Evaluation ofHost/GuesBinding Thermodynamics

of Model Gavitieswith Grid Cell Theory

Julien MicheJA *RichardH. Henchmary, Georgios Gerogiokad, Mi cWi. ¥.I1Southe§

Michael P. Mazanetg and RichardJ. Lavg

A E as t Schod & Chemistry, Joseph Black Building, The King's Buildings, Edinburgh,
EH9 3JJ, United Kingdom y Manchester Instit
Manchester, 131 Princess Street, Manchester M1 7DN, United Kingdom and School of
Chemistry, TheJniversity of Manchester, Oxford Road, Manchester M13 9PL, United Kingdom
§ Evotec (UK) limited,Innovation Drivel14 Milton Park, Abingdon, Oxfordshire, OX14 4RZ

United Kingdom

Keywords: hydration, thermodynamicsjolecular recognitiorgell theory

Abstract: A previously developedCell Theory (CT) modelof liquid waterhas leen used to
evaluate theexcess thermodynamic properties confined clusters ofwater moleculesThe
results are ingood agreementvith reference thermodynamic integration (TRlaulations
suggesting that the model is adequateprobe the thermodynamic propertiesf water at
interfacesor in cavities Next, the Grid Cell Theory (GCT) method has been applied to elucidate
the thermodynamic signature ofonpolar association fora range ofidealized host/guest

systemsPolarity andgeometry of the host cavitiesere systematically varied arahthalpic and



entropicsolventcomponents spatially resolved for detailed graphical analfsegirbations in
the thermodynamigropertiesof water moleculesupon guest binding are restricted to the
immediae vicinity ofthe guest irsolvent exposedavities whereadongerranged perturbations
are observed in buriedavities Depending on the polarity and geometry of the hostter
displacenentby anonpolar guestmakes a small or largesnthalpic or entropicontribution to
the free energy of bindingThus no assumptions about ttleermodynamic signaturef the
hydrophobic effect can be made in gene@lerall the results warrant furthepglications of

GCTto more complex systems suchpaisteirtligand complexes.

1. Introduction
Many crucial molecular recognition events between organic or biomoleoglas in aqueous
conditions and much effort has been directed at the developmemoletular modelling
methods to quantify the influence of watar the energetics of fundamental processes such as
proteinligand binding,solutesolubility or membrane permeabilityThis report focuses on the
importantcontibution of water to the energetics of host/guest associdtiemwell appreciated
that desolvation ohosts andyuestsin organic and biomolecular systermfen yieldsa large
contribution tothe binding free energy or kinetics® In the area of proteifigand association,
partcular attention has focuséad recent yearsn the influence obinding sitewater molecules
The traditional view is that displacement of ordered binding site water molecules by adequate
modifications ofa ligand leads to gains in affinity by increasing solvent entropy. However
successful application of this principie not guaranteed asriéquires thedesign of an analog
endowed with asuitéble waterdisplacing moietyprecisely positionedso asto offset the
energetic penaltincurred by thdoss of hydrogefibonding interactionbetween the receptor and

the displacedvater moleculé.Direct experimental\luation ofthe free energyenthalpy and



entropyof an ordered water moleculemains elusive andomputational approachg@sesent an
attractive alternativer o this end tdferent methodologiehave been proposed, based for instance
on inhomogeneous fluid solvation theofyFST) (e.g. Watermap STOW, GIST)>® semi
continuum electrostatics (SZMAPJ 3D-RISM,**** VISM,** various free energycalculation
protocols™*® and more rapicempirical scoring function®. Recent findings from biophysical
studiespursued with the help of such computational methioalge ledsometo question the
transferability of the hydrophobic effect for npolar solvation tdhost/guest associatidrecause
large enthalpic signatures have been observed upon ligand bimdiregd of the expected
entropic contributiorf*?* There is ontroversyabout themeaning andnterpretation ofthese
results becage entropyenthalpy compensatingffects due to solvent reorganization or
host/guestorformational changemay cloudthe molecular driving forces of ligand bindifi).
Even forarguablysimpler processes such as the hyidn of small hydrophobic solutes, there is
still controversy about the interpretation of the observed entropy‘loShese difficulties arise
because lthough methods to estimate free energy are well established, it remains challenging to
computeand interpresolvent entropie$®

New methodologies are warranted to explore these issues and address current controversies.
Recentlyour groups have proposdtie Grid Cell Theory (GCT)methodologyto spatially
resolve the free energy, enthalpy and entropywater in the vicinity ofsmall organic
molecules® In this approactihe cell heory method (CTjs used to computsolvent entropies
by postprocessing of a molecular dynamics simulafibHydration free energies, enthalpies and
entropies for small organic moleculpsedicted with this approachere found to be in good

agreement with experimental data and reference thermodynamic integration calculations.

