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Abstract

Replica exchange methods have become popular tools to explore conformational space for small
proteins. For larger biological systems, even with enhanced sampling methods, exploring the free
energy landscape remains computationally challenging. This problem has led to the development
of many improved replica exchange methods. Unfortunately, testing these methods remains
expensive. We propose a Molecular Dynamics Meta-Simulator (MDMS) based on transition state
theory to simulate a replica exchange simulation, eliminating the need to run explicit dynamics
between exchange attempts. MDMS simulations allow for rapid testing of new replica exchange
based methods, greatly reducing the amount of time needed for new method development.

1. Introduction

Conformational sampling of macromolecules is one of the most important problems in
computational chemistry and biophysics. With so many algorithms being developed, it is
important to have standardized tests to compare the methods’ ability to search multiple local
minima and preserve the desired ensemble. We have developed an efficient test problem for
comparing variants of one popular type of enhanced sampling method called parallel
tempering [2] or replica exchange (RE) [3]. RE employs parallel Markov-chain [1]
simulations where, neighboring simulation states are periodically exchanged. We are
proposing a class of models called Molecular Dynamics Meta-Simulators (MDMS) for
evaluating RE methods.

RE methods use parallel replicas run at different temperatures to utilize the increased rate of
transitions between local minima in the conformational phase space at high temperatures. At
fixed time intervals, the replicas probabilistically exchange states based on their relative
energies and temperatures. The effectiveness of the methods are determined by multiple
factors. One factor is whether the increase in transitions between states observed in the
simulation(s) run at temperature(s) of interest is great enough to outweigh the cost in
additional computing hardware. RE also has the advantage of being easily parallelizable. In
cases where sufficient parallel nodes are available, RE can save wall clock time even if it is
more expensive in terms of total CPU cycles. RE has been successfully used to enhance
conformational sampling and calculate temperature dependent properties for biological
systems. [4, 5, 6, 7, 8] However, for large systems with slow transition Kinetics, standard
temperature RE simulations remain computationally expensive. Numerous methods have
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been proposed to improve the effectiveness of RE simulations. [9, 10, 11, 12, 13, 14, 15, 16,
17, 18, 19] We propose a

There currently does not exist a standardized model to compare sampling algorithms, [20]
nor does one exist for just exchange based methods. Commonly studied biological
macromolecules are large with many degrees of freedom where RE methods become
computationally expensive. Short peptides, like poly-Alanine chains, are computationally
efficient, but their simple topologies may mask complications. New methods developed on
such peptides may not be transferable to larger, biologically relevant systems. It is important
to compare algorithms on a standardized model in order for rational choices to be made in
method selection. Our model can be run on a standard desktop machine allowing for a fast
comparison of many algorithms. MDMS can also be tuned to better approximate a particular
system of interest for an effective comparison before running large-scale simulations. While
we present a simple example in this letter, MDMS is flexible enough to readily admit
complicated systems with many local minima and degrees of freedom.

Any test problem must be computationally cheap enough to allow for rapid testing of
multiple algorithms, have a tractable metric to compare sampling efficacy, yet retain enough
physical detail to be relevant to practical simulations. MDMS abstracts away the dynamics
of a simulation between successive exchanges. At any given exchange attempt, the only
important factors are model’s discrete state and the energy. MDMS represents the state of
the model by discretizing conformational space into /7 local minima. We use a locally-
harmonic energy approximation to generate a continuous distribution of energies when the
system is in state / The total energy of the system is the sum of the energy of the local
minimum, £; and the energy of a system of harmonic oscillators. The resulting energy
distribution is independent of the choice of specific harmonic energy function and is
functionally defined by the number of degrees of freedom and one parameter, the
determinant of the harmonic energy matrix.

This model can be classified as an extension to the two-state Kinetic network model
introduced by Zheng et al. [23, 24]. The current model allows building a system with an
arbitrary number of states with explicitly defined free energy landscape and barriers between
minima. Since all energy values and barriers are user defined, a realistic landscape with
different intermediate states and folding pathways can be easily created and simulated.
Defining only two minima with a single barrier will simplify the kinetics to the described by
Zheng et al. [23, 24]. A more flexible energy landscape is essential to be able to test
advanced RE methods such as reservoir RE [14, 17] where multiple free energy minima are
required to construct a realistic reservoir. We do note, however, that our presentation here
only includes linear activation entropy functions restricting each transition to only Arrhenius
or anti-Arrhenius behavior. The model is easily extendable to non-linear entropy functions
to recover the folding behavior in Zheng et al. [23].

