will be important
important to determine the extent to which this approximation to determine whether the hybrid model is able to overcome
affects the resulting ensembles; in this article we introduce known issues with GB models and ions pair interactions.
the method and investigate some of these effects on severairhe inclusion of explicit counterions in the exchange
short alanine-based peptides. calculation may also be problematic. Additionally, we

Recently, another approach to reducing the number of demonstrated that inclusion of a single shell of explicit water
replicas required for explicit solvent REMD simulations was was sufficient for alanine dipeptide and analine tetrapeptide.
proposed* in which the waterwater interaction energy was  In both cases similar results were obtained using one or two
temperature-dependent. That study employed alanine dipepshells, but we were unable to perform these comparisons
tide as a model to show that their less computationally for Ala;o. Although our approach reduces the number of
demanding method provided a similar ensemble to that replicas required for REMD, the simulations are still fully
obtained with the standard REMD. In the present work we solvated during each step of MD and obtaining well
show that alanine dipeptide conformations are nearly insensi-converged data requires a significant investment of compu-
tive to the solvent models that we tested, with results from tational resources.
the full explicit solvent, two different GB models, and several The results obtained from these model systems provide
hybrid models all providing similar ensembles. In contrast, additional evidence that explicit representation of water in
several of these models provided ensembles for the longerthe first solvation shell can significantly improve the
peptides that were in significant disagreement with the performance of the GB continuum models, providing data
standard REMD in the explicit solvent, indicating that larger similar to standard REMD with a fully explicit solvent but
model systems should be included in evaluation of solvent gt g greatly reduced cost. This reduction in computational
models. requirements can enable simulations on longer time scales

We further tested the method by calculation of confor- for the same system size or permit application of REMD to
mational ensembles of Alausing the TIP3P explicit solvent  the study of much larger systems. We also showed that use
model, two GB models available in Amber, and hybrid of one or two explicit solvent shells alone was inadequate
variants using TIP3P and each GB model, all using the sameand that adding a reaction field was essential for obtaining
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reasonable results. Adaptation of this method to other
continuum models (such as the more rigorous PB) should
be straightforward. Since the continuum solvent is only used
for the infrequent exchange calculations, models that are too
complex for use at each step of dynamics can be readily
employed.

Acknowledgment.  The authors thank Adrian Roitberg
for helpful feedback, John Mongan and Alexey Onufriev for
valuable discussions concerning the GB models, and Guan-
glei Cui for help with Amber REMD. Roberto Gomperts
provided important code optimizations for Amber. Super-
computer time at NCSA (NPACI MCA02N028) and finan-
cial support from the National Institutes of Health (NIH
GM6167803) and Department of Energy (Contract DE-
AC02-98CH10886) are gratefully acknowledged. Additional
computer time was generously provided by the SGI Engi-
neering group. C.S. is a Cottrell Scholar of Research
Corporation.

Supporting Information Available: Basin popula-
tions for Ala and Ala using hybrid GBBC, free energy
profiles for backbone conformations in Ala5 for Adaradial
distribution functions for water near AJaand ranges for
definition of secondary structure basins. This material is
available free of charge via the Internet at http://pubs.acs.org.

References

(1) Tai, K. Biophys. Chem2004 107 (3), 213-220.

(2) Roitberg, A.; Simmerling, CJ. Mol. Graphics Modell2004
22 (5), 317-317.

(3) Hansmann, U. H. EChem. Phys. Lett1997 281 (1-3),
140-150.

(4) Swendsen, R. H.; Wang, J.Bhys. Re. Lett.1986 57 (21),
2607-2609.

(5) Tesi, M. C.; vanRensburg, E. J. J.; Orlandini, E.; Whittington,
S. G.J. Stat. Phys1996 82 (1-2), 155-181.

(6) Sugita, Y.; Okamoto, YChem. Phys. Lett1999 314 (1—
2), 141-151.

(7) Metropolis, N.; Rosenbluth, A. W.; Rosenbluth, M. N.;
Teller, A. H.; Teller, E.J. Chem. Phys1953 21, 1087
1092.

(8) Feig, M.; Karanicolas, J.; Brooks, C. . Mol. Graphics
Modell. 2004 22 (5), 377395.

(9) Garcia, A. E.; Sanbonmatsu, K. Proteins: Struct., Funct.,
Genet.2001, 42 (3), 345-354.

(10) Garcia, A. E.; Sanbonmatsu, K. Proc. Natl. Acad. Sci.
U.S.A.2002 99 (5), 2782-2787.

(11) Karanicolas, J.; Brooks, C. Proc. Natl. Acad. Sci. U.S.A.
2003 100 (7), 3954-3959.

(12) Pitera, J. W.; Swope, WProc. Natl. Acad. Sci. U.S.R2003
100 (13), 7587 7592.