However before the approacis routinely applied to more complex solute surfacegh as that



of acavity in a protein, it is important tassessvhether theCT method reproduces the entropy

of water inenvironmentghat deviate frombulk-like conditions The present reporaddresses

this issue with the use of idealizedvities and host/guest systems that enable well converged
predictions of thermodynamic quantities and unambiguous comparismmébmarksFirst, the
excess free energy, enthalpy and entropy of clusters of watecutedeare computed under
various degree of confinement and compared with reference thermodynamic integration
calculations. Second, theermodynamic properties interfacial water molecules are computed
and spatially redeed for a range of cavitiegrying in geometry and polarityl he resultextend
findings fromrecent simulation studies of hydrophobic interactions with model enclosures and

platesze’al

and illustrate a remarkable dependence of the thermodynamic signatugeest
binding onhost cavity water properties which has strong implicationsréiional drug design

scenarios.

2. Theory and Methods

2.1 Excess thermodynamic properties of confinedters of water molecules

The principleobjective is to derive a protocol t@orously compareexcessthermodynamic
propertiescomputedwith cell theory (CT) othermodynanic integration (TI)methodologiesCT
directly yields a partition function wheredd estimates ratios of partition functions. hlis

comparison requires the definition of a reference state accessible by the two techniques.

Excess properties of@nfined cluster of N neimteractingwater molecules

The expression of the classical calwahpartition function is given by eq 1.
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Underthe rigidrotor approximationthe Hamiltonian of a solution df rigid noninteracting

water molecules is given by &g
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where the Bl atomic coodinates have been defined usimgid body representations
Specifically,x;, i, z is the position of the oxygen atom of water molecuknda;, &, y; are the
Euler angles that define the orientation of water moleiculats principal frame of referencé,,
Ig, Ic are the principal moment of inertia and the mass of a water moleculg. ,n ,n ,

n ,n ,n are thelinearand angulamomenta of water molecule U is the potential energy

function. As usual, integration oveéhe momenta is possible, giving eq 3
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wheres is the symmeir number of a water moleculé=(1/ksT), ks is the Boltzmann constant,
T is the temperaturd) is the Ranck constant andy is the configuration integral. Each water
molecule is restrained by a flabttom harmonic potential, and since there is no coupling
between particles, theofential energy is given by ej
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wherethe potential energy of a single water moledsiigiven by eq 5.
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whereK is the force constant of the restraining potentiathe equilibrium position vector of
the restraining potential, an® the flatbottom radius. Theconfiguration integral for one

confined norinteractingwatermoleculeis given by eq 6.
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The potential energy defined by eqs 4&s no dependence on the orientation of the water
molecule, thus it is possible teeparate translational and rotational poments, ©

Qi © f ,where he components are given by eq 7 and 8
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The excessfree energylFeg, internalenergy OJeg and temperaturentropy productTOS5

follow from the standard expressi®
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where a reference ideghs volumeViy has been defined. For the process considered here the
exact value is not important and we S&t= 1 A®. Eq 7and 10can be conveniently evaluated
accurately using numerical integration. Fostance withT = 298.0K, K = 10.0k ¢ edl"Ak?
andD = 3.5A, Z, rg = 215.476R%, OFrg = -5.768k ¢ end*ADUrs = 0.053k ¢ endl"A-T S5 =
-5.821k ¢ mol*AAgain, since the potential energy of each water molecule is independent from
the position and orieations of other water molecules, @ , and it followsthatY"O
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Excess properties ofrmixture ofN nonrinteractingand M interactingconfinedwater molecules

Let the confined cluster oN nonrinteractingwater moleculesiow containM additionalrigid
water molecules that interact with each othierough a standard pairwise additive cladsica
potential energy function. The configuration integral is:

(12 & j O W

whereZy is a M dimensional integral that is not analytically soluble Ni1 (for M=1, Zy 1 =
Zn+10). For M>1 the noninteracting and interacting water molecules are also distinguishable and
this would give rise to &l'M!/(N+M)! termwhen subracting the ideal partition functionThese
terms will not be considerefiirther as theydo notaffect the comparison afxcess quantities
computed by cell theory or thermodynamic integration. The cell theory formalism of liquid water
propogd by Henchman is used to approxin&jewith eq 13’
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where the sudcript CT,M indicates that the M configuration integral is estimated using a 6
dimensionaleffective configuration integralTo compute the effectvconfiguration integral
each of theM water molecules is assumed to be described by an effective potemsiathat is
independent of the positions and oraiins of other watemolecules and defined by eq.14
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wherex, y, z measure translations alotige principal axes of water molectil@nd —h—h—

measure r@tions around the principal axe, K, k;, K Ky, ke are the force constants tife
uncoupledone dimensional oscillatgrendulumdescribingtranslational/rotationahotions along

each dimension. is the energy minimunThe configuation integral is given by eq 15
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where W, is the orientational number of water (see beloiWje smalangle approximation is
used to treat the rotations around thee¢hexesas harmonic oscillationsvhich let eq 1%e
rewritten as