The model we propose is a new tool that will greatly decrease the amount of time between
new RE method idea and practical code. Using this model, a developer can test several new
RE methods in the space of an afternoon, compare new methods to to existing algorithms,
and make informed decisions for which methods should be coded into a full molecular
dynamics software such as CHARMM [21] and AMBER [22]. This model will also allow
for further analytical investigation of current and new RE methods.
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2. System Definition and Basic Properties

2.1. Assumptions

The goal in developing MDMS is to abstract away the dynamics between exchanges,
allowing for faster simulations. MDMS uses the concept of a model system that is well
approximated by a number of locally harmonic states separated by finite energy barriers.
MDMS assumes essentially instant equilibration within each energy well. With this
approach, MDMS is not able to study systems where the exchange frequencies are faster
than the rate of convergence within an energy well.

For a simple introduction, we will treat energies strictly as enthalpies. Entropic effects can
be integrated by varying the number of states /with equal energies and small or zero energy
barriers separating them. Later in the section, MDMS energies will be generalized to free
energies.

2.2. Transition Rates

Transition state theory (TST) uses Arrhenius equation based rates to determine transition
rates between states. The Arrhenius equation determines that rate from the size of the energy
barrier between the two states. MDMS uses TST-like energy barriers that can be directly
generalized to r-states by requiring that for all states 7, /;

E,'+AE,']'=E]'+AE]'[ 2.1)

where £;is the energy of state /and A £;is the energy barrier in between states 7and /. The

rate of transitions /— jfrom the Arrhenius equation is then: k;;=A; jexp [—#] Symmetric
prefactors, i.e. Aji= Aj; are necessary for a Boltzmann equilibrium. Pairs of states that are
inaccessible from each other can be defined by setting either A= 0 or A£j;= co.

Care must be taken to ensure that all pairs of points are connected through a finite number of
accessible transitions to guarantee ergodicity. A model system with more complicated, non-
symmetric, dynamics (e.g. 1 — 2 — 3 — 1) could be constructed, but it would not
necessarily be straightforward to ensure a Boltzmann-type temperature dependent
equilibrium. Also, note that there is no requirement for A £;;> 0, meaning anti-Arrhenius
behavior could be included.

We can construct a discrete Markov system with the rates kj;and kjj= =2, kj;. Define K =
(kj)- The master equation for this system is thus:

d . :
ZP(x=1)=;kﬁP(x=J) (2.2

Equivalently:

iP(x)—P(x)K 23

7 = (23)
Since we are interested in the system state at discrete time intervals, &¢, we can model the
system by the transition probabilities from time #to time ¢+ &t Define Mg~ exp [6¢K].

From (2.3), the probability vector of our system at time ¢given a probability vector P(x(5))
at time swith > sis:
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P(x(0)=P(x(s)M;—s (2.4)

We now have the convenient relation:

P(x(t+60)=jlx()=D=Ms1)ij (2.5

That relation can be derived by using P(x()) = ¢;where e;is the 7'th standard basis vector.
All of the properties of our system can then be derived from the matrices K and M.

2.3. Equilibrium Distribution

2.4. Limits

The first property we are concerned about is whether MDMS has a temperature dependent
equilibrium distribution. In fact, we want a Boltzmann distribution as a unique equilibrium.
Uniqueness is assured as long as the graph of the transition rates is irreducible. In other
words, for every pair of states, (/, K), there must be a path of transitions between 7and & with
finitely many states and finite energy barriers. In that case, it is sufficient to show that a
probability vector is in the kernel of K. We will define our Boltzmann distribution as:

1 E;
b(x=i)= %exp [—ﬁ} (2.6)

Z (7) is the partition function. Showing that b is in the kernel of K is straightforward:

(bK);= X bjkji=— 3. bikij+ 3. bk
i i
_ AE,‘_,'+E,'

