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Replica Exchange with Solute Tempering: Efficiency in Large Scale Systems
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We apply the recently developed replica exchange with solute tempering (REST) to three large solvated
peptide systems: am-helix, af-hairpin, and a TrpCage, with these peptides defined as the “central group”.

We find that our original implementation of REST is not always more efficient than the replica exchange
method (REM). Specifically, we find that exchanges between folded (F) and unfolded (U) conformations
with vastly different structural energies are greatly reduced by the nonappearance of the water self-interaction
energy in the replica exchange acceptance probabilities. REST, however, is expected to remain useful for a
large class of systems for which the energy gap between the two states is not large, such as weakly bound
protein—ligand complexes. Alternatively, a shell of water molecules can be incorporated into the central
group, as discussed in the original paper.

The replica exchange method (REM) has become very the water molecules usually vastly dominates the other terms,

popular in the sampling of biomolecular systeln$However, that is, |Eppl, |Epwl << |Ewwl-
the REM is restricted to relatively small systems, since the  The main disadvantage of the REM is that the system size
required number of replicas scales @9, wheref is the causes the required number of replicas to increase rapidly,

number of degrees of freedom in the systeifo overcome roughly asO(f 12), wheref is the number of degrees of freedom
this problem, we recently introduced replica exchange with in the system. However, the presence of the water self-
solute tempering (RES¥Yor all-atom simulations in explicit interaction energyEyw, has two previously underappreciated
water. In our original study, we tested REST on an alanine benefits: (i) Changes i,y are partially compensated by
dipeptide dissolved in explicit water, a system with about 1500 opposite changes iBww, Since both the magnitude &, and
atoms, and suggested that the required number of replicas nowthe number of water molecules near the protein surface are
scales a®(f,'?), wheref, is the number of degrees of freedom  roughly proportional to the protein surface area. This follows
in the central group. In addition, we suggested that the speedupfrom conservation of the number of water molecules, since those
versus the REM, in terms of converging to the correct underlying not on the protein surface are by definition in the bulk, where
distribution, isO(\/f/_fp). In the current study, we broaden the they have stronger average interactions with other water
application of REST to three large solvated peptide systems molecules. (ii) Large spontaneous fluctuationgig, promote
(a-helix, S-hairpin, and TrpCage) to offer an assessment of the €xchanges between energetically disparate folded (F) and
efficiency of REST. unfolded (U) conformations at different temperature levels. This
Imposing detailed balance on the standard temperature replicas relevant for systems where the average structural energies of
exchange (REM)2 operation results in the acceptance criterion folded (F) and unfolded (U) protein conformations are vastly
different at neighboring temperatures, thatAg|[E,, + Epwldn

. 1 if Ay =0 — [Epp + EpwEm| > 1. While E,w may reduceA,m somewhat,
a(i—f) = expA,y ifA,L>0 @) as described above, it is often the fluctuations in the water self-
interaction energy that make exchanges between energetically
whereAnm = ABAE, AB = 1(KT,) — 1/(KTy), AE = E(X) — disparate conformations possible, that is,

E(Xm), andE(Xy) is the potential energy of the system for the
nth replica with configurationX,. For a protein system, the |y, + Ep L, — D, + Epli gl <

energy is composed of three terms: 0un(Egm) T O m(Eg) (3)
E(X) = Epp(X) + Epu(X) + E(X) )

whereEy,, Epw, andEy, are, respectively, the internal energy

of the protein, the interaction energy between the protein and we modified the potential eneray surface according to
water, and the self-interaction energy of the water molecules. P 9y 9

Properly solvating a protein system typically requires several 8.+ f B
. i 7 0 0
thousand water molecules; hence, the self-interaction between En(X) = E,,(X) + T“‘] Epu(X) + ﬂ_ E.X (4)
m m
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To counter the poor scaling of the REM with system size,
we recently introduced a new versfaf the REM, called REST.
In this more general Hamiltonian replica exchange method,
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replica exchange acceptance criterion. Herklg,= E(X,) — this by including the first few solvation shells of water around
E(Xm), where the effective energy is given ByX) = Eyp(X) + the protein in the central group. However, as discussed in our
(Y2)Epw(X). As demonstrated in our original pagethis reduces original pape# the overhead for managing the associated
the required number of replicas @(f,'/?), wheref, is number neighbor list may outweigh the benefits. In addition, the number
of degrees of freedom in the central group. Our initial approach of degrees of freedom in the central group would increase as a
emphasized the case where only the protein is included in theresult of the included water molecules.

central group, but we also discussed the possibility of including

waters in the central group. The physical motivation for REST Results

is that the water is already pliable at low temperatures and thus
fast ensemble dynamics with “heated” water, that is, water
configurations that are sampled according to{exfEw(Xn)},