(13) Sugita, Y.; Kitao, A.; Okamoto, YJ. Chem. Phys200Q
113 (15), 6042-6051.

(14) Zhou, R.; Berne, B. J.; Germain, Rroc. Natl. Acad. Sci.
U.S.A.2001, 98 (26), 14931-6.

Okur et al.
(15) Kinnear, B. S.; Jarrold, M. F.; Hansmann, U. HJEMol.
Graphics Modell.2004 22 (5), 397-403.

(16) Roe, D. R.; Hornak, V.; Simmerling, G. Mol. Biol. 2005
352(2), 370-381.

(17) Rathore, N.; Chopra, M.; de Pablo, JJ.JChem. Phy2005
122 (2), 024111.

(18) Fukunishi, H, W. O., Takada, S. Chem. Phys2002 116
(20), 9058-9067.

(19) Cheng, X. L.; Cui, G. L.; Hornak, V.; Simmerling, Q.
Phys. Chem. R005 109 (16), 8226-8230.

(20) Kofke, D. A.J. Chem. Phys2002 117 (15), 6911-6914.

(21) Sugita, Y.; Okamoto, YChem. Phys. Let200Q 329 (3—
4), 261-270.

(22) Mitsutake, A., S. Y., Okamoto, Y. Chem. Phy2003 118
(14), 6664-6688.

(23) Jang, S.; Shin, S.; Pak, Phys. Re. Lett. 2003 91 (5),
58305.

(24) still, W. C.; Tempczyk, A.; Hawley, R. C.; Hendrickson, T.
J. Am. Chem. So0d.99Q 112 (16), 61276129.

(25) Nymeyer, H.; Garcia, A. EProc. Natl. Acad. Sci. U.S.A.
2003 100 (24), 13934-13939.

(26) Zhou, R.; Berne, B. Proc. Natl. Acad. Sci. U.S.£2002
99 (20), 1277782.

(27) Zhou, R.Proteins2003 53 (2), 148-61.

(28) Simmerling, C.; Strockbine, B.; Roitberg, A. Am. Chem.
Soc.2002 124 (38), 11258.

(29) Ghosh, A.; Rapp, C. S.; Friesner, R. A.Phys. Chem. B
1998 102 (52), 10983-10990.

(30) Srinivasan, J.; Cheatham, T. E.; Cieplak, P.; Kollman, P.
A.; Case, D. AJ. Am. Chem. S0d.998 120(37), 940+
94009.

(31) Luo, R.; David, L.; Gilson, M. KJ. Comput. Chen2002
23(13), 1244-1253.

(32) Jeancharles, A.; Nicholls, A.; Sharp, K.; Honig, B.; Tempc-
zyk, A.; Hendrickson, T. F.; Still, W. CJ. Am. Chem. Soc.
1991, 113 (4), 1454-1455.

(33) Alper, H.; Levy, R. MJ. Chem. Physl993 99 (12), 9847
9852.

(34) Beglov, D.; Roux, BBiopolymers1995 35 (2), 171-178.

(35) Beglov, D.; Roux, BJ. Chem. Physl994 100(12), 9056~
9063.

(36) Brooks, C. L.; Brunger, A.; Karplus, MBiopolymers1985
24 (5), 843-865.

(37) Brooks, C. L.; Karplus, MJ. Chem. Phys1983 79 (12),
6312-6325.

(38) Kentsis, A.; Mezei, M.; Gindin, T.; Osman, Rroteins:
Struct., Funct., BioinformaticR004 55 (3), 493-501.

(39) King, G.; Warshel, AJ. Chem. Phys1989 91 (6), 3647~
3661.

(40) Lee, M. S;; Olson, M. AJ. Phys. Chem. R005 109 (11),
5223-5236.

(41) Lee, M. S.; Salsbury, F. R.; Olson, M. A.Comput. Chem.
2004 25 (16), 19671978.

(42) Das, B.; Helms, V.; Lounnas, V.; Wade, R. €. Inorg.
Biochem.200Q 81 (3), 121-131.



Hybrid Solvation Models

(43) Topol, I. A.; Tawa, G. J.; Burt, S. K.; Rashin, A. A.Chem.
Phys.1999 111 (24), 10998-11014.

(44) van der Spoel, D.; van Maaren, P. J.; Berendsen, H.J. C.
Chem. Phys1998 108 (24), 10226-10230.

(45) Vorobjev, Y. N.; Hermans, Biophys. Chem1999 78
(1—2), 195-205.

(46) Errington, N.; Doig, A. JBiochemistry2005 44 (20), 7553~
8.

