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We present a family of alchemical perturbation potentials that enable the calculation of hydration free energies of small
to medium-sized molecules in a single concerted alchemical coupling step instead of the commonly used sequence of
two distinct coupling steps for Lennard-Jones and electrostatic interactions. The perturbation potentials we employ
are non-linear functions of the solute-solvent interaction energy designed to focus sampling near entropic bottlenecks
along the alchemical pathway. We present a general framework to optimize the parameters of alchemical perturbation
potentials of this kind. The optimization procedure is based oh thenction formalism and the maximum-likelihood
parameter estimation procedure we developed earlier to avoid the occurrence of multi-modal distributions of the cou-
pling energy along the alchemical path. A novel soft-core function applied to the overall solute-solvent interaction
energy rather than individual interatomic pair potentials critical for this result is also presented. Because it does not
require modi cations of core force and energy routines, the soft-core formulation can be easily deployed in molecular
dynamics simulation codes. We illustrate the method by applying it to the estimation of the hydration free energy in
water droplets of compounds of varying size and complexity. In each case, we show that convergence of the hydration
free energy is achieved rapidly. This work paves the way for the ongoing development of more streamlined algorithms
to estimate free energies of molecular binding with explicit solvation.

I. INTRODUCTION spect to the parametér near the decoupled stateSimple
approaches of this kind can also be found to converge slowly
The hydration free energy of a compound is de ned as thedue to bottlenecks along the alchemical path that are caused
reversibie work for transferring one molecule of the com-PY poorly sampled conformational equilibfia.
pound from the gas phase to the water pHa3ée hydra- These issues have been the subject of intense studies.
tion free energy is an important characteristic of a substancdhis collective effort has resulted in a set of recommended
For instance, it is one of the determinant factors of the wabest practices for alchemical calculations commonly em-
ter solubility of drug formulatiorsand of the binding afn-  ployed by the computational chemistry community that are
ity of an inhibitor towards a protein receptoHydration free  presently implemented in popular molecular simulation soft-
energies are most commonly derived from Henry's constanware package3®! For example, it is generally recom-
measurements. mended to split the coupling of the solute and the solvent into
Free energies of hydration can also be estimatedwo phases,the rstinwhich the volume-exclusion core repul-
computationally> Most commonly, this is accomplished by sion and dispersion interactions are turned on, followed by a
molecular simulations of alchemical transformations in whichsecond phase in which electrostatic interactions are turned on.
solute-solvent interactions are progressively turned on. Th&eparation-shifted soft-core pair potenttalare commonly
nature of the alchemical transformation is critical to obtainingintroduced to avoid end-point singularities, especially when
reliable results. A single direct alchemical process in whichvolume-exclusion core repulsion terms are introduced. In ad-
the coupling between the solute and the solvent is increased ifition, it is often necessary for large solutes to introduce one
a simple linear fashion has been found to be problematic fosmall group of atoms at a time or to resort to bond-growing
anything other than the smallest solutes (monoatomic atomgrocesses in which solute atoms are pushed out from a central
and ions, water, methane, and similaine issue is the sin- point rather than directly created in the solvéht.
gularity of the derivative of the alchemical potential with re-  While successful, these strategies add layers of complexity
to hydration free energy calculatioh$Splitting the coupling
process into two calculation phases requires specifying two
alchemical schedules that are often very different from each
of New York, New York, NY ylother. This practice als_o felies on simulating a nonphysical
b)Ph.D. Program in Biochemistry, The Graduate Center of the City University'nterm_ecjlate state consus_tlng of the uncha_rged solute 'n_ _Wa'
of New York, New York, NY; These two authors contributed equally to the t€r which may have very different conformational propensities
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work than the actual solute. The unphysical uncharged solute may,
9Ph.D. Program in Chemistry, The Graduate Center of the City University Offor examp|e, undergo hydrophobic Co||apse and revert S|ow|y
New York, New York, NY to the physical extended hydrated state.

9Ph.D. Program in Biochemistry, The Graduate Center of the City University i . . .
of New York, New York, NY: Ph.D. Program in Chemistry, The Graduate ~ Software implementations of soft-core potential functions

Center of the City University of New York, New York, NY; Corresponding are cumbersome and dif cult to maintain, and they require
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potential type-® Conventional separation-shifted scaled soft-1l.  THEORY AND METHODS

core pair potentiald also lead to non-linear and non-algebraic

forms of the alchemical potential that require a cumbersome,. Alchemical Transformations for the Estimation of
energy rescoring process for the estimation of free energyydration Free Energies

changes with thermodynamic reweightitg'>

Alchemical transformations are based on an alchemical po-
tential energy function that interpolates from the potential en-
Thus, itwould be bene cial to develop more streamlined al-ergy functionUy of the starting state to that of the nal state

chemical protocols that (i) compute the hydration free energyJ; as the progress parametegoes, conventionally, from 0 to
in one continuous transformation process, (i) do not require, The most straightforward approach is a linear interpolating
modi cations of the standard form of pair potential functions, function of the form:
and (iii) can be parameterized using a linear progression of the
charging parametdr, while (iv) preserving or improving the U ()= Uo(x)+ I [U1(X)  Uo(Xx)]= Uo(¥)+ | u(x) (1)
rate of equilibration and convergence of free energy estimates
relative to mainstream protocols. Here, we present a metho\efherex represents the degrees of freedom of the system and

with potentially all of these characteristics, while being ap-We have introduced the perturbation function

plicable to a range of alchemical transformations, including u(x) = Ur(X)  Uo(x) @)
those used in structure-based drug de’ignhich is our pri-
mary focust’18 which in the case of hydration corresponds to the solute-

solvent interaction energy.
While straightforward, the linear alchemical energy func-

The approach presented here is based on the work we cdion (1) leads to instabilities and poor convergence, especially
ried out recently to optimize binding free energy calculationsvhen volume-exclusion terms are introducédlo address
in the context of implicit solvatiod?2° The previous work this issue we consider the family of alchemical potential en-
yielded a family of optimized alchemical potential energy €rgy functions of the form:
functions that modify all interactions in one concerted step _ )
and that do not require customized soft-core pair potentials. Ui (%)= Uo(3) + W [usc(X)]; ©)
The effort also resulted in the development of a general frameynere us(x), de ned below, is a soft core-modi ed solute-

work, based on.generalized non-_BoItzmann sampling tHéory solvent interaction energy, andj (us) is an alchemical
and maximum likelihood estimaticit,for the optimization of perturbation function de ned such thatb(us) = O and

the parameters of the alchemical potentials to accelerate copy, (y,) = uscatl = 0 andl = 1, respectively. We will con-
formational mixing and convergence. sider in this work the linear function

W (Usc) = | Usc 4)
In the present work, we demonstrate that the same approach . .
applies to the estimation of the hydration free energies of’md the generalized softplus funct|on_
small to medium-sized molecules using an explicit represen- lo 14 allee U )'
tation of the solvent. As in our previous wotkthe approach W (use) = a In 1+e 5 07 + 1 ousc+ wo;  (5)
is based on the observation that the slow convergence of free
energies is due to rare conformational transitions caused byhere the parametets, | 1, a, uo, andw are functions of

entropic bottlenecks akin to rst-order phase transitiéhand | - The derivative of the softplus function is the generalized
that these can be circumvented by an appropriate choice of tHegistic function (Fermi's function):
alchemical perturbation energy function.
ical perturbati gy functi WUsd o T2 12 ©)
Musc 1+ e 2a(Usc W) L