(16)
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and since for a one dimensional harmonic oscillatt®

expression simplifies to:
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whereF; and ¢; denote force/torque constang&ubtracting thdogarithm of theideal partition
functionfor one water moleculith volume V4, from thelogarithm of thecell theory effective

partition function multiplying by-b™, and usingeq 17 leadsto eq18:
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and by identification eq 19
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For some analyses it is convenientbreak down thexcessentropy in eq 19n vibrational,

librational and orientational components.
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The vibrational and librationaterms in eq 20 measure theexcessentropy arising from
translations and rotations of the water molecules. The orientationainezgqn20measurs the
excessentropyarising from the number of equivalent minimas solution In egs 17,18,20 F,
Fy, F2, &, ty, t; are theaveragemagnitude of the forces and torques constants measutkd
principal frame of reference oéach ofthe M water moleculesand nmy is the average
orientational numbey (is taken as the average potential energy of an interacting water molecule
(i.e. fo=<Un>/M). Contributions from pairwise terms are haltedavoid double counting. Eq

17 is only valid in the classical limit and breaks down for low forces and terdue the

librational term, a uppervalue of 2 radf for - is enforced.The orientational number

hh
m essentiallyaccounts for the number of ways a water molecules can form equivalent

hydrogerbonding network$? It is based on a generalisation of tReaul i ng o s i ce e

model®®
ym | Ag@gsh———

whereN,, is theaveragenumber of neighbiing water molecules in the coordination sphere of
eachwater molecule, a cutoff of 34 is used by default. More elaborate treatments have been
proposed elsewher&, but arenot considered in this studyBecause the effective partition
function is additive, he excess thermodynamic propertifsa system made d¥l interacting

water molecules and noninteracting water molecules ggven by:

)
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Alternatively, expressg excess quantities as a sum of differenbeswveen successiviel
valuesone can write:
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Equation 38 can be solved using for instangging Tlas shown irEq 3Q

wherel is a coupling parameter that smoothly turns on tibermolecular interactions of one
of the M water moleculs. Eqs 2227 provide a rigorous way to compaexcess properties

computedby CT or TI. In practice, computer simulations are used to numerically ev&ydig

h i A8h N & Oand finitesamping errors limit therange of

F21 tX! ty, tZ, ’ <UM>1 é

values for theadiusD of the restraining potentiathe number of interacting water moleculds

and the temperature

2.2 Grid Cell Theoryanalysesf hostguest bindinghermodynamics
The Grid Cell Theory is an alternative formulatiofithe Cell Theory method where a volume
of space is discretized intd; volume elements of volumé(k) thateachcontaina variableN,(k)

number of water moleculesDetails of themethodology have beenrgsented elsewhef@.
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Briefly, cell parameters Q, 0,0 7 Q,t ; Q are computed for each voxkl

The cell parametersf an arbitrary regiors arethencomputed by weighting the cell parameters

of the voxels belonggto s, i.e.

~ ~
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wherel(s) is an indicator function that is equal to 1 if vokdbelongs tos, O otherwiseNy(s)
is the average number of water molecules within regidys. 3134 enable the computation of
the effective partition functioand excess propertiésr s according to eg|18-19. For host/guest
analyses, it is convenient Expressexcess water propersiof s relative to bulkconditions.
Additionally, neglecting contributions from presstwu@ume terms, we write:

BmY0O v O wvwo v O vYyY, YvY
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wherethe subscript indicates quantities computed using reference hatk idealparameters.
The superscriph indicates normalized (per water) quantiti#he above two quantities can be
summed to estimate a water free energy contribuff@j(s). For someanalyses it is also
convenientto break down “¥'Y V¥ in vibrational, librational and orientational components

WY v, "WY v, "¥Y v respectivelyTo establistenthalpy and entropy changes
for the reersible associationf@a guestG with a hostH one must analyse water properties over
three separate regioss, s2 s3as depicted in Figure Under the assumption that the host and

guest are rigid, the enthalpies and entrepiEbinding are given by eqs-38.

11
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where the first term in Eq37 is the inteaction energy oH with G in a fixed relative
orientation;/ . The regionssl, s2 s3 are assumed to be sufficiently large such thak like
propeties for water are recovered beyotiee edgef each regionand therefore have to be
adjusted for the particular host/guest systems under considerd@tienhost and guest are
assumedo be rigid andthere is therefore no entropeontribution from changes in internal
degrees of freedomsThe entropy of binding also requires the evaluation of clamge
translational and rotational entropy fer and G. The number of translatiohand rotational
minima of theboundguestis assumeda beone Additionally, the hosis assumed t@xhibit
negligible changes itranslational/rotationaéntropy upon guest bindin@his leaves only the

contribution of the change itranslational/rotatinal entropy for the guesto the entropy of

binding A systemframecell modelis used to estimate this contribution wilgq 39>

o g eob g P @Orgo
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whereF;, t; indicates half magnitudes of forces aatiques components along the principal
axesof the guestmeasured in solution or @omplexwith the hosin relativeorientatiore |, r's is
the radius of the guesiong principal axis to the ede of its van der Waals surfadg, is the
volume availableéo awater molecule in solutiony® is the volume availabléo the guest at the

1M standaridstate concentration and is the symmetry number of the gudanally, eqs 37 and

38 can be summed to obtain the free energy of bindidg Vﬁ.