We have used the molecular dynamics program $IM,
developed in our group, to investigate three solvated protein

as in the REM, is overshadowed by the need for substantially g’sltgz; fas dfe.sltggt;edthbelowt. .In ezctu c;\;t,\a/iEwe fﬁrgggy the
more replicas. For systems where the unfolded structures vary orce fiela~or the protein and the me

greatly and large conformational changes are required, however,for the electrostatic interactions. After a 200 ps equilibration

standard REM sampling may be preferable. Sampling of folded simulation, starting from the native structure of each system,

structures should be nearly equivalent in the REM and the RESTaII ;epllcas.t\r/]vere S|rr;ula§eﬂbfor > Ts (3 nsh for tﬂehalrplno 4
method, since the conformational changes are generally small>Ys em), with nearest neighbor replica exchanges every 0.4 ps

and the Hamiltonians approach each other at low temper:’:ltures.(every ,2 ps fgr the-helix). . . .
In this section, REST refers to the particular implementation

Contrary to our earlier observati@nyhen the central group > .
(p) only includes the protein, REST does not always have a of REST where only the protein is included in the central group

. . ().
speedup relative to the REM &f(,/f/f;). Rather, we find that , , 4 , . ,
REST is extremely inefficient in certain cases. For this reason, a-Helix. The a-helix 3K(l)*is a 16-residue peptide with

we have not sought to assess the decidedly secondary issue th;?misr?zgllsjear;gec ;‘AégaﬁmléAﬁ]gAﬁnﬁé Trr:ﬁj 2 rzgdeg[i-vel
the convergence rate of this implementation of REST versus pp groups, resp Y

the REM. Instead, we examine the deficiencies in the current Zggititgr? tct)htrhe;x-H;:Qethrsssliizjjztiiaebgﬂ hzoss'ztglzezlysiﬂ]a:;gegihtm
REST implementation and when they might be important. ’ ple p

Significantly, we believe that many of the applications envi- charge (SPCy water moleculgs andl three .counterlons*()CI
sioned in our original studysuch as weakly bound protein about 7700 atoms in total. Six replicas with temperatures of
ligand systems, remain unaffected 310, 330, 365, 400, 441, and 488 K were used to generate
We attribute’ the observed inéfficiency of our original acceptance ratios ranging from 15 to 30%. Eaph replica was
implementation of REST, with only the protein in the central simulated for 5 ns, with nearest neighbor replica exchanges

- : attempted every 2 ps.
group (p), to the removal of the full water self-interaction energy, VAR . 1
Eww, from the acceptance probability. Specifically, systems for The distributions of the effective energip, + (72)Epw, at

which the folded (F) and unfolded (U) conformations have vastly 'fpﬁ silx differentltempsratures arze SOT_OW_T) in_ panel a Of. F;]gburg L
different effective energies, that i8,8|Eyp + (2)Epudn — e large overlaps between the distributions at neighboring

temperatures translate to generous acceptance ratios ranging
Epp + (Y2)EpwlEml > 1, now present an obstacle. If the 0 . ;
fluctuations in the effective energy are substantially smaller than from 15 to 30%, as mentioned above. In panel b of Figure 1,

the size of the effective energy barrier, that is we display the temperature trajectories of four replicas and
' ’ observe that they exhibit random walks spanning the whole

|[ﬁ;@n — [ﬁ;@ o >0y n(E) + op m(E) (5) temperature regime during the 5 ns simulation. This indicates
' ' ' ’ that all ensembles exchange properly with each other. In
then exchanges between folded and unfolded conformations af~igure 2, we show the root mean square deviation (RMSD) of
different temperature levels become very infrequent. The failure the Ca. atoms from the ideal helix as a function of the
to exchange folded and unfolded conformations causes thesimulation time and observe that, even at 310 K, the system
following symptom: When all replicas are started from a folded Samples both the folded (RMSD-3 A) and unfolded (RMSD
configuration, replicas at high temperatures unfold and replicas 9~
at low temperatures stay permanently folded. Some replicas at? A) states with high frequency.
intermediate temperatures may sample both folded and unfolded The temperature and RMSD curves demonstrate that the
conformations, but will exclusivelgxchangavith the same type ~ replicas exchange properly and thus, since REST satisfies
of conformation. detailed balance, the replica at 310 K will eventually sample
To provide insight into the role of the bath in replica the distribution of interest.
exchange, we investigate an implementation of REST in which ~ f-Hairpin. The C-terminugs-hairpin of protein G contains
a randomly chosen subset of the water molecules are included16 residues with the sequence GEWTYDDATKTFTVTE. We
in the central group, in addition to the protein. Wiy water have capped it with the normal Ace and Nme groups, for a total
molecules in the central group, this leaWs= N — N, waters of 256 atoms. As this protein has been studied intensively with
in the bath (w). We believe that the optimal number of water the REM by Zhou et a7 also using the OPLSAA force
molecules in the central groulp, is the minimum number that  field,’® we will use their results as a reference for REST on
allows frequent exchanges between energetically disparatethis system. In addition to thg-hairpin, the simulation box
folded (F) and unfolded (U) conformations at different temper- contains 1361 SPC water molecules and 3 counterion$)(Na
ature levels. That may still be substantially smaller than the for a total of 4342 atoms. Each replica was simulated for 3 ns,
total number of water molecules and thus represent a significantwith nearest neighbor replica exchanges attempted every
improvement over the REM. 0.4 ps.
A final thought is to capture more of the compensating power  With 18 replicas in the temperature range from 310 to
of the water self-interaction enerdg,w, without introducing a 684 K, we obtained appreciable overlaps between the distribu-
large number of additional replicas. Ideally, we would achieve tions of the effective energyEp, + (Y2)Epw, as displayed in
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Figure 1. (a) Effective energyHyp, + (2)Epw) distributions at different
temperatures for the-helix system. (b) Temperature trajectories for
four (out of six) replica walkers for the-helix system.
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Figure 2. RMS deviations of REST from the native helix versus the
simulation time for the trajectories at three temperatures (310, 400,