=—A;jexp [ T ]+2A,~jexp [—
J# B J#

%

where the last equality comes because of the TST relation in (2.1). The TST relation also
ensures the detailed balance condition:

bjkji=bikij (2.8)

To be physically reasonable, MDMS should display accurate limiting behavior. For
example, the probability of the system jumping from state /7to another state jas a function of
the temperature should go to zero as the temperature goes to zero. This follows directly from
the following:

}11)1})P(x(t+6t)=z|x(t):z)=}1g})exp[ kiiot]=exp [&}1_%&-,-] =1 (.9

Indeed, the matrix M, converges to the identity matrix as 7—> 0 in operator norm for all s>
0.

The high temperature limit does not behave as nicely. From the Arrhenius rates, it is obvious

that the transition rate is bounded above. Increasing Aj;is indistinguishable from increasing
st Itis important to choose A6t sufficiently large that higher temperature replicas will see
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. lim k,j,j=— A['
frequent state changes. It is easy to see that TlgrgokiJZAij for j# jand 7= T ’, The
probability of a transition occurring during the window (¢, £+ &) is:

Tlim P(x(t+61) # ilx(t):i):Tlim 1—exp[ otkii]=1—exp [—&ZAU (2.10)

J#E

In practice, parallel tempering methods can only be used on systems with bounded
temperature, so the lack of a physical infinite temperature limit behavior is not detrimental
to the applicability of MDMS.

We are also able to take the high and low temperature limits for the equilibrium distribution.
The high temperature limit is simply b(x=i)="L Similarly, the low temperature limit is b(x =
/) = 6p where £y is the lowest energy state and &;is the Kronecker delta. An “infinite
temperature’ replica could be generated by choosing states at each time point from the
uniform distribution of states.

2.5. Energies

In order for exchanges between replicas to occur, there has to be sufficient energy overlap
between the replicas. For systems with many states, with a relatively dense energy
distribution, energy overlap would not be a problem. However, for systems with large
energy gaps or small systems with few states, some continuous energy distribution needs to
be included. MDMS adds harmonic oscillator dimensions at each state for that. To each state
/, we assign a /< m positive-definite matrix H; that gives the harmonic energy function:

Vi(y)=y'Hy (211)

where mis the dimension of the harmonic oscillators and is chosen to get a reasonable
spread of energies.

A straightforward calculation shows that the energies follow a ;(2 distribution with m

degrees of freedom and variance k" for all positive-definite energy matrices. This can be
seen through a simple change of variables in the usual integration deriving the ;(2
distribution. That means that we can simply take /7 unitary Gaussian random numbers and

multiply by ‘7 to get the harmonic energies. For m > 50, a Gaussian approximation can be
made with mean 7 and variance » x_7)?.

2.6. Exchanges

MDMS is flexible enough to admit a number of exchange criteria. For our test simulations,
see below, we used the usual exchange probabilities (P,( 7— T79):

P(T - T)H= {1( !

T _kB—T) (E-E )} (2.12)

where the energies £, £ are calculated by adding the harmonic energy to the energy £; of
the current state of the system. Exact exchange frequencies can be calculated to tune the
temperature gaps before running simulations.
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2.7. Generalizing to Free Energies

MDMS is flexible enough to admit free energies or other temperature-dependent energies. In
order to maintain the relation (2.1), we will define the three temperature dependent
quantities £{7), E{T) and E;{(T) = Ej{7), where Ej{(7) is the energy of the barrier. That
gives AE(T) = Ej(T) — E{T). While any type of temperature dependent energy function
can be used, we will only consider a free energy based function.