2.3 Preparation of molecular models

12



The TIP4AREw water model was used through¥tA cluster of 2 water molecules was
preparedusing the program leap from the AMBER 11 software sliitBor the host/gués
simulations, bsts were constructed by layeriagomic siteswith a spacing between adjacent
sites 0f4.19A in a rectangular region of minimum coordiestx=0A, y=0A, z=0 A and
maximum coordinates x 20.93A, y = 25.12A, z=20.93A. The initial spacing was chosen
such that the Lennardbnes interaction energy between neighboring Biistis close toa
minimum with the parameters used (see bel@w3olvent accessibleavity wasthencarved out
by removing a variable number of sitaisdin the case of the complexes, inserting guest sites at
the bottom of the host cavitfthe host was alignesluch thatsitesat thebottomof the cavity
have a lower x coordinatethan at the top of the cavity.The nonbonded Lennardones
parameters of the host siteere adapted from OPLSBA parameters for methang (= 2.093A
and e= 0.294kcaldmol™).®® The guest site Lennaitbnes parameters weken as the host site
parametersscaleddown by 10% (r* = 1.884 A and e= 0.264 kcalknol™®) so that theguest
wouldnot fill c Adjaoent guesesites wdrehbended avith ia haymonic potential
of parameterseq = 3.768A and Keq= 500 kcalknol'AA. Host sies at the edges of the cavity
were next converted into polar sites bearing a positiveegiative partial chargg. Several
different models of hosts and hagiést complexes were prepare@rying thepolarity (by
changing themagnitude of the chargeg|)| andthe geometry(by removing additional hosites
along thex, y or z axes), e Figure 2for anillustrative example Each modehost, guest or
complexwas solvated in a box of TIP4Pw water molecules extending Z2from the edge of
the solute(susing the program leajpom the AMBER 11 software suit@ he resulting models
were energ minimized and equilibrated under NRRonditions at Jatmand 298K (host/guest)

or in nonperiodic conditions (water clustersjsing the software sandeA velocity-Verlet

13



integrator and a time step off2was usedTemperature control was achieved wath.angevin
thermostat and coupling constant ofp§*,3*® whereas pressure controlass achieved with a
Berendsen barostat and coupling constant p§2*° The SHAKE method ith a tolerance of
0.00001A was applied to constrain intramolecular degrees of freedoms in water molecules and
bonds involving hydrogen atoms in soluf&¥’ Host/guestsiteswere restrained to their input
positionsduring the equilibratiorusing harmonic positional restraints of 1000galknol*A4

and constraints appt to keep water molecules rigiglectrostatic interactions were handled

with the particlemesh Ewald metho and a cutoff of 108. LennardJones interactions were

truncated after 18.

2.4 Molecular Dynamics simulations.

Production rolecular simulations were performedth the software $e/OpenMM.In the
present study,his progam results from the runtime linking of the general purpose molecular
simulatbn package Sire revision 201Host/guest simulations) or revision 2373 (water cluster
simulations)** with the GPU Molecular dymaics library OpenMM 5.1° The water cluster
simulations were performed at 288with a cutoff of 99A and an atombased BarkelVatts
reaction field vith dielectric constant set to aff€The host/guestimulations were performed at
1 atmand 298K usinga reaction field norbonded cutoff of 1 and dielectric constant of 78.3
for the electrostatic interactions, anad @ombasednonbonded cutoff of 13 for the Lennard
Jones mteractions.Host/guestsites were kept frozerduring the dynamicsA velocity-Verlet
integrator was used with a timestep ds2Temperature control was achieved with an Andersen

thermostat and a coupling constant16fps®.*’ Pressure control was achieved by attempting

14



isotropic box edge scaling Monte Carlo moves every 25-siteps.The intramoécular degrees

of freedom of water molecules werenstrained using the OpenMM default tolerance settings.
Each waer cluster was simated for 22ns and the first2 ns discarded to allow for

equilibration.Unless otherwise statedach host/guest systewas simulated for @ ns and the

first 1 nswas discarded to allow for equilibratiorsnapshots were stored everpdin a DCD

file format for subsequent analysethus a total of 9,000 snapshots were qpostessed for a

typical host/guest simulatiorAll molecular dynamics simulations were executed using the

OpenCL platform of OpenMM on a cluster of Tes2090 nodes.

2.5Nautilusanalyses.