and 488 K).
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Figure 3. (a) Effective energyHy, + (¥2)Epw) distributions at different
temperatures for the-hairpin system. (b) Temperature trajectories for
four (out of 18) replica walkers. None of them sample the whole
temperature space.
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Figure 4. RMS deviations of REST from the native structure of the

panel a of Figure 3. The concomitant acceptance ratios aref-hairpin peptide versus the simulation time for the trajectories at three
between 20 and 50%, with the minimum value of around 20% teémperatures (310, 419, and 684 K).

achieved at 400 K. However, as shown in panel b, none of the

four replicas displayed explore the entire temperature regime 400 K. It appears that the temperature region around 400 K
during our 3 ns simulation. Indeed, some replicas only sample represents a bottleneck of some sort. This issue is illustrated
the region below 400 K, while others always stay above further in Figure 4, where we investigate the RMSD from the
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Figure 6. (a) Effective energyHy, + (¥2)Epw) distributions at different
temperatures for the TrpCage protein system. (b) Temperature trajec-
tories for 4 (out of 10) replica walkers. The temperature series is the
following: 300, 322, 345, 368, 394, 423, 455, 491, 529, and 572 K.

HBonds

Figure 5. Comparison of the free energy (in units ekT) for the TrpCage. TrpCage is a 20-residue miniprotein with the

B-hairpin at 310 K versus the number gfsheet H bondsi\fjz", and Sequgnce N‘!‘YIQV\fLKDG.GPSSGRPPPS’ deSigned by Neidigh
the hydrophobic core radius gyratioR®®. A hydrogen bond is et al!® The “native” protein s.tructure was obtained by taking
counted if the distance between two heavy atoms (N and O) is less € NMR structure (PDB ID: 1L2Y, structure 1 of the total
than 3.5 A and the angle NHO is larger than 150 (a) REM; (b) 38 NMR structures) and then subjecting it to a conjugate
REST. The standard REM results are reproduced fPooe. Natl. Acad. gradient minimization, followed by a 200 ps equilibration at
Sci. 2001 98 (26), 14931-14936. 300 K. In addition to the TrpCage, the simulation box contains
3809 SPC water molecules and one counterion)Gbr a total
native conformation at three different temperatures. At low of 11 732 atoms. With 10 replicas at 300, 322, 345, 368, 394,
temperatures, here 310 K, the hairpin stays folded, with a RMSD 423, 455, 491, 529, and 572 K, we obtained acceptance ratios
less tha 4 A during the whole simulation. At high temperatures, of around 20%, in accordance with the overlaps between the
on the other hand, here 684 K, the hairpin quickly unfolds and distributions of the effective energfy, + (Y2)Epw, displayed
then exclusively samples unfolded states with a RMSD greaterin panel a of Figure 6. Each replica was simulated for 5 ns,
than 5 A for the rest of the simulation. Hence, folded structures with nearest neighbor replica exchanges attempted every
are never sampled at high temperatures, and vice versa. At0.4 ps.
intermediate temperatures, here 419 K, both folded and unfolded The temperature trajectories of four replica walkers, neither
states with a RMSD in the range-8 A are sampled. of which manage to visit all of the temperature levels during
It appears that REST does not sample fHeairpin system the 5 ns simulation, are shown in panel b of Figure 6. We
efficiently, even though the exchange acceptance ratios are highaddress this issue from another perspective in panel a of
We verify this in Figure 5, where we compare the free energy Figure 7, where we demonstrate that only folded structures are
landscape produced by REST (b) with a REM (a) reference sampled at low temperatures, here 300 K. At high temperatures,
simulation by Zhou et &%7 Here, the free energy landscape here 572 K, folded structures are rarely sampled after a brief
at 310 K is determined as a function of the numbepaheet initial phase. Only at intermediate temperatures, here 423 K,
H bonds and the hydrophobic core radius of gyration. For easy do we observe a variety of folded and unfolded structures.
comparison, both simulations were conducted for 3 ns. Clearly, In summary, it is clear that REST does not sample the
REST only samples a small region around the folded state, while TrpCage system efficiently, as was the case forAHwirpin
the standard REM samples a much larger region of phase spacesystem.
In addition, while the REM results indicate that there is alocal ~ TrpCage with Random Central Waters. As suggested in
minimum atN;iz® = 0 andR;™®= 10 A, corresponding to an  the Introduction, we have modified our implementation of REST
unfolded structure, this region is not sampled at all in REST. to include a randomly chosen subset of water molecules in the
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Figure 7. (a) RMS deviations of REST from the native structure of the TrpCage protein versus the simulation time for the trajectories at three
different temperatures (300, 423, and 572 K). (b) Same as part a but using REST with random central water at the three temperatures (300, 408,
and 548 K) with 200 random central waters. (c) Same as part b but at 300, 412, and 558 K with 400 random central waters. (d) Same as part b but
at 300, 405, and 570 K with 1000 random central waters.