This work is organized as follows. We rst review the the- The softplus perturbation function's parameters are optimized
oretical and computational protocol developed in the previousising the procedure described in reference 20 and brie y de-
work. Then we apply it to a model system of hydration in scribed later in this Section.
which four diverse solutes of a wide range of sizes and hy- Note that the perturbation functiok$ (u) that we are con-
drophobic characters (ethanol, alanine dipeptide, 1-naphthasidering are algebraic functions of only and the solute-
and 3,4-diphenyltoluene) are transferred from the gas phase swlvent interaction energy, which itself does not depend on
a water droplet. We show that the optimized protocols yield . This characteristic makes them unlike alchemical energy
results that are consistent with more conventional approachdanctions with soft-core pair potentials whose solute-solvent
when they both reach convergence. However, for larger santeraction energy function also dependsl omplicitly (and
lutes, only the optimized protocol can achieve rapid and renon-algebraically) through the-dependent scaled distance
liable convergence. These promising outcomes pave the weynction2* The lack ofl -dependence in the solute-solvent in-
for a novel generation of more streamlined methodologies foteraction energy is a critical assumption of the alchemical the-
alchemical transformations in condensed phases. ory employed here. This feature also simpli es the process of
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the calculation of the free energy change by thermodynamiwhereb = 1=kgT,
reweighting>2° since it does not require calling the molecu- 7

lar mechanics engine to recalculate the perturbation energy @f | |- ¥ b die.= he b P
sampled con gurations at eathstate. @) ¥ Poftsc) €xpL. bW ()] dike xpL bW (sdli =0

In this work, we employ the following de nition of the soft- o (10)
core solute-solvent interaction energy: is the excess component of the equilibrium constant for bind-
ing and
u u 0
Us(U) = (7)
= Umaxfse(U=tmax)  U> 0 DG(I ) = Blm K() (11)
and
A 1 is the corresponding free energy pro le. Note that for a lin-
fsdy) = A1 (8)  ear perturbation potentidl (us¢) = | Use, Egs. (10) and (11)

) ) state that the free energy pro le is related to the double-sided
whereumax > 0 is the maximum allowed value of the soft- Laplace transform oy (Uso).

core solute-solvent interaction energy; 1+ 2y=a+ 2(y=a)? An analytical description ofy(Use), and thus of all the
andais an adjustable dimensionless exponent (bgeg= 50 quantities derived from it, is available. Briey, the theory
kcal/mol anda = 1=16). With these de nitionsusc(u) is @ i5 pased on the assumption that the statistics of the solute-
C(2)-smooth one-to-one map from the original solute-solventsgyent interaction energyin the decoupled state is the con-
interaction energy to the soft-core interaction energy. For fayo|ytion of two processes: one that is described by the sum
vorable solute-solvent interaction energias<(0), the orig- ot many “soft” background solute-solvent interactions, which
inal and soft-core solute-solvent interaction energies are thgylows central limit statistics, and another process that de-
same. However, for unfavorable solute-solvent interaction ensrihes “hard” atomic collisions, which follows max statistics.
ergies (1> 0), such as when two atoms clash as they approacfsee reference 22 for the full derivation.) The probability den-

each other, the soft-core interaction eneigy grows 18ss ity p(u) is further expressed as the superposition of proba-
rapidly thanu, and it eventually reaches a maximum plateau,b”ity densities of a small number of modes

unlike the solute-solvent interaction energy that grows inde -

nitely. o Po(U) = & G poi (U); (12)
We stress that in this soft-core methodology, there are no i

soft-core modi cations of pair potentials. The soft-core func- . - :
tion is applied to the overall solute-solvent interaction en-Where_Ci are adjusta_b_le statls_tlcal weights that sum to 1 and
ergy u evaluated with the standard form of the Coulomb andPoi() is the probability density that corresponds to made

Lennard-Jones interatomic potentials without soft-core modi- "€ Probability density for modg poi(u), is described ana-

cations. lytically as:
To obtain the hydratlon free energy, a set of_samples of the poi (U) = pl%-g(u; 0oi:Spi)
soft-core solute-solvent interaction energiag{i), are col- +y

lected during molecular dynamics simulations performed at +(1 py;) pwea(Ueniie:G)g(u  ul Oyi;spi)dufL3)
a sequence of values between 0 and 1. The free energy 0

pro le as a function ofl , DG(I ), is obtained by multi-state \hereg(u; ;s ) is the normalized Gaussian density function
reweighting® using the UWHAM method® The hydration  of meanu_ the standard deviation &, and

free energyDG,, in the Ben-Naim standard stafes by def- "

S . #
inition the value of free energy pro le dt = 1. In this nota- 1+ x-)122 nol H(W) (1+ xo) 12
tion, DG,, = DG(1). pwea(u;n e d)=n 1 ( XC)_ () (1* xc) —;
(1+ x)1=2 4ery x(1+ x)%2
R — P (14)
B. Analytical Theory of Alchemical Transformations wherex= " u=e+ G=e+ 1 andxc = U=e+ 1. (See ref-

erence 22 and appendix A of reference 20 for the complete

The hydration process is analyzed and optimized using thé€rivation.) The model for each modelepends on a num-
theory we recently developed for alchemical potential energy® Of adjustable parameters that correspond to the following
functions of the form in Eq. (32 Brie y, following the po-  Physical quantitie¥:
tential distribution theorerf! here we considepo(usc), the . ¢: statistical weight of modé
probability density of the soft-core solute-solvent interaction v
energyusc in the ensemble in which solute and solvent are  « py;: probability that no atomic clashes occur while in

uncoupled I = 0). All other quantities of the alchemical modei
transformation can be obtained fropa(usd).282° In partic- _ _ _
ular, givenpo(uso), the probability density for the binding en- * Upi: the average background interaction energy of mode
ergy usc for the state with perturbation potenti8f (usc), is |
1 * spi: the standard deviation of background interaction

P (Uso) = Po(Usc) exp[ bW (usc)]; 9 energy of mode

K(I)
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* ni: the effective number of statistical uncorrelated C. Computational Details
atoms of the solute in mode

, i In this work, we employ a hydration model in which solutes
* &: the effectivee parameter of a hypothetical Lennard- 5 ¢ transferred from vacuum to near the center of mass of a
Jones interaction energy potential that describes thg ater groplet that is about 27 A in diameter and that is com-
solute-solvent interaction energy in mode posed of 357 TIP3P water molecules (Figure 1). The droplet
- . . is con ned in a spherical region de ned by a at-bottom har-
* U _the solutg-;olvent Interaction energy va_lue abovemonic restraining potential centered at the origin and acting
which the collisional energy is not zero in made on each TIP3P water oxygen atom. The at-bottom potential
tolerance was set to 24 A which results in a con nement re-
gion of approximately twice the droplet volume, and a force
pconstant of 5 kcal/(mol A beyond this tolerance. This sim-
pli ed hydration model is selected here to illustrate and as-
sess the proposed methodology using our existing Single De-
coupling Method (SDM) plugin in OpenMN¥?-32which was
originally designed for binding free energy calculations with
In this work, we use the analytical theory above andimpIiciF so_lvation. The droplet moqlel adopted here also avoids
: potential issues not relevant to this work that concern the cor-

the results of trial alchemical simulations to optimize therectness of implementations of alchemical brocesses with be-
parameters of the softplus alchemical perturbation poten- P P P

tial in Eq. (5)?° The procedure consists of running trial ”Og:fst;?ﬁtgii\%feongu;?g davr\]/ic:riol\sl]gt-ar;rr]g?Seclﬁfég)iitiﬁréiLC)
alchemical calculations using the the linear alchemicaland GAFF/AMl-BFC):Cpforce eld parameters were %ss" ned
potential\jf (usc) = | use, to obtain the set of samples of the p w '9

soft-core binding energies as a functionlaf The samples using the Antechamber prograh.Single Decoupling al-

obtained from the trial simulation are then used to deriveChem'C""I calculations were prepared using the SDM work ow

optimized parameters for the analytical model fm(usc) (github.com/egallicc/openmm_sdm_worflow.git ) us-

: . oo i 16 | states. The MD calculations employed the
[Egs. (12) to (14)] using a maximum likelihood approagh. M9 ) : )
We developed an application based on TensoPbw OpenMM MD engine and the SDM integrator plug-

; . RS ithub.com/rajatkrpal/openmm_sdm_plugin.git )
to conduct the maximum likelihood optimization ns @ — -
(https://github.com/egallicc/femodel-tf-optimizer ) using the OpenCL platform. The ASyncRE softwéfeus-

The analytical representation p§(usc) is then analytically tomized for OpenMM and SDMithub.com/egallicc/-

. ; . / i . ° async_re-openmm.git ), was used for the Hamiltonian
differentiated with respect tos: to obtain thd -function de Replica Exchange ih space with a unifornh schedule be-

Together with the weights;, the parameters above are var-
ied using a maximum likelihood criterion to t the distribu-
tions of the soft-core solute-solvent interaction energy o
tained from numerical simulatiorf$.The distribution of the
soft-core solute-solvent interaction enefgyusc) is obtained
from po(u) using the standard formula for the change of ran-
dom variable?®

0
ned as’ tween 0 and 1. Thé -dependent parameters that were used
1 7 1n po(usd) with the softplus potential are listed in Tables Il to VI. Molec-
| o(Usc) b i (15)  ular dynamics runs were conducted for a minimum of 5 ns per

replica with a 1 fs time-step at 300 K, such thatalues were
Minima and maxima ofp; (Us)) occur when the -function exchanged approximately every 5 ps. A Langevin thermostat

andW (usd) =1 usc intersect at_ 3QO K with a relaxation time ponstant of 20 ps was used.
Binding energy samples and trajectory frames were recorded
W (Uso) every 5 ps. The calculations were performed on the XSEDE
I'o(Usc) = TR (16)  Comet GPU HPC cluster at the San Diego Supercomputing
S Center.