Cell theory parameters for the water clusters were computed using the trajectory analysis
software Nautilus®® For the host/guest complexes, grid cell theory analyses were performed,
using @ll theory bulk parameters f@GiP4P-Ew watertakenfrom a previous GCT studyrable 1
in ref®. Additionally, the Nautilus implementation wasxtendedto enable computation of
enthalpies and entropies of bindiag given by eqs 339. The symmetry number for the guest
was taken ag 1. Eq 39does not account for the effect of the positional constraints that were
applied to host and guesitesduring the simulations performed in this study. The change in
guest translational/rotational entropy was therefore calculated with the additionatiagbian
that the ratio of the products of forces and torquesyjisal to oneA previous celtheory study
of a set ofproteinligand complexedias shown that these terms contribute little to the guest
entropy loss”>

Efforts are underway to release Nautilussésndalonesoftware.Briefly, Nautilus analyses

entail three major steps: 1) Conversion of a molecular dynamics trajectory into a collection of

15



solvent and guest cell files. 2) Conversion of solvent cell files into grid files. 3) Evaluation of the
thermodynamic properties of water and the guestr a user defined regioRor thegraphical
analyses of the hdguestsimulations (regiorslin Figure 1)the gridcenter was positioned on

the average coordinate of the heites(ca.x=23.5A, y=25A, z=23.8A) and the grid covered
rectangular reign extending #0 A in the y and z coordinates and +28 and-10 A in the x
coordinate.The same region was used for the host only simulations (regjoifror the guest
simulations (regiors3) a cubic regiorwas centered on the average coordinates of the center of
geometry of the guest (x=17/8 y=18.2A, z=18.3A) andextended by A2 A in thex, y andz
coordinates.A grid spacing of0.5 A was used throughoufor quantitative analyses and
evaluation of termodynamic signatures a sukgionof s1ands2was usedy only considering

grid ponnts that belong to thiatervaléoN v vv, N vho vv, N p To vv.

2.6 Thermodynamic integratiocalculations

Thermodynamic integratioas implemented irSire/OpenMMwas used to estimate eq.25
Details of the potential energy function were @kaas used for the C€alculations.Stepwise
decoupling of one water molecule from the cluster was performed in two stages, electrostatic
interactions were removed first, foll@d by Lennaredlones interactims. For each stage4 /
values spanning the interval.() é ,0]lwere usedinitially. Free energy gradientst each/
valuewere evaluated using a finithfference thermodynamic integration (FDTI) approach with
D/ set to 0.0012 In order to avoid numerical instdities, soft-core potential energy functions
were used for transformations of the Lenndoties parametef$An implementation identical to
Michel et al. was used and the softening parameters were set to ng83addhroughout® Free

energy changes wetbenobtained by numerical integration of the free energy gradients using a
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polynomial regression scherieln some instancesM=12, D=3.0 A and M=12, D=2.75 A)
sharp variations in free energy gradients were obsearvéde Lennarelones decoupling step
and calculations aip to fouradditional/ values were performed to reduce numerical integration
errors. Each / value was simulated for 1.hs with the first 100ps discarded to enable
equilibration. Changes in dhalpy were estimated from eq 28y extending endtates
simulations (ie. /=0.0, electrostatic decoupling stegnd/=1.0, Lennardjones decoupling stgp

to 20nsto obtainwell converged total averagmtential energies.

3. Results and Discussion

3.1 Confined water clusters
Figure 3compares the excess free energies, internal energies and entropies computed for

several water clusters under a range of different confinements with the CT and TI methods.
Because both methods use the same approach to compute the internal energy, they should
produce identical results for this quantity. In practice differences may be expected because the
energies are averaged over different simulation trajectofiéaite length The relatively good
agreement in the computed internal energieserved for a broad range Mf values suggests
that the results are well convergeshd that the computed entropies can be reliably compared
The only noticeable discrepancy occurslatv D and highM values (Figure 3). This
correspond to situations where the density of interacting water molecules is high and water
mobility decreases dramatically, causing slow convergenceeoltliage potential energy or
free emrgy gradients.Turning to the entropyjt is apparent thatboth theories predict a
significant loss of entropy upon turning on intermolecular interactions betweenmatsaules;

depending on the confining potential, thetentialenergy decreases la. 80-90 k ¢ endl"A

17



betweerM=0 toM=12, but this islargelyoffset by & entropylossof ca.60k ¢ adl*A There is

an obvious discrepancy between CT and Tl Mrl no matter the confinementhis
corresponds to a situation where a single interacting water moleculey isveakly constrained

by the confining potential. As a result, very low forces and torques are measured during the
simulation and the harmonic approximation of CT breaks down, causing an overestimation of the
entropy of the water moleculelowever for M=2 and beyond the results are much closer to the

Tl datg suggesting that the harmonic approximation is valid ¥@neveakly interacting clusters.
Figure 3also shows thathe greater the confinemetibe smallethediscrepancy in the entropies
computed wih the two methodsAt low confinement Figure 3 panels A & B) the discrepancy
increases with the number df interacting water molecules. Howeyett higher confinement
(Figure 3 panels C& D) betteragreement between CT and Tl is observed at low andMigh
values.Over the intervaM=2-12 the averagediscrepancy in entropy per water molecul®.is

k ¢ edl*Zat low confinementD=5 A) andonly 0.2k ¢ mdél*4at low confinement{D=2.75A).