The above can be interpreted as a system with free energies on a state space Q C R xN,
which is (m+1)-dimensional. The Helmholtz free energy of each state /7is simply £(7) = £;
— kgTIn( £). Both the exchanges defined in (2.12) and the equilibrium in (2.6) hold for the
marginal probabilities on N.. For the energy function given in (2.11), the Helmholtz free
energy of the state 7, £{7) can be explicitly calculated:

Ei(l‘):Ei—k Tln( ex [_M] d )
— & TB me PI7%,T |V 2.13)
=E;—-%~ (m(Ink, T +Inmm)~In[H;|)

where |H/] is the determinant of the harmonic energy matrix for state 7and £ is the energy
minimum of the state. For the sake of relative energies, the In rand mIn kg7 terms can be
dropped. The energy barrier term can be treated similarly:

KT
Eij(T)ZEij+ TlnIA,-jl (2.14)

The term In |Aj} simply behaves like a prefactor:

Eij(T)-Ei(T)
kiv,:exp [_JkB—T
Eij(T)-E«T ij|—In[H;
—exp [_ /(k)BT ( )+1n\AJ\21n|H|]
1

_ (A2 Ej-E;i
—( |H,~\) €XP | %, T

(2.15)

The prefactors are no longer symmetric since the equilibrium distribution is a Boltzmann
distribution of the free energies of the states 7and not the enthalpies. When the |H’s are
identical, the equations become identical to the enthalpic case listed above.

The full Boltzmann distribution can be written out:

1
Z(T)

EA+Vi(x)
k,T

P(y=(x,0)=

exp

] (2.16)

A straightforward calculation yields:

That is exactly the distribution generated by the dynamics described above. The infinite
temperature limit is no longer uniform:

Chem Phys Lett. Author manuscript; available in PMC 2013 August 30.
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L b
T—eP(y=j) T—owexp [— ,

An infinite temperature replica can be generated from the above relation. The two limits also
show how melting behavior can be generated where the lowest enthalpy state dominates at
low temperatures and a higher enthalpy state dominates at higher temperatures (data not
shown).

2.8. Heat Capacity and Entropy

The optimal distribution of replica temperatures has been suggested to be tied to the heat
capacity or entropy of the system [26, 27]. Another advantage of our model is that these
quantities can be explicitly calculated. While the expressions are not particularly intuitive, it
is easy to plot the two quantities and estimate the necessary values.

First, we will consider the enthalpic picture. It is easy to write down the expected energy of
the system:

1 E; _ kT
(E)_%;Ejexp [_I%_T]_;EjbjﬂnT (2.19)

where bjare the entries of b the equilibrium Boltzmann distribution, and the ,,s” comes
from the harmonic oscillators. Since we are concerned with exchange probabilities, we need
to include the harmonic oscillator contributions to the entropy and heat capacity. The
expected energy variance of the system is similarly easy to write out, and we can write out
the heat capacity in terms of the energy variance:

(EX—~(E* 1 s
C= o RT [Zﬁ [ZEb]} > @)

The discrete energy variance remains bounded, so the heat capacity of the system decays
asymptotically like the inverse square of the temperature to ‘. A straightforward calculation
shows that the heat capacity exponentially decays to ' as the temperature goes to zero:

E;: E: 2
ZjE_%exp[—k—JT] ZjEjexp[—k—{,]
llmC(T)—W[ >0 "1 o B

i ZiE; Fl?;] ZiEj EO?EV] ’ (2.21)
T—)OI‘ T Z_,-exp[%] %, exp[E EJ]

2
50ks Tz(ZEzexp (ZE eXp ) EOZEexp[ Ef]):o

= hm

where £y is the lowest energy state. If more than one state has the same energy as £y, the
above calculation can be repeated with addition of the appropriate integers. The two limits
and the fact that the heat capacity is positive implies that there is a maximum to the heat
capacity curve.

Chem Phys Lett. Author manuscript; available in PMC 2013 August 30.
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Similar to the heat capacity, the entropy in the enthalpic picture is a relatively simple
expression. Calculating directly from the Boltzmann distribution (b):

S=—k,¥bjln [b;]+k, ZIn ek, T|H]|]

J
——k, Zexpg[_k%]ln

Ej
exXp | —=7F
. &L(;f]}w 21n [ mek, T|H]|]

[ J (2.22)
exp ,
=k 2 70 (é—’ﬁln [ (T)]) +k,21n [nek, T|H]]

=Lk, In[ Z(T)|+k,Z1n [nek,T|H]]

where the In term comes from the harmonic oscillators. A more detailed calculation is
shown below.