Hence, the -function can be used as a guide to design al- To accelera_te cgnformat_ional sampling, inthis wor.k we em-
chemical potentials that avoid the occurrence of multi-modaP!oy the Ham”tOTszRephca Exchange algoritmt9in al-
distributions that are dif cult to converge. The linear alchem- chemical spacé?*-*2For the calculations reported here, we
ical potentialWf (Us)) = | Usc leads toTW (Us)=Tusc = | , have employed the asyn_chronous_ implementation of Replica
which is a constant, and in many cases intersects| the Exchange_(ASyncRF’.’? with the Gibbs Independence Sam-
function at multiple points (see Figure 4). To avoid multi- Pling algorithm for state reassignmenifs.

modal distributions, here we use the softplus alchemical po-

tential and we vary the parametérs | 1, a, Up, andwg as a

function ofl , such that the derivative of the softplus function . RESULTS

in EQ. (6) intersectbo(usc) at a single point at eadhor, when

this is not easily achievable, such that it at least intersects it & Probability Distributions of the Solute-Solvent

nearby points. As discussed in reference 20, this procedur8teraction Energy with the Linear Alchemical Potential

removes or reduces the severity of entropic sampling bottle-

necks during the alchemical coupling process and enhancesAs discussed in Theory and Methods, the free energy pro-
conformational sampling ef ciency in order to achieve con- le is determined by the probability distributions of the per-
vergence of the binding free energy estimates. turbation energy along the alchemical path. The probability
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FIG. 1. Ilustration of 1-naphthol (green carbon atoms) inserted at
the center of a droplet of water. Water molecules that are obscuring
the solute are not shown for clarity.

distributions p, (us) for selected values of A that were ob-
tained from the concerted alchemical hydration with the linear
alchemical potential are shown in Figure 3 (dots). At small A
values, the distributions are clustered around large and unfa-
vorable values of the solute-solvent interaction energy, reflect-
ing the occurrence of frequent atomic clashes when the solute
and solvent are weakly coupled. Conversely, at values of A
near 1, the solute and solvent are more strongly coupled, and
the solute-solvent interaction energies tend to be favorable.
As A increases, however, the distributions do not uniformly
move towards lower values of ug.. Instead, they become bi-
modal at intermediate values of A with a trough near ug. = 0
kcal/mol separating the weakly decoupled and strongly cou-
pled states. The conversion from weakly coupled to strongly
coupled behavior occurs by the transfer of population between
these two limiting states, rather than by the formation of states
with intermediate values of the interaction energy. This be-
havior is the opposite of what is expected for linear response
behavior.** Rather, it is the hallmark of the occurrence of a
strong phase transition.?%->3

The transition from the weakly coupled to the strongly cou-
pled states occurs gradually in the case of the concerted al-
chemical linear process for ethanol, the smallest solute con-
sidered. For this solute, the weakly coupled and strongly cou-
pled modes partially overlap at A = 0.4 (Figure 3, ethanol,
green dots). However, the transition occurs sharply for all
of the other solutes. In the case of 1-naphthol, for example,
the system transitions from being weakly coupled to strongly
coupled in the small span of A from 0.333 to 0.4 (Figure
3, 1-naphthol, yellow and green dots). Similar biphasic be-
havior occurs for alanine dipeptide and especially for 3.4-
diphenyltoluene. Evidently, there is a critical A value for
each solute when the weakly coupled and strongly coupled
modes are equally probable. However, because interconver-
sions from one state to the other are extremely rare, it would

HO CH,

FIG. 2. Chemical structures of the solutes considered in this work.
Clockwise starting from the upper left: ethanol, alanine dipeptide,
1-naphthol, and 3,4-diphenyltoluene. This series is ordered here and
elsewhere by increasing bulkiness and hydrophobicity.

be very difficult to pinpoint the equilibrium value accurately
(see Figure 6). Indeed, the equilibration analysis described
later (Table I and Figure 7) shows that, with the exception of
ethanol and perhaps alanine dipeptide, the sequence of distri-
butions in Figure 3 obtained with the linear alchemical poten-
tial is unlikely to be converged.

The small number of transitions between uncoupled (de-
hydrated) and coupled (hydrated) states is due to the small
probability of visiting the so-called no man’s land of interac-
tion energies of low probability between the two states when
applying the concerted alchemical transformation. For 3.4-
diphenyltoluene, for example, the probability for observing
a configuration with zero solute-solvent interaction energy is
immeasurably small (Figure 3: 3,4-diphenyltoluene). For the
less extreme examples of alanine dipeptide and 1-naphthol, it
is possible to observe distributions with mixtures of weakly
coupled and strongly coupled states with very small, yet ob-
servable density in the no man’s land region. Even for these
solutes, however, hydration and dehydration events are rarely
observed in the simulations with the linear alchemical poten-
tial (Table I and Figure 6).

Due to the lack of a sufficient number of transitions, it is not
feasible to accurately estimate the relative equilibrium popu-
lations of hydrated and dehydrated states of the bulky solutes
at any of the A-states. In turn, because the hydration free en-
ergy depends on the relative populations of coupled and un-
coupled states as a function of 1,2 it is expected (and largely
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con rmed, see below) that with the linear alchemical poten- The softplus perturbation potential can be tuned to reduce
tial the hydration free energy estimates for the solutes, wittthe perturbation energy gap across the hydration/dehydration
the exception of ethanol, are likely to be substantially biasedransition and avoid hard-to-converge bimodal distributi$hs.
by nite sampling. As shown in Figure 4 for ethanol, the parameters of the soft-
Collectively, this data shows that conventional linear al-plus potential can be tuned to avoid multiple intersections with
chemical interpolation schemes are not generally suitable fahe | -function, thereby avoiding the occurrence of bimodal
the implementation of a reliable concerted alchemical protodistributions (see below). When this is not feasible, as for ala-
cols in which Lennard-Jones and electrostatic interactions areine dipeptide, 1-naphthol, and 3,4-diphenyltoluene in Figure

removed simultaneously. 4, the softplus potential can still be tuned to reduce the energy
gap between competing modes and to favor one mode over
another.

B. Probability Distributions of the Solute-Solvent The alchemical simulations with the softplus potential, with

Interaction Energy with the Softplus Alchemical Potential the optimized parameters (Table II) that were designed based

on the predicted -functions (Figure 4), result in the elimi-

The data shown in Figure 3 con rms that the observed prob_nation or at least the reduction of solute-solvent interaction
ability distributions of the soft-core solute-solvent interaction €€y gapts glo_ng tlhetz_ alcher_r:rl]c?rl] pall_thway (IFlr?urg 5)|' Ur;hke
energies, which were obtained from the concerted alchemiczH“T chncer% S|.mu|a lons wi h he 'n?aT aic lerr]mca_ plo en-
calculations (dots in Figure 3), are accurately reproduced b a ( igure ), simu anon; With the softp us aichemical po-
the analytical model fopo(usg)2%:22 that was parameterized ential yield a gradua_\l shift (_)f the probability dlstrlbufuons
to each dataset (continuous lines in Figure 3). The paramete t(l;et S(:Lute-scl)lvert]t :?_teractg)n epﬁrgg_ats_éh? solute_tlhs t(;lou-
of the model that were optimized by the maximum likelihood P'€C 'O th€ solven (Figure 5). € distributions wi €
method are listed in Table 1l. The model reproduces the di:s§9ftplus potential are also generally unl'modal, which re ect
tributions' positions and their variations as a functionl of either lack of multiple stable conformational macrostates or

including the transition points from dehydrated to hydratedfche gradual shift from one macrostate to anothglr as var-
states. ied. The softplus potential effect is not as signi cant for