Overall the results suggest that CTaisalid alternative to Tl t@redict the entropy of confined
water moleculesand the methodology should be usefful studies of the energetics of water

molecules at complex interfaces such as host/guest cavities.

3.2Model hostguest systems

Unlike proteinrligand complexes for which it is challenging to obtain converged
estimates of solvent enthalpies and entropies, the present idealizeglbsissystems offer the
opportunity to systematically vaimulation parametera a reasonableomputing costOwing
to the axis of symmetry in they plane, convergence of the simulations can be visually assessed

by inspection of the isocontours of the computed thermodynamic propArtigsical setup for a
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polar cavity is shown in Figee 2 which depicts isocontours of the free energy of wat@ v.
The contours showhat firstshell water molecules outside of the cavity are moderately
destabilized with respect to bulk, whereas stabilizing regions are observed for water molecules in
contact vith polar cavitysites Visualization of the computed trajectories shows that most
stable regions are observed between two negatively charged cavitptsites bottom of the
cavity where a water molecule can donate two hydrogen bonds and accepbmongd¢ host.
The reverse motif where water accepts two hydrdgerds and donates one to the hestlso
observedin the simulationsbut is less stablgdata not shown) These observations are in
agreement with thasymmetrichydration of water by hydgenbond donors or acceptots:®
Water in the bottom central region of the cavity is less ordered but also interacts more weakly
with the host andonsequenthhydrationof this region is unfavorablg-igs 2A and 2B.

Figure4 depicts the cavity water density relaito bulk as a function of the magnitude of
the partial charges on the cavity padiies Below |g| = 0.35ethe cavity is largely drywith only
the upper part transiently hydrategt |g| = 0.35e the cavity undergoemultiple dewetting
wetting transitions on astime scale, as evidenced by the large standawiationof the mean
density Bulk density is recovered fdg| = 0.6 e Beyond this,visualization of the computed
trajectories gggeststhat further increases in water density are obsdrat the expense of a
slowing down of cavity water dynamidslata not shown)The behavior of water in these
different cavities is reminiscent of the hydration of protein binding sité& hydrophobic
binding site of bovind-lactoglobulinhas been shown to be dryimvitro conditions by NMR
magnetic relaxatiomlispersionexperimentsand arange of computational methotfsYoung et
al. have computatinally identified several dry protein binding sif8svhereasviatthews and Liu

have reviewed the experimental evidefmedry protein cavities and concluded in favor of their
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occurrence for at least smalbn-polar cavitiesthat cannot accommodate more thane water
molecule®® The binding site of the protein MUP and COX2, both fairly hydrophobichawe

been shown to be stiydratedor even dryin in vitro conditions® 1" 2

3.3Influence of cavity polarity on water properties

The stability of interfacial water molecules was further assessed by performing Nautilus
analyses ohostcavity hydration in the dryegime (g| = 0.25€), dry-wet regime(|g| = 0.35¢),
and wet regime (g| = 045 e). Figure 5 shows a 2D projection othe normalized excess
thermodynamic properties of watand relative water densityrs (rs = Nw(S)/ Ni(s) where the
denominator is the number of bulk water molecules expected in a volume ofgpaAcét low
polarity (Figure 5, top row) the cavity remains dry throughout the simulatidepletionin water
density immediately above the cavity is apparent amdare a structured first and second
hydraton shells. The water molecules in the first hydration shell of the host have a slightly less
favorable enthalpy. Perturbations in water entropy are weaker in magnitude but extend further,
with weak discernible ptarns in the second hydration sh@&ulk-like behavior appears to be
recoered at distances greater than cA. flom the host surface\t intermediate polarityFigure
5, secondow) the cavity undergoes frequent dewetttngnsitions on a nanosecond timescale.
Two types of water behavior can be discerned. When hydrated, the top of the>casit32 A)
is occupied by weakly enthalpically and entropically destabilized water molecules. On the other
hand the middle of theawity (x ca.18 A) is occupied by water molecules that are enthalpically
and entropically stabilized with respect to buld. higher polarity Figure 5, third row) the
cavity is filled with a network of structured water molecules that are enthalpicdatijiztd and

entropically destabilizedith respect to bulkconditions A significant contribution from the first
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hydration shell is also apparektpon guest binding all water molecules are displaced from the
cavity (Figure5, fourth row). Similar resultare observeavhen the guest is bourfdr other ¢
values @latanot shown. Water molecules in the first hydration shell of the bound guest are
weakly stabilized at higher cavity polarities due to electrostatic interactions but this effett is
strong ad the energetics of cavity dehydratiare largely driven by the displacement of the
water molecules that would otherwibave steric clashesith the guestFigure 6 shows the
thermodynamic signature of host/guest binding as a function of the host cavity pdlasty.
uncertainty in the computed energetics was estimatedmputing the standard deviation of the
mean for 3independent repeat simulatioasp| = 0.45e. The resultss 8.5 kcalkmol™ for the
enthalpy of binding and 9.2 kcalknol™* for the entropy of bindingndicate that the changes in
thermodynamic signature with| seen in Figure 6 are significantor [j| values lower than 0.30