The calculations for the free energy case are slightly more difficult. One consideration is that
we want to use the truncated form of £4{ 7). We will again use the energy fluctuations to
calculate the heat capacity. From our implementation, we would like to see an expression of
the form:

kT
(E)=)"bi(E))=>"b; (Ej+m7) (2.23)
j J

That above form uses £(7) only in the Boltzmann probabilities 4;, meaning we can use the
abbreviated form as desired. Direct calculation gives exactly that result:

(E)= J(T)Z [, (E+V i) exp [ E_vo] i

E +V (’C):| de V-(x)exp[—m] dx] (2.24)

f exp[ ’m]dx

_E +V (x)] dx+f exp

= 32’%7)%: (Elfkm exp
=Xb; (Ej+(V(x))) =Xb(E)
J

A similar calculation shows:

— kT k,T\
<E2>:Zb1<E3>:ZbJ(E3+EJ 32 (m 82 )] (2,25)
J J

We now have a form for our heat capacity:

— 13
o B _ Zj?}”j—(ZjEjbﬁmB—) LZER S

kT2 kT2 o tmg (2.26)
— 2 .
_ %E%~(3Eb;) + ky
- ey T m>

The heat capacity goes to s at zero and very high temperatures with the same peak as for the
enthalpic system with the energles {E}

Chem Phys Lett. Author manuscript; available in PMC 2013 August 30.
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The entropy of the free-energy case looks very much like the expression for the enthalpic
case:

exp —4Ej;;f(X) exp —Ej;;/%(’()
S =_k3§f e D dx
exp 7Ej+Vj(x) 02
— 7% )
Z%:fmm (Ej+Vj(X)) ff—(,)ﬁdx+k31n [Z(T)]
E .
=¥+ln 2.exp [%]
J

Note that from equations (2.17) and (2.23), the above entropy can be calculated without
explicitly evaluating any of the integrals associated with the harmonic oscillator dimensions.

3. Simulations

In order to demonstrate the effectiveness of MDMS, we devised a simple test case that
allowed us to a test the effectiveness of using parallel tempering with two temperature
distributions versus standard constant temperature dynamics. For this test case, we will only
use the enthalpic case.

3.1. Test Problem

Our test case is a three-state model with large barriers between the first state and the other
two states. The energy values can be seen in Table 1. The two large barriers lead to very
slow convergence times. The correlation time of the model at kg7g = 1 is relatively long
(~6.5 ns with A;;= 1/ps), and many samples would be required to get good statistics.
However, increasing the temperature to 2.828 kg7 gives a correlation time of ~15 ps.

We ran four replicas with temperatures at kg7 =1, 1.414, 2 and 2.828, respectively. Those
temperatures follow the geometric recommendation in [28]. In order to get exchanges at a
reasonable frequency, we set m = 10, all of the energy functions V;equal. The probability
density functions are shown in Figure 1-A.

Another advantage of MDMS is that energy density graphs such as Figure 1-A can be easily
made analytically, and the exchange frequency at equilibrium can be explicitly calculated.
When we ran the corresponding RE simulations, we obtain virtually identical energy
distributions at each temperature (Figure 1-B).

4. Results and Discussion

The first test we performed was to see if MDMS can simulate the transitions between local
minima effectively. We ran 10,000 independent “MD” simulations, which represent
molecular dynamics simulations with no exchanges, for 2000 ps starting from random initial
states at a temperature of kg7 = 1. To ensure rapid convergence, we used energy barriers
smaller than those listed in Table 1. The reduced barrier heights are listed in the figure
legend for Figure 2. We then compared the average population of the lowest energy state
(with energy 1 kgT7p) to the correct equilibrium distribution. Three sets of calculations were
performed varying the sampling window &¢, and no dependence on &¢was observed. This
can allow for more challenging systems with even higher barriers between states requiring
longer simulation time.

Chem Phys Lett. Author manuscript; available in PMC 2013 August 30.
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To generate representative energies for each replica, we chose the harmonic dimension
parameter /m = 10 because it gave a reasonable spread without overwhelming the energy
gaps. Larger mwould simply require smaller gaps between the temperatures of successive
replicas, as is seen in practice.