The parameterized analytical functions fay(us) are dif ethanol, which does not exhibit a sharp hydration transition
SC, -

: - - . with the linear alchemical potential (Figure 3). However,
ferentiated analytically with respect tg. to obtain the cor- . /
responding —fun)::tions),/I o(Usd) [EI(Dq. (15)]‘50 shown in Figure in the case of 1-naphthol, the softplus potential has a very

4 (black curves). These functions are used to predict, grapI‘F—ubs‘t"’mt""‘I effect. In this case, an _mte.ractlon energy gap
ically, the location of the maxima and minima of the prob- of'more than 30 kcal/.rr.]ol'(F|gure 3) is virtually eliminated
ability distributions of the soft-core solute-solvent interaction(FIgure 5), thereby facilitating transitions betwe_en the weakly
energy a$ isvaried. The procedure consists of nding the in- coupled and strongly.coupled states on opposite sides of the
tersections between thefunction and, in the case of a linear 92P (see below). As illustrated below, the hydration calcula-

perturbation potential, the horizontal line drawn at the level oftions for alanine dipeptide and 3,4-diphenyltoluene also sig-
the desired value df [see Eq. (16)]. ni cantly bene t from using the softplus alchemical poten-

Indeed. the oredictions from tHe-functions in Fiqure 4 tial, even though the no man's land with respect to the solute-
, the p : ) N FIQUIE % Solvent interaction energy is not eliminated (see Figure 5) in
are quantitatively consistent with the observations in Figur

3. In each case, the distributions néar 0 are expected to These cases.

have one mode at large valuesigt. As| increases, (that

is, as the horizontal line shifts up), a back-bending region . _ _

of thel -function is encountered, in which three intersectionsC- Analysis of Replica Exchange E ciency

typically occur. The rst and the last correspond to max-

ima of the distributions and the middle intersection to a min- Hamiltonian replica exchange ef ciency has been moni-
imum. More complex patterns can arise when there are mukored here in terms of the extent of diffusion of replicas in
tiple back-bending regions. In the case of ethanol, the disthe solute-solvent interaction energy space. In particular, we
tributions are predicted to be unimodal at favorable valuesnonitored the rate of transitions between coupled states with
of the solute-solvent interaction energy above approximatelyavorable solute-solvent interaction energies and uncoupled
| = 0:4 (Figure 4, ethanol). For all the other solutes, the backstates with large and unfavorable interaction energy. The time
bending of thd -function is predicted to be so extreme in or- trajectories of the soft-core solute-solvent interaction energies
der to prevent, in principle, unimodal distributions with the that were sampled by the replicas are shown in Figure 6 for
linear potential function even for valueslofclose to 1. While  each alchemical hydration simulation. The number of transi-
thel -functions can be used to identify the locations of max-tions from uncoupled to coupled states (hydration) and vice
ima and minima of the distributions, they alone do not predictversa (dehydration) are presented in Table I.

the relative populations of competing modes. Thus, for ex- The data indicates that ethanol undergoes frequent hydra-
ample, 1-naphthol at = 1 is overwhelmingly more likely tion/dehydration transitions with either the linear and softplus
to form favorable interactions with the solvent even thoughperturbation potentials. However, the bulkier solutes (alanine
a second, immeasurably small, mode is predicted to exist aipeptide, 1-naphthol, and 3,4-diphenyltoluene) undergo very
unfavorable interaction energies. few hydration/dehydration transitions with the linear alchem-
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FIG. 3. The predicted (continuous lines) and observed (dots) probability densities of the soft-core solute-solvent interaction energy, pj (usc),
for the concerted alchemical hydration calculations with the linear alchemical potential Wy (usc) = Ausc for (clockwise starting from the upper
left) ethanol, alanine dipeptide, 1-naphthol, and 3,4-diphenyltoluene. Ethanol: A = 0 (orange/red), A = 0.267 (green), and A = 1 (blue).
Alanine dipeptide: A = 0 (orange/red), A = 0.333 (gold), A = 0.400 (green), and A = 1 (blue). 1-naphthol: A = 0 (orange/red), A = 0.333
(gold), A = 0.4 (green), and A = 1 (blue). 3,4-diphenyltoluene: A = 0 (orange/red), A = 0.2 (gold), A = 0.467 (green), and A = 1 (blue). The
predicted distributions are obtained using the analytical model for pg(usc), Eqs. (12) to (14)], with the parameters listed in Table II.

ical potential. This behavior is due to the wide interaction
energy gap between the distributions of the solute-solvent in-
teraction energies for the the coupled and uncoupled states
(Figure 3). The bulky nature of these solutes makes it very
improbable for a solute molecule to find a suitable configu-
ration in the solvent in order to make favorable interactions
with the solvent when nearly decoupled from it. Conversely,
these solutes are unlikely to overcome the energetic penalty
necessary to become decoupled from the solvent upon mak-
ing some favorable interactions. The coupled and decoupled
states of the bulky solutes are essentially separated by a first-
order phase transition that is entropically frustrated in the hy-
dration direction and energetically frustrated in the dehydra-
tion direction.?

On the other hand, the optimized softplus perturbation po-
tential is very effective at circumventing the phase transi-
tion. As shown in Figure 6 and Table I, many more hydra-
tion/dehydration transitions are observed with the softplus po-
tential than with the linear potential. A higher number of
transitions make it possible to more rapidly equilibrate and
to converge the hydration free energy estimates for the bulkier

TABLE I. Hydration free energy estimates, equilibration times and
the number of hydration and dehydration transitions for the solutes
considered in this work.

Protocol AGZa leqb Nhydr Ndehydr
Ethanol®
Linear —2.234+0.09 0.00 96 96
Softplus —2.124+0.11 0.63 322 292
Alanine dipeptided
Linear —8.06+0.14 0.13 0 2
Softplus —8.254+0.21 0.00 45 43
1-Naphthol®
Linear —4.534+0.18 3.50 6 7
Softplus —3.66+0.14 0.00 34 32
3,4-Diphenyltoluenef

Linear —0.334+0.18 1.38 0 2
Softplus 3.51+£0.26 3.38 15 14
4 kcal/mol
b ns
€ tiower = —10, typper = 25 keal/mol

Uiower = —35, tupper = 25 kcal/mol
€ Uiower = —20, uypper = 25 keal/mol
 thiower = —30, ttypper = 30 keal/mol
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FIG. 4. The predicted A-functions (black continuous lines) for the concerted hydration of the indicated solutes were obtained from the
analytical model for pg(usc) [Egs. (12) to (14)], and Eq. (15) with the parameters listed in Table II. The dashed horizontal lines correspond to
the values of A where the probability distributions of the soft-core solute solvent energy with the linear alchemical potential are observed to be
bimodal. Ethanol: A = 0.267; alanine dipeptide: A = 0.0 and A = 0.544, ; 1-naphthol: A =0.333 and A = 0.4, 3,4-diphenytoluene: A =0.467.
The intersections of the horizontal lines with the A-function correspond to the maxima and minima of the corresponding distributions with the
linear alchemical potential (Figure 3).20 The solid sigmoid curve is dW), (usc)/dusc, the logistic function that results from the differentiation of
the softplus function at the following values of A. Ethanol: A =0.267; alanine dipeptide: A = 0.267; 1-naphthol: A = 0.4; 3,4-diphenyltoluene:

A =0.4. See Tables III-VI.

solutes without additional computational expense (see below).

D. Equilibration of the Hydration Free Energy Estimates

The computed hydration free energy estimates are plot-
ted in Figure 7 as a function of the amount of data dis-
carded from the start of the simulation (the equilibration time).
These plots, referred to as reverse cumulative equilibration
profiles,!?**43 are used to determine the time after which the
time series of data generated by the simulation becomes sta-
tionary and not biased by the starting conformation of the sys-
tem. It is not obvious to pinpoint such a time because, while
the accuracy of the binding free energy presumably improves
as more non-equilibrated samples are discarded, the precision
of the estimate (indicated by the error bars in Figure 7) de-
creases as more initial samples are discarded. Here we take
the approach of choosing the hydration free energy estimate
as the value that corresponds to the shortest equilibration time,
which gives a value statistically indistinguishable from those

at all subsequent equilibration times.'”