e there islittle variation in the thermodynamic signature since the host cavity is largely dry.
Association is favored bya.-18 kcalfmol™ because of a favorable enthalpic contribution from
guest desolvatiorcé. -4 kcalknol™?), host desolvationcf. -3 kcalfmol™), andthe favorable host
guest interaction energies1@.5 kcalknol®). The binding entropy includea favorable
contribution for guest desolvationd. -3 kcalknol™) that iscompensatedy the guest loss of
translational and rotational entropy4(6 kcalnol™). Betweend| = 0.35 to 0.4% the number of
cavity water molecules increases rapidly and itfteased entropy gain due to cawtyter
displacementauses a favorable changebinding entropyof ca.-3.8 kcalknol™*. This however

is offset by an enthalpichangeof ca. +25 kcaldmol™* owing to loss of strong hydrogdsonding
interactions between host polsitesand cavity water molecule&or [j| values above 0.48
there isa smalladditional entropic gain from water displacemerntditonger enthalpic lossthus

causing host/guest association to become unfavorabtes underscores that strongly
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enthalpically stabilized cavity water molecules cannot be productively displaced by a guest
unless new hydrogebonding interactions of sithar strength are formed between the host and
guest.

For |g| values betweef.35 to 0.55 ethe number of water molecules displaced from the
monitored region upon guest binding randesm ca. 8 to ca. 14. The associatedavorable
entropiccontribution ofcavity water displacement to thfeee energy obinding increasegrom
about 00 kcalknol to 0.5 kcafnol” per displaced water molecul@hese estimates can be
compared to literature valueBunitz estimated on the basis of the entropy difference between
liquid water and ice that the entropy g&m water displacemenh proteins should bao more
than 2 kcalfmol™, and likely much less agrotein binding sitewater molecules retain some
mobility.®®> Verdonk et al. estimated a contribution of 0.K@aldnol* per displaced water
molecule fromfitting to experimental dat¥ Figure 7 depictsa componentanalysis of the
changes in solvent entropy upon guest bindingall cases there is an unfavorable contribution
from changes irwater vibrational entropy which indicates that cavity wateolecules have
greater translational motiomisan in bulk. Changes inater librationakentropy also oppose guest
binding, but this term approaches zero as the cavity polarity is increased. This indicates that
water molecules in the more polar cavities are as restrictdiirrotational motions as in bulk.
Nevertheless favorable entropicontribution to guest binding is observaekrall because of a
large favorable contribution from threhanges inwater orientational entropyTherefore in the
present simulationsthe favorableentropic gain due teelease of cavity water molecules ill
is due to an increase in the number of hydrelgemding partnerghat more than offsets a
deaease in @nslational/rotational motion3 he results obtained hecan be compared those

reportedby Irudayam and Henchmain an earlier cell theory study The authorestimated that
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displacinga singé water molecule from laydrophobic cavity in the protein barnase would yield
an esentially zero change in watentropydue to compensation between vibrational/librational
and orientational entropy componen®n the other handlisplacement of a single water
molecule froman hydrophilic cavity inthe potein BPTI was predicted tgield a favorable
entropic contribution of @. kcaldmol* due to a large favorable orientational entropy
component? These values arsomewhat lower than tHavorableentropiccontributionthat has
beenpredictedwith IFST methodsfor displacinga water moleculdrom the binding sites of
HIV-1 protease2.9 kcafnol™),®> concavilin A (2.0 kcafmol™),°® or cyclophlin A (ca. 1.8
kcaldmol™).®" It has been suggested that neglect of correlation tertme IFST implementation
of Li and Lazaridismay explain the higher values obtaifédhdditional detailed comparative
studiesof CT and IFSTmethodsapplied to identical systen@se desirable to establishet range

of waterentropiesat proteininterfaces.

3.4 Influence of cavity width on water properties

The low water molecule®ccupancy of cavitieanderlow polarity conditiong|q| < 0.35
e) warrants further consideratiofio determine whether the phenomenon was a consequence of
the curvature of the cavity, simulations were repeated with enlarged cavities alyrantherz
planes and gtj| values near the dmyet transition seen in Figure({yl =0.25 e, 0.30 e, 0.36).
Figure 8summarizes the main resuftem this analysisAlthough the solveraiccessible volume
of the enlarged cavities is four times greater than cavities studied previously, no significant
wetting is observed ag|| = 0.30 e (Figure 8, first row)n contrast with the narrower apolar
cavities (Figure 5, first row)vater molecules in the first hydration shell immediately above the