central group (p). We call this method REST with random that is, such that the number of replicas is at a minimum, yet
central waters (RESTRCW). It is characterized by the number exchanges between energetically disparate folded (F) and
of waters in the central groupl,, which are chosen at random  unfolded (U) conformations at different temperature levels are
from the simulation box at timé= 0 and stay in the central  frequent. We expect this optimal number of central water
group during the whole simulation. Here, we perform molecules to be substantially smaller than the total number of
RESTRCW simulations on the TrpCage system with the waters in the simulation box, and thus that REST with random
number of central water moleculels,, set to 200, 400, and  central waters (RESTRCW) represents an improvement over
1000. the REM. However, this improvement comes at the expense of

With 200 random central water molecules and a temperature poorer scaling with system size.
range from 300 to 568 K, we found that 16 replicas are re-
quired. The replicas at low temperatures (3d08 K) are
initially in the folded state, and the rest of the replicas start in
an extended state. We show the RMS deviations from the native  The motivation for the current study was to investigate three
structure at different temperatures in panel b of Figure 7. As New solvated protein systems-telix, 5-hairpin, and TrpCage)
the extended structures are still not sampled at low temperatured/Sing our original implementation of REST, in which only the
(up to 345 K), it is clear that the inclusion of 200 random central Protein is included in the central group. REST was designed to
water molecules is not enough. We have repeated the exerciséeduce the required number of replicas from @@"?) of the
with 400 random central water molecules and observe that theREM to O(f;*/%), wheref andf, are the number of degrees of
problem persists, as demonstrated in panel ¢ of Figure 7. Thisfreedom in the system and in the central group, respectively.
system required 18 replicas. Finally, with 1000 random central This follows directly from the modified replica exchange
water molecules, even the lowest temperature (300 K) samplesacceptance probabilifyin addition, we previously observéd
extended structures, as displayed in panel d of Figure 7.that the speedup versus the REM, in terms of converging to
However, we found that 30 replicas are required for this system, the correct underlying distribution, W@(«/ﬁ)- We have not
as the number of degrees of freedom has increased substantiallyconsistently observed this speedup in the present study. Indeed,
For comparison, a recent REM stdéyof TrpCage required we find that REST performs significantly worse than the REM
50 replicas. in certain cases.

In conclusion, we find that the inclusion of random central We confirm that REST, with the protein as the central group,
water molecules can improve the performance of REST. It is performs as expected on a solvatetielix system, in agreement
clear that there is an optimal number of central water molecules, with our earlier study of a solvated alanine dipepfittowever,

Discussion
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this implementation of REST is very inefficient on two larger do not expect this deficiency to affect REST on systems for
systems, a solvated-hairpin and a solvated TrpCage. We which the difference in the effective conformational energy,
attribute the poor performance of this implementation of REST Epp + (Y2)Epw, between the folded and unfolded states is on
to the removal of the full water self-interaction energy from the order of the fluctuations in this quantity. When present, this
the replica exchange acceptance criterion. Specifically, we find deficiency can be corrected by including a sufficient number
that exchanges between folded (F) and unfolded (U) conforma- of water molecules in the central group. In this paper, we have
tions with vastly different structural energies are greatly affected demonstrated that REST performs well on systems like the
by the removal of the water self-interaction energy. o-helix and the dipeptide. We conjecture that REST is efficient

The presence of the water self-interaction energy in the REM on systems that satisfy the above condition, such as weak
has two previously underappreciated benefits: (i) Changes in protein—ligand binding events.
the protein-water interaction are partially compensated by
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