Based on this criterion, we conclude that the hydration free
energy estimate for ethanol equilibrates almost immediately
after the start of the simulation with either the linear or the
softplus alchemical potentials. The hydration free energy esti-
mates for ethanol with the linear and softplus potentials are in
statistical agreement (Table I). Given the very different nature
of the alchemical paths in the two simulations, we conclude
that equilibration and convergence of the hydration free ener-
gies have been achieved in this case. This positive outcome
is consistent with the high rate of hydration and dehydration
transitions observed (Figure 6 and Table I) for ethanol with
either the linear and softplus potentials. The result for ethanol
confirms the validity of the concerted alchemical protocol and
the correctness of the simulation algorithms in producing a
canonical ensemble of conformations with either potential.

A similar analysis for the bulkier solutes (alanine dipep-
tide, 1-naphthol, and 3,4-diphenyltoluene) shows that equi-
libration of the concerted free energy protocol is achieved
rapidly when using the optimized softplus potential (Figure
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7: second column). Based on the relatively large numbers
of hydration/dehydration transitions observed for these so-
lutes, the hydration free energy estimates are considered to be
well converged. 3,4-diphenyltoluene, the largest and most hy-
drophobic solute, is confirmed as a stringent test case for one-
step concerted alchemical protocols.'? Despite the relatively
few hydration/dehydration transitions observed even after op-
timization of the softplus potential, the approach employed
here appears to yield a converged and reliable hydration free
energy estimate for this compound. After taking into account
long-range van der Waals interactions, which are expected to
contribute as much as 3 kcal/mol of additional solute-solvent
interaction energy, the hydration free energy obtained here for
3,4-diphenyltoluene in a droplet is consistent with earlier cal-
culations with periodic boundary conditions.'? To our knowl-
edge, the measured hydration free energy for this compound
has never been reported.

In contrast to the softplus potential, the concerted hydration
alchemical protocol with the linear potential fails to reach reli-
able convergence for the bulkier solutes. This is indicated by
the very few hydration/dehydration transitions (Table I) and
the cumulative equilibration profiles (Figure 7: first column,
alanine dipeptide, 1-naphthol, and 3,4-diphenyltoluene). For

alanine dipeptide, the rapid equilibration of the hydration free
energy estimate with the linear potential is likely circumstan-
tial as it hinges on only two dehydration transitions early in the
replica exchange trajectories (Figure 6: alanine dipeptide, left
panel). With the linear perturbation potential, the hydration
free energy of 1-naphthol appears to equilibrate after 3 ns at a
value of —4.53 £0.18 kcal/mol, which is statistically incon-
sistent with the less biased estimate of —3.66 4-0.14 obtained
with the softplus potential (Table I and Figure 7: 1-naphthol).
The concerted alchemical hydration of 3,4-diphenyltoluene is
a good example of the potential convergence pitfalls of free
energy calculations. With the linear potential (Figure 7: 3,4-
diphenyltoluene), the hydration free energy appears to equili-
brate after approximately 1.3 ns at a very stable plateau value,
which may be mistaken as a converged estimate. In actual-
ity, the value of the plateau is not converged as confirmed by
the lack of hydration/dehydration transition events after 1.3 ns
of simulation per replica (Figure 6: 3,4-diphenyltoluene, left
panel).

The data collected for these solutes strongly supports the
finding that commonly used linear alchemical perturbation
potentials are unsuitable for obtaining converged free energy
estimates with a concerted alchemical process. In contrast,
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optimized softplus potentials can enable rapid equilibratiorimplicit description of the solverf® In the present study, we
and convergence by promoting hydration/dehydration transidemonstrate that these similar techniques can also be applied
tions. to the estimation of hydration free energies with explicit sol-
vation. Critical to this approach is a new family of alchemi-
cal perturbation functions presented here that is potentially of
IV. DISCUSSION broader applicability. We also illustrate a theoretical frame-
work and a graphical procedure to optimize them in order to

Alchemical hydration free energy calculations are Wiolelysystema‘ucally improve conformational sampling and the rate

employed to predict the water solubilities of substarfeSs, of equilibration and convergence of free energy estimates.
to test force eld and free energy protocdis*® and to es- In this work, we considered the hydration of solutes into
timate absolute and relative binding free energies of molecu@ water droplet, a simpli ed system that is a rst, yet repre-
lar complexes:>° While alternatives have been propodéd!  sentative validation of the method. The droplet model was
the guidelines that are generally accepted to avoid slow corselected mainly for expediency in order to validate the the-
vergence and numerical instabilities involve splitting the al-ory without extensive modi cations of our Single Decoupling
chemical hydration process into two steps. In the rst stepMethod (SDM) software that was originally developed along-
volume-exclusion and dispersion solute-solvent interactionside an implicit description of the solvefftin SDM, the per-
are turned on, followed by a second step in which electrostatigurbation from the coupled state to the uncoupled state of the
interactions are establish&dh addition, especially duringthe molecular complex is achieved by displacing the ligand out
volume-exclusion phase, it is customary to employ soft-coréf the receptor binding pocket and into the surrounding im-
interatomic pair potentials-2452 plicit solvent bulk. The same approach would not work for de-

These free energy practices, which are widely implementegoupling the solute molecule from an explicit solvent system
in popular molecular simulation packag®s3->¢are gener- With periodic boundary conditions because a periodic bound-
ally successful and robusf.Nevertheless, it would be bene - ary system does not have an outer region where the solute can
cial to explore concerted alternatives with improved equilibra-Pe placed in. A software implementation of our method with
tion and convergence characteristics. The software implemereriodic boundary conditions would require the implementa-
tations of free energy methods can also be cumbersome afi@n of solute-solvent decoupling through the tuning of force
challenging to integrate and maintain alongside other molecu€ld parameters. While OpenMM supports this procedtfre,
lar simulation algorithms. Konig et &% have recently dis- our immediate focus is to build upon the results of this work
cussed the limitations of conventional non-linear and nonin order to develop concerted binding free energy estimation
algebraic forms of soft-core pair potentials and have proposefrotocols with explicit solvation and periodic boundary condi-
a family of alchemical hybrid perturbation potentials that ad-tions. This work is ongoing and will be reported in upcoming
dresses some of the challenges. A recent study by Leé &t al.publications.
discussed the downsides of multi-step free energy methods The theoretical, algorithmic, and numerical simulation
and called for a streamlined concerted approach that woulgtrategies presented here and the promising results illustrated
be more easily integrated with extended ensemble and selfere indicate a possible roadmap to streamline the implemen-
adjusting conformational sampling algorithms, as well as nontation of alchemical protocols in molecular simulation pack-
equilibrium approache¥-C Lee et at*3 proposed a family ages. The rst suggestion is to replace soft-core pair poten-
of soft-core pair potentials and non-linear alchemical hybridtials with, as done here, a soft-core function applied to the
perturbations that facilitate the calculation of hydration freesolute-solvent interaction energy [e.g. using Egs. (7) and
energies in a concerted fashion. (8)]. This approach would greatly simplify the implemen-

As shown in this work, concerted alchemical protocolstation of alchemical protocols in molecular dynamics pack-
present uniqgue computational challenges that have likely disages by making it unnecessary to modify the core energy and
couraged progress in earlier attempts. We have shown, for eXerce subroutines. While the method used here requires the re-
ample, that conventional linear alchemical interpolating po{rocessing of the forces, this is cleanly and ef ciently accom-
tentials can introduce severe entropic bottlenecks that preplished in our implementation by@(N) loop coded in a sep-
clude the rapid equilibration between the hydrated and dehyarate small subroutine of the molecular dynamics integrator.
drated states of the solute, which result in strongly biased freghe family of alchemical potentials introduced here also sim-
energy estimates. pli es the thermodynamic reweighting procedure with MBAR

In a recent stud$® we identi ed pseudo rst-order phase or UWHAM1%25for free energy estimation. Alchemical im-
transitions along the alchemical path as the critical and funplementations using the molecular dynamics engine with soft-
damental obstacles to the application of concerted alchemgore pair potentials require the re-evaluation of each sample's
cal processes for molecular binding. In the same study, weerturbation energy for eathstate on the alchemical patf.
addressed the issue by applying Hamiltonian-shaping techFhis cumbersome process is completely bypassed in our im-
nigues inspired by non-Boltzmann sampling methodologieplementation. The alchemical potential introduced here is a
developed by Straub and collaboratdr&' for the study of one-to-one function of the solute-solvent interaction energy,
temperature-driven rst-order phase transitions. Using thiswhich can be saved together with each trajectory frame and
approach, we were able to identify alchemical paths that avoichanipulated algebraically with minimal effort, using Eq. (3),
or soften biphasic behavior in the context of binding with anto yield the perturbation energies at any of the alchemical
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states. 2. Alchemical Schedule and Parameters of the Softplus
The second suggestion emerging from this study is the userturbation Function

of a non-linear alchemical perturbation that, like the softplus

potential we propose [Eq. 5], judiciously warps the alchemi- See Tables Ill and V.
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multaneously retaining a linear character away from the prob-lA. Ben Naim.Water and Aqueous Solutiarlenum, New York, 1974.