Next we ran RE simulations using four replicas with temperatures kg7 =1, 1.414, 2 and
2.828 respectively. As with the straight MD runs, we averaged 10,000 parallel RE
simulations. Independent simulations started with random initial conditions so that each
state was uniformly populated. The population of the lowest energy state was compared to
the correct equilibrium populations (Figure 3). Figure 3 shows the convergence of the
population of the lowest energy state to the analytical result. The simulation energies are
shown in Table 1. The standard MD simulations would converge to equilibrium after about
30 ns, while the RE simulations reach their equilibrium values much faster (within 150
exchange attempts) and maintain that population throughout the simulation.

To investigate the benefits of frequent exchange attempts, we ran four simulations where we
varied the interval between exchange attempts &t As seen in Figure 4, going from &¢= 10 ps
to &¢=1 ps shows a pronounced increase in the rate of convergence, in agreement with
previous studies [29,30]. However, smaller &¢show little additional benefit. There are
obvious constraints to the sampling rate, not least of which being the rate of sampling by the
highest temperature replica. MDMS is currently limited by the lack of an equilibration time
within each well, but this result provides evidence for using frequent exchanges to increase
the rate of sampling.

The last test we ran was to test the recommended temperature intervals from [26]. We
assumed that the entropy contribution of the harmonic oscillators was small and only used
the entropy from the discrete states for our calculation. As the total entropy is bounded, we
were only able to select three temperatures with a constant entropy increase: kg7 =1, 1.414,
and 3.4. For comparison, the simulations with geometric temperature differences were run
with kg7 =1, 1.414 and 2. Figure 5 shows significantly faster convergence using the
constant entropy increase temperature selection. These calculations further show the power
of our model in that the total time spent calculating entropies and running simulations was
less than three hours.

The simulation results we have presented here are very simple and do not break new ground,
but MDMS is very general and can be used to investigate a number of exchange based
methods and potentially even more general sampling methods. The model zoo in the
supplement gives a small selection of ideas that could be used in developing a systematic
test set for new methods. MDMS may become a test-bed for future exchange based
sampling methods where many parameters can be tested and evaluated simultaneously.

As one example of a more general exchange method, Hamiltonian RE methods could be
implemented by simply modifying the barriers in the rate matrix and using that to define the
kinetics of each replica. The reduction in energy barriers could be estimated directly from
the particular changes to the energy function or empirically with short simulations. For some
types of Hamiltonians, such as changing the dihedral potentials such as in [31], the change
in barrier height is easy to calculate. However, even in a less straightforward case, such as
changing Lennard-Jones potentials like in [32], potential of mean force calculations could
give an estimate for the change in barrier height.

In conclusion, we have presented a new type of model that allows for rapid testing of RE
methods. MDMS is a tool that can quickly generate many RE simulations on a pre-defined
system with exactly known statistical properties. Results calculated with new methods can
be compared to known quantities and guide method development. We intend to use this

Chem Phys Lett. Author manuscript; available in PMC 2013 August 30.
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model to test the applicability of reservoir RE methods [14, 17] and investigate their
strengths and weaknesses in a systematic manner.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A) Theoretical energy distributions at each temperature. B) Observed temperature
distributions for each replica.
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Figure2.
This figure shows that the standard MD model converges to the correct equilibrium and that

the behavior of the system is independent of the sampling window &t The y-axis is the
proportion of simulations where the lowest temperature replica is in the 1st state at time £
The dashed line is the exact solution for uniform initial conditions. For the sake of fast
convergence, the energy barriers used were £1, =6, F13=5and £y3=2.
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Figure 3.
This figure shows that a simple RE simulation converges significantly faster than an MD
simulation with the parameters listed in the table.
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Figure 4.

RE simulations were run with varying exchange frequencies. Convergence rates are
increased with faster exchanges, but there is a limit to the rate of convergence leading to
diminishing returns.
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Figureb5.
RE simulations were run with two different sets of temperature intervals. The first set of

simulations were run according to the geometric progression of kg7 =1, 1.414 and 2. The
second set were run with a temperature distribution based on [26] with k57 =1, 1.414 and

3.4.
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Table of ene

Table 1

rgy values for each state and barriers between them.

E1= 1 an)
E=2 kgTy

E5=3 kgTo

AEpp=12 kgTy
AE13= 10 an)

AE23= 2 kBTO

where k70 =1
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