(47) Groebke, K.; Renold, P.; Tsang, K. Y.; Allen, T. J.; McClure,
K. F.; Kemp, D. S.Proc. Natl. Acad. Sci. U.S.A996 93
(9), 4025-9.

(48) Marqusee, S.; Robbins, V. H.; Baldwin, R. Broc. Natl.
Acad. Sci. U.S.A1989 86 (14), 5286-5290.

(49) Maison, W.; Arce, E.; Renold, P.; Kennedy, R. J.; Kemp,
D. S.J. Am. Chem. So@001, 123 (42), 10245-54.

(50) Heitmann, B.; Job, G. E.; Kennedy, R. J.; Walker, S. M.;
Kemp, D. S.J. Am. Chem. So@005 127 (6), 1690-704.

(51) Chen, K.; Liu, Z. G.; Kallenbach, N. Froc. Natl. Acad.
Sci. U.S.A2004 101 (43), 15352-15357.

(52) McCaoll, I. H.; Blanch, E. W.; Hecht, L.; Kallenbach, N. R.;
Barron, L. D.J. Am. Chem. So2004 126 (16), 5076~
5077.

(53) Shi, zZ. S.; Olson, C. A.; Rose, G. D.; Baldwin, R. L
Kallenbach, N. RProc. Natl. Acad. Sci. U.S.£2002 99
(14), 9196-9195.

(54) Asher, S. A.; Mikhonin, A. V.; Bykov, S]. Am. Chem. Soc.
2004 126 (27), 8433-8440.

(55) Mezei, M.; Fleming, P. J.; Srinivasan, R.; Rose, G. D.
Proteins: Struct., Funct., Bioinformati@)04 55 (3), 502~
507.

(56) Garcia, A. EPolymer2004 45 (2), 669-676.

(57) Hawkins, G. D.; Cramer, C. J.; Truhlar, D. Ghem. Phys.
Lett. 1995 246 (1—-2), 122-129.

(58) Feig, M.; Onufriev, A.; Lee, M. S.; Im, W.; Case, D. A;
Brooks, C. L.J. Comput. Chem004 25 (2), 265-284.

(59) Onufriev, A.; Bashford, D.; Case, D. A. Phys. Chem. B
200Q 104 (15), 3712-3720.

(60) Kofke, D. A.J. Chem. Phys2004 121 (2), 1167-1167.

J. Chem. Theory Comput., Vol. 2, No. 2, 20083

(61) Cornell, W. D.; Cieplak, P.; Bayly, C. |.; Gould, I. R.; Merz,
K. M.; Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.;
Caldwell, J. W.; Kollman, P. AJ. Am. Chem. Sod.995
117 (19), 5179-5197.

(62) Wang, J. M.; Cieplak, P.; Kollman, P. A. Comput. Chem.
200Q 21 (12), 1049-1074.

(63) Hornak, V.; Simmerling, C. Manuscript in preparation.

(64) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey,
R. W.; Klein, M. L. J. Chem. Phys1983 79, 926-935.

(65) Case, D. A.; Cheatham, T. E.; Darden, T.; Gohlke, H.; Luo,
R.; Merz, K. M.; Onufriev, A.; Simmerling, C.; Wang, B.;
Woods, R. JJ. Comput. Chen005 26 (16), 1668-1688.

(66) Ryckaert, J. P.; Ciccaotti, G.; Berendsen, H. JJCComput.
Phys.1977, 23 (3), 327-341.

(67) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W.
F.; Dinola, A.; Haak, J. RJ. Chem. Phys1984 81 (8),
3684-3690.

(68) Simmerling, C.; Elber, R.; Zhang, J., MOIL-View A
Program for Visualization of Structure and Dynamics of
Biomolecules and STO- A Program for Computing
Stochastic Paths. IModelling of Biomolecular Structures
and Mechanism<Pullman et al., A., Ed.; Kluwer Academic
Publishers: Netherlands, 1995; pp 24%65.

(69) Darden, T.; York, D.; Pedersen, L.Chem. Physl993 98
(12), 10089-10092.

(70) Bondi, A.J. Phys. Chem1964 68 (3), 441-451.

(71) Tsui, V.; Case, D. AJ. Am. Chem. SoQ00Q 122 (11),
2489-2498.

(72) Ponder, J. W.; Richards, F. M. Comput. Cheml987, 8
(7), 1016-1024.

(73) Smith, L. J.; Daura, X.; van Gunsteren, W. Foteins:
Struct., Funct., Gene2002 48 (3), 487-496.

(74) Liu, P.; Kim, B.; Friesner, R. A.; Berne, B. Proc. Natl.
Acad. Sci. U.S.A2005 102 (39), 13749-13754.

(75) Shi, Z.; Woody, R. W.; Kallenbach, N. Rdv. Prot. Chem.
2002 62, 163—240.

CT050196Z