Iemaltic regions_. Furthermore, we suggest the US? of t'he. 2Christel AS Bergstrém and Per Larsson. Computational prediction of drug
function formalism [Egs. (15) and (16)] and adaptive maxi- solubility in water-based systems: qualitative and quantitative approaches
mum likelihood-based approaches to systematically optimize used in the current drug discovery and development settifger. J.

not only the alchemical schedule, but also the next generationPharm. 540(1-2):185-193, 2018.

; : : : . M. K. Gilson, J. A. Given, B. L. Bush, and J. A. McCammon. The
of alchemical algebraic perturbation functiohs?in order to statistical-thermodynamic basis for computation of binding af nities: A

enhance the rate of equilibration and convergence. critical review. Biophys. J.72:1047-1069, 1997.
“David L Mobley and J Peter Guthrie. Freesolv: a database of experimental
and calculated hydration free energies, with input 18sComp. Aid. Mol.
Des, 28(7):711-720, 2014.
V. CONCLUSIONS 5Chipot and Pohorille (Eds.)ree Energy Calculations. Theory and Appli-
cations in Chemistry and BiologySpringer Series in Chemical Physics.
Lo . Springer, Berlin Heidelberg, Berlin Heidelberg, 2007.
We employ a statistical analytical theory of molecular sanita de Ruiter and Chris Oostenbrink. Free energy calculations of protein—
associatiof? and a single-decoupling alchemical method for ligand interactions.Current opinion in chemical biologyL5(4):547-552,

binding free energy estimation with implicit solvatf?3 to 2011.

develop a concerted alchemical protocol for the calculation Of7Thomas Simonson. Free energy of particle insertion: an exact analysis of
the origin singularity for simple liquids.Molecular Physics80(2):441—

hydration free energies of small to medium-sized molecules 447 1993

with expl_icit solvation. Th_e Concerted_ alchemical hydration 8David L Mobley. Lets get honest about sampling. Comp. Aided Mol.
protocol introduced here involves a single alchemical trans- Des, 26:93-95, 2012.

formation rather than the more commonly employed pairgpavel V Klimovich, Michael R Shirts, and David L Mobley. Guidelines

ot ; ; ; for the analysis of free energy calculationsl. Comp. Aid. Mol. Des.
of distinct decoupling transformations for electrostatic and 20(5):397_411., 2015,

sterl_c/dlspersmn Interactions. The_ appr_oach and its bene tSOTai—Sung Lee, Bryce K Allen, Timothy J Giese, Zhenyu Guo, Pengfei Li,
are illustrated for model systems involving the hydration of charles Lin, T Dwight McGee Jr, David A Peariman, Brian K Radak, Yujun
four diverse solutes in a water droplet. This proof of principle Tao, Hsu-Chun Tsai, Huafeng Xu, Woody Sherman, and Darrin M York.
Study paves the Way for a hew generatlon of Streamllned Con_AIChemlcaI blndlng free energy calculations in AMBER20: Advances and
certed free energy estimation algorithms in condensed phasgg2eSt Practices for drug discoved. Chem. Inf. Mode] 2020.
$Thomas Steinbrecher, David L Mobley, and David A Case. Nonlinear scal-
ing schemes for lennard-jones interactions in free energy calculatibns.
Chem Phys127:214108, 2007.
123ed W Pitera and Wilfred F van Gunsteren. A comparison of non-bonded
VI. DATA AVAILABILITY STATEMENT scaling approaches for free energy calculatioridolecular Simulation
28(1-2):45-65, 2002.
13Tai-Sung Lee, Zhixiong Lin, Bryce K Allen, Charles Lin, Brian K Radak,

The software used to generate the data is available on pu “Yujun Tao, Hsu-Chun Tsai, Woody Sherman, and Darrin M York. Improved

lic Gi.thUb repositories as indicated in Cor_npUtat_ional Petails- alchemical free energy calculations with optimized smoothstep softcore po-

The input les and the molecular dynamics trajectories that tentials.J. Chem. Theory Compu2020.

support the ndings of this study are available from the Corre-l“Yaozong Li and Kwangho Nam_. Repulsive soft-core potentials for ef cient

sponding author upon request. Z;cg:nglgg(l)free energy calculatiordls Chem. Theory Compul6(8):4776—

15Michael R Shirts and John D Chodera. Statistically optimal analysis of
samples from multiple equilibrium statesl. Chem. Phys.129:124105,
2008.

1670e Cournia, Bryce K Allen, Thijs Beuming, David A Pearlman, Brian K
Radak, and Woody Sherman. Rigorous free energy simulations in virtual

We acknowledoe support from the National Science Foun- screeningJournal of Chemical Information and Modeling020.
9 PP 17Baofeng Zhang, Michael P. DErasmo, Ryan P. Murelli, and Emilio Gal-

dat'pn (NSF CAREER 1750511 to E.G.). Molecular sim- licchio. Free energy-based virtual screening and optimization of RNase H
ulations were conducted on the Comet GPU supercomputerinhibitors of HIV-1 reverse transcriptaséCS Omega1:435-447, 2016.
cluster at the San Diego Supercomputing Center supported B§Rajat Kumar Pal, Steve Ramsey, Satishkumar Gadhiya, Pierpaolo Cordone,
NSF XSEDE award TG-MCB150001. Lauren Wickstrom, Wayne W. Harding, Tom Kurtzman, and Emilio Gallic-
chio. Inclusion of enclosed hydration effects in the binding free energy es-
timation of dopamine D3 receptor complex@&i.oS One14(9):e0222092,
2019.
9penise Kilburg and Emilio Gallicchio. Assessment of a single decoupling
alchemical approach for the calculation of the absolute binding free en-
ergies of protein-peptide complexeBrontiers in Molecular Biosciences
1. Parameters of the Analytical Model for po(Usc) 5:22,2018.
2ORajat K Pal and Emilio Gallicchio. Perturbation potentials to overcome
order/disorder transitions in alchemical binding free energy calculatbns.
See Table II. Chem. Phys151(12):124116, 2019.

ACKNOWLEDGMENTS

Appendix A: Appendix



Concerted Hydration Free Energy 14

21Qing Lu, Jaegil Kim, James D Farrell, David J Wales, and John E Straub. plexed with N-palmitoylglycine: A replica exchange molecular dynamics
Investigating the solid-liquid phase transition of water nano Ims using the study.J. Am. Chem. Socl128:5786-5791, 2006.
generalized replica exchange method. Chem. Phys.141(18):18C525,  “CHisashi Okumura, Emilio Gallicchio, and Ronald M Levy. Conformational

2014. populations of ligand-sized molecules by replica exchange molecular dy-
22Denise Kilburg and Emilio Gallicchio. Analytical model of the free energy  namics and temperature reweighting. Comput. Chem31:1357-1367,

of alchemical molecular bindingl. Chem. Theory Computi4(12):6183— 2010.

6196, 2018. 4IChristopher J. Woods, Jonathan W. Essex, and Michael A. King. The de-
233aegil Kim and John E Straub. Generalized simulated tempering for explor- velopment of replica-exchange-based free-energy metlo@hys. Chem.

ing strong phase transitiond. Chem. Phys133(15):154101, 2010. B, 107:13703-13710, 2003.

24Thomas Steinbrecher, InSuk Joung, and David A. Case. Soft-core poterf?Steven W. Rick. Increasing the ef ciency of free energy calculations using
tials in thermodynamic integration: Comparing one- and two-step transfor- parallel tempering and histogram reweightin.Chem. Theory Compult.
mations.J. Comput. Chem32:3253-3263, 2011. 2:939-946, 2006.

257higiang Tan, Emilio Gallicchio, Mauro Lapelosa, and Ronald M. Levy. “3Thomas Simonson. Gaussian uctuations and linear response in an electron
Theory of binless multi-state free energy estimation with applications to transfer proteinProc. Natl. Acad. Sci99(10):6544-6549, 2002.

protein-ligand bindingJ. Chem. Phys136:144102, 2012. 44Wei Yang, Ryan Bitetti-Putzer, and Martin Karplus. Free energy simula-
26E. Gallicchio, M. M. Kubo, and R. M. Levy. Entropy-enthalpy compensa- tions: use of the reverse cumulative averaging to determine the equilibrated
tion in solvation and ligand binding revisitedl. Am. Chem. Sac120:4526— region and the time required for convergenteChem. Phys120(6):2618—
27,1998. 2628, 2003.
27Tom L. Beck, Michael E. Paulaitis, and Lawrence R. Prathe Potential  “°John D Chodera. A simple method for automated equilibration detection in
Distribution Theorem and Models of Molecular Solutio@ambridge Uni- molecular simulations]. Chem. Theory Compufi2(4):1799-1805, 2016.
versity Press, New York, 2006. 46Tang-Qing Yu, Pei-Yang Chen, Ming Chen, Amit Samanta, Eric Vanden-

28Emilio Gallicchio, Mauro Lapelosa, and Ronald M. Levy. Binding energy ~ Eijnden, and Mark Tuckerman. Order-parameter-aided temperature-
distribution analysis method (BEDAM) for estimation of protein-ligand accelerated sampling for the exploration of crystal polymorphism and solid-

binding af nities. J. Chem. Theory Compu6:2961-2977, 2010. liquid phase transitionsl. Chem. Phys140(21):06B603_1, 2014.

2%Emilio Gallicchio and Ronald M Levy. Recent theoretical and computa- 4’David L Mobley, Shaui Liu, David S Cerutti, William C Swope, and Julia E
tional advances for modeling protein-ligand binding af nitieAdv. Prot. Rice. Alchemical prediction of hydration free energies for sadpComp.
Chem. Struct. Bio).85:27-80, 2011. Aid. Mol. Des, 26(5):551-562, 2012.

30Tai-Sung Lee, Brian K Radak, Anna Pabis, and Darrin M York. A new max-“8David L Mobley, Elise Dumont, John D Chodera, and Ken A Dill. Com-
imum likelihood approach for free energy pro le construction from molec-  parison of charge models for xed-charge force elds: small-molecule hy-
ular simulations.J. Chem. Theory Compuf(1):153-164, 2012. dration free energies in explicit solveni. Phys Chem B111:2242-2254,
3IMartin Abadi, Ashish Agarwal, Paul Barham, Eugene Brevdo, Zhifeng 2007.
Chen, Craig Citro, Greg S. Corrado, Andy Davis, Jeffrey Dean, Matthieu*Devleena Shivakumar, Joshua Williams, Yujie Wu, Wolfgang Damm, John
Devin, Sanjay Ghemawat, lan Goodfellow, Andrew Harp, Geoffrey Irving, Shelley, and Woody Sherman. Prediction of absolute solvation free energies
Michael Isard, Yangging Jia, Rafal Jozefowicz, Lukasz Kaiser, Manjunath using molecular dynamics free energy perturbation and the opls force eld.
Kudlur, Josh Levenberg, Dandelion Mané, Rajat Monga, Sherry Moore, J. Chem. Theory Compu6(5):1509-1519, 2010.
Derek Murray, Chris Olah, Mike Schuster, Jonathon Shlens, Benoit Steinef%John D. Chodera, David L. Mobley, Michael R. Shirts, Richard W. Dixon,
llya Sutskever, Kunal Talwar, Paul Tucker, Vincent Vanhoucke, Vijay Va- Kim Branson, and Vijay S. Pande. Alchemical free energy methods for drug
sudevan, Fernanda Viégas, Oriol Vinyals, Pete Warden, Martin Wattenberg, discovery: Progress and challeng&€rr. Opin. Struct. Biol.21:150-160,
Martin Wicke, Yuan Yu, and Xiaogiang Zheng. TensorFlow: Large-scale 2011.
machine learning on heterogeneous systems, 2015. Software available frothClara D Christ and Wilfred F van Gunsteren. Multiple free energies
tensor ow.org. from a single simulation: Extending enveloping distribution sampling to
32peter Eastman, Jason Swails, John D Chodera, Robert T McGibbon, Yu- nonoverlapping phase-space distributioFtse Journal of chemical physics
tong Zhao, Kyle A Beauchamp, Lee-Ping Wang, Andrew C Simmonett, 128(17):174112, 2008.
Matthew P Harrigan, Chaya D Stern, et al. Openmm 7: Rapid developmert?Gerhard Kénig, Nina Glaser, Benjamin Schroeder, Al beta Kubincova,
of high performance algorithms for molecular dynamiesoS Comp. Big. Philippe H Hinenberger, and Sereina Riniker. An alternative to conven-
13(7):€1005659, 2017. tional | -intermediate states in alchemical free energy calculatidns:
33Albert C Pan, Huafeng Xu, Timothy Palpant, and David E Shaw. Quan- enveloping distribution samplingl. Chem. Inf. Mode| 2020.
titative characterization of the binding and unbinding of millimolar drug 33Bernard R Brooks, Charles L Brooks Ill, Alexander D Mackerell Jr, Lennart
fragments with molecular dynamics simulation. Chem. Theory Com- Nilsson, Robert J Petrella, Benoit Roux, Youngdo Won, Georgios Archon-
put, 13(7):3372-3377, 2017. tis, Christian Bartels, Stefan Boresch, et al. Charmm: the biomolecular sim-
34christoph Ohlknecht, Jan Walther Perthold, Bettina Lier, and Chris Oost- ulation program.Journal of computational chemistrg0(10):1545-1614,
enbrink. Charge-changing perturbations and path sampling via classical 2009.
molecular dynamic simulations of simple guest-host systethsChem. 54James C Phillips, Rosemary Braun, Wei Wang, James Gumbart,
Theory ComputArticle ASAP, 2020. Emad Tajkhorshid, Elizabeth Villa, Christophe Chipot, Robert D Skeel,
35Junmei Wang, Romain M Wolf, James W Caldwell, Peter A Kollman, and Laxmikant Kale, and Klaus Schulten. Scalable molecular dynamics with
David A Case. Development and testing of a general amber force Eld. namd.J. Comp. Chem26(16):1781-1802, 2005.
Comp. Chem25(9):1157-1174, 2004. 55sander Pronk, Szilard Pall, Roland Schulz, Per Larsson, Par Bjelkmar,
38Emilio Gallicchio, Junchao Xia, William F Flynn, Baofeng Zhang, Sade Rossen Apostolov, Michael R Shirts, Jeremy C Smith, Peter M Kasson,
Samlalsingh, Ahmet Mentes, and Ronald M Levy. Asynchronous replica David van der Spoel, Berk Hess, and Erik Lindahl. Gromacs 4.5: a high-

exchange software for grid and heterogeneous computi@pmputer throughput and highly parallel open source molecular simulation toolkit.
Physics Communication$96:236-246, 2015. Bioinformatics 29:845-854, 2013.

37vuji Sugita, Akio Kitao, and Yuko Okamoto. Multidimensional replica- 56Xibing He, Shuhan Liu, Tai-Sung Lee, Beihong Ji, Viet H Man, Darrin M
exchange method for free-energy calculatiohsChem. Phys113:6042— York, and Junmei Wang. Fast, accurate, and reliable protocols for routine
6051, 2000. calculations of protein—ligand binding af nities in drug design projects us-

38A. K. Felts, Y. Harano, E. Gallicchio, and R. M. Levy. Free energy surfaces ing AMBER GPU-TI with ff14SB/GAFF. ACS Omega5(9):4611-4619,
of beta-hairpin and alpha-helical peptides generated by replica exchange2020.
molecular dynamics with the AGBNP implicit solvent moddProteins: 57Andrea Rizzi, Travis Jensen, David R Slochower, Matteo Aldeghi, Vytau-
Struct. Funct. Bioinf.56:310-321, 2004. tas Gapsys, Dimitris Ntekoumes, Stefano Bosisio, Michail Papadourakis,
39K.P. Ravindranathan, E. Gallicchio, R. A. Friesner, A. E. McDermott, and Niel M Henriksen, Bert L De Groot, et al. The SAMPL6 SAMPLing chal-
R. M. Levy. Conformational equilibrium of cytochrome P450 BM-3 com-  lenge: Assessing the reliability and ef ciency of binding free energy calcu-



Concerted Hydration Free Energy 15

lations. J. Comp. Aid. Mol. Despages 1-33, 2020. free energy calculations: Application to ligands of the SARS-CoV-2 Main
58Eric Darve, David Rodriguez-Gémez, and Andrew Pohorille. Adaptive bi- ProteaseJournal of Chemical Theory and Computatj@®20.
asing force method for scalar and vector free energy calculafidresJour- 61Qing Lu, Jaegil Kim, and John E Straub. Order parameter free enhanced

nal of chemical physic428(14):144120, 2008. sampling of the vapor-liquid transition using the generalized replica ex-
59piero Procacci. Solvation free energies via alchemical simulations: let's get change method). Chem. Phys138(10):104119, 2013.
honest about sampling, once moRhys. Chem. Chem. Phy2019. 62Kai Wang, John D Chodera, Yanzhi Yang, and Michael R Shirts. Identifying

60Marina Macchiagodena, Marco Pagliai, Maurice Karrenbrock, Guido ligand binding sites and poses using GPU-accelerated Hamiltonian replica
Guarnieri, Francesco lannone, and Piero Procacci. Virtual double-system exchange molecular dynamicsl. Comp. Aided Mol. Des27(12):989—
single-box: A nonequilibrium alchemical technique for absolute binding 1007, 2013.



Concerted Hydration Free Energy 16

TABLE Il. Optimized parameters for the analytical model of molecular association for the two systems studied in this work. Uncertainties are
implied by the number of reported signi cant gures.

weight Po Up2 sg e? a2 n
Ethanol

mode 1 31 103 1:13 10 6 7:30 268 583 0:07 408

mode 2 209 101 940 107 3:70 270 286 1:.90 441

mode 3 611 101 227 10 ° 5:83 102 227 227 984
Alanine dipeptide

mode 1 1ne 10 10 533 10 8 16:32 432 438 128 520

mode 2 203 10 7 162 10 8 14:31 388 35 108 593

mode 3 100 0 10389 472 336 830 1907

1-Naphthol

mode 1 292 10 8 7:90 10 8 14:86 336 424 185 485

mode 2 992 10 7 7.:68 10 8 1213 332 684 118 506

mode 3 100 0 198 3 %0 250 191
3,4-Diphenyltoluene

mode 1 106 10 15 454 10 ° 14:7 380 366 138 314

mode 2 100 0 172 400 582 367 492

akcal/mol

TABLE lII. Alchemical schedule of the softplus perturbation func-
tion for the hydration of ethanol.

I I 1 | 2 a2 Uob W()C

0.000 0.000 0.000 0.400 10.000 0.000
0.067 0.000 0.044 0.400 10.000 -0.521
0.133 0.000 0.089 0.400 10.000 -1.043
0.200 0.000 0.133 0.400 10.000 -1.564
0.267 0.000 0.178 0.400 10.000 -2.086
0.333 0.000 0.400 0.400 8.889 -4.249
0.400 0.000 0.400 0.400 6.667 -3.360
0.467 0.000 0.400 0.400 4.444 -2.471
0.533 0.000 0.400 0.400 2.222 -1.582
0.600 0.000 0.400 0.400 0.000 -0.693
0.667 0.167 0.400 0.400 0.000 -0.404
0.733 0.333 0.400 0.400 0.000 -0.116
0.800 0.500 0.500 0.400 0.000 0.000
0.867 0.667 0.667 0.400 0.000 0.000
0.933 0.833 0.833 0.400 0.000 0.000
1.000 1.000 1.000 0.400 0.000 0.000

a (kcal/mol) 1
b kcal/mol
¢ kcal/mol
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TABLE IV. Alchemical schedule of the softplus perturbation func-
tion for the hydration of alanine dipeptide.

| | 1 5 a? ug® W®

0.000 0.000 0.000 0.400 3.000 0.000
0.067 0.000 0.138 0.400 3.000 -0.778
0.133 0.000 0.258 0.400 3.000 -1.557
0.200 0.000 0.395 0.400 3.000 -2.335
0.267 0.000 0.544 0.400 2.200 -3.113
0.333 0.000 0.651 0.400 2.200 -3.892
0.400 0.000 0.759 0.400 2.200 -5.837
0.467 0.000 0.867 0.400 1.100 -2.947
0.533 0.067 0.867 0.400 0.000 -1.387
0.600 0.200 0.867 0.400 0.000 -1.156
0.667 0.333 0.867 0.400 0.000 -0.925
0.733 0.467 0.867 0.400 0.000 -0.694
0.800 0.600 0.867 0.400 0.000 -0.463
0.867 0.723 0.867 0.400 0.000 -0.232

0.933 0.867 0.867 0.400 0.000 0.000
1.000 1.000 1.000 0.400 0.000 0.000

a (kcal/mol) 1
b kcal/mol
¢ kcal/mol

TABLE V. Alchemical schedule of the softplus perturbation function
for the hydration of 1-naphthol.

I I 1 I o a2 Uob Woc

0.000 0.000 0.000 0.400 5.000 0.000
0.067 0.000 0.116 0.400 5.000 -0.778
0.133 0.000 0.231 0.400 5.000 -1.557
0.200 0.000 0.347 0.400 5.000 -2.335
0.267 0.000 0.462 0.400 5.000 -3.113
0.333 0.000 0.578 0.400 5.000 -3.892
0.400 0.000 0.867 0.400 5.000 -5.837
0.467 0.000 0.867 0.400 1.667 -2.947
0.533 0.067 0.867 0.400 0.000 -1.387
0.600 0.200 0.867 0.400 0.000 -1.156
0.667 0.333 0.867 0.400 0.000 -0.925
0.733 0.467 0.867 0.400 0.000 -0.694
0.800 0.600 0.867 0.400 0.000 -0.463
0.867 0.733 0.867 0.400 0.000 -0.232

0.933 0.867 0.867 0.400 0.000 0.000
1.000 1.000 1.000 0.400 0.000 0.000

a (kcal/mol) 1
b kcal/mol
¢ kcal/mol



Concerted Hydration Free Energy

TABLE VI. Alchemical schedule of the softplus perturbation func-
tion for the hydration of 3,4-diphenyltoluene.

| | 1 5 a? ug® W®

0.000 0.000 0.000 0.400 4.800 0.000
0.067 0.000 0.131 0.400 4.800 -0.212
0.133 0.000 0.262 0.400 4.800 -1.272
0.200 0.000 0.392 0.400 4.800 -1.908
0.267 0.000 0.524 0.400 4.800 -2.120
0.333 0.000 0.655 0.400 4.800 -2.544
0.400 0.000 0.786 0.400 4.400 -3.392
0.467 0.000 0.917 0.400 4.400 -3.180
0.533 0.050 0.917 0.400 4.400 -2.968
0.600 0.156 0.917 0.400 4.400 -2.756
0.667 0.308 0.917 0.400 4.000 -2.332
0.733 0.460 0.917 0.400 4.000 -1.908
0.800 0.612 0.917 0.400 0.000 -1.484
0.867 0.764 0.917 0.400 0.000 -1.060
0.933 0.917 0.917 0.400 0.000 0.000

1.000 1.000 1.000 0.400 0.000 0.000

a (kcal/mol) 1
b kcal/mol
¢ kcal/mol