enlargedcavity are more destabilizexhd there is a clear depletion in water density in this region
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(Figure 8, first rowx ca. 25A andy ™ [5,15] A). The effect is largely enthalpic in origin and can
be traced to the decreased solmé/ent interactions experienced by water molecules in this
region. Additional polar sites placed at the base of the tgaifrigure 8, second row), or
increasing the polarity of the siteg|(F 0.35 e Figure 8 third row), are both insufficient to wet
the cavity. Consequentlthe water properties are very similar in all cagdswever, placing
additional sites and increasgirpolarity is sufficient to cause wetting of the cavity (Figure 8,
fourth row).Under these conditionbulk-like density is achieved near polar sites at the base of
the cavity. Intriguingly water molecules located at the base of the cavity and nearrées co
(Figure 8, fourth rowx ca. 16A, y ca. 4 A andk ca. 16 Ay ca. 16 A)are both enthalpically and
entropically sabilized with respect to bulk. Low density water regions are observete
middle of the cavityand vater molecules in this regiare moderately deabilized with respect

to bulk No strong fluctuations in cavity water density ateserved during the simulations, and
significant regions of the cavity remain dry.

Overall the picture that emerges is that cavity wetting is les#isen® the width of the cavity
than tothe polarity of the cavity. Thermodynamic signatures for guest binding were not
computed for these enlarged cavities owing to uncertainties in the optimum placement of the
guest, andlifficulties in sampling adequely with molecular dynamicthe solvent occupancy of
residual pocketof space left between the host and the guAddressing hesetechnical
difficulties will require future implementatios of specialized wateplacement algorithm¥, or

Grard-Canonical Monte Carleamplingprotocos.*®

3.5 Influence of cavitglepthon water properties
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As an additional test, the magnitude of the host partial eBangas kept constang|(|=
0.45 e) but the depth of the hbgavity was increased. FiguBdepicts the results for three
different cavities. Results for the coordinate cavity base 45 A have already been shown
(Figure 5,third row). As thex coordinate of the cavitpasedecreases dmx = 15 tox = 12 A
(Figure9, top row there is a shift in the position of the stable cavity water molecules so as to
maintain hydrogetibonding interactions with host polaites However as the cavity waters do
still exchange with bulkthis causes thdormation of an additionallayer of weakly stabilized
water molecules near the top of the cagitga.22-25 A). Decreasindurther the cavitybaseto
x = 9 A (Figure 9, second row) lao causes a shift in the position of the stabilized water
molecules, but the water molecules in the intermediate hydrophobic regi@n17-25 A) are
now unstable with respect to bulk. Finaltiecreasindurther the cavitypaseto x = 6 A (Figure
9, third row) dramatically disrupts hydration, with only a few water molecules retained at the
bottom of the cavity and almost complete drying of the rest of the caligyalizationof the
computed trajectories shows thaater diffusion in the cavity dramatically sis down and
longer simulationsda. 100 ng) are needed to observe a statistically significant number of water
exchanges between the bottom of the cavity and (olaia not shown).

Upon guest binding to the bottom of theepestcavity complete drying is aerved
(Figure9, fourth row). The same result is observed for all other ca\(itiaanot shown. Thus
adequateassessment of the changes water energetics requsehere consideration of
perturbations in water network structure that extend ugbtout10 A away from the surface of
the guest.Figure 10 depicts the thermodynamic signatuwe host/guest bindindor different
sized cavities. Increased burial of theegt in the host faverslightly binding to the deeper

cavities due to strongéost/guestnteraction energy (froml2.5k ¢ adl*fatx = 15A to -14.0
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kcaldmol* at x = 6 A). This is a small variationn comparison withthe changes in water
energetics thalominatethe thermodynamic signature. Deas@ng the cavity baseom 15A to

12 A causes an unfavorable change in enthalpy of bindirug.of13 kcaldnol* and a favorable
change in entropy of binding afa. -2 kcal&nol* becausea greater number afavity water
molecules are displaced. Howeyvdecreasing the cavityasefromx = 12 A to x =9 A causes a
favorable change in the enthalpy of bindingday-11 kcalfmol™ whereas the entropy of binding

is left unchangedThis occurs because guest bindingw displaces a mixire of stable and
unstable water moleculeBinally, after decreasing the cavityasefromx = 9 A to x = 6 A there

is now a favorablechange in thenthalpic contribution o€a. -20 kcalkmol™ that is offset by a
unfavorable changim binding entropy ota.+7 kcalknol*. As shown in Figure L these large
variations in termodynamic signature refleatell the changes iwater energetics between the
unbound and bound host structures. Strikingly, the changes in enthalpy or entropy do not
correlate with the number of cayitwater molecules displacedt x = 9 A, about & water
molecules are displaced upon guest binding batlatver energetic cost thdor x = 12 A, where

only about 20 water molecules are displaced upgrest binding. Remarkably, at= 6 A,
displacng the cavity water molecules hasthanunfavorableenthalpic and entropicomponent

This is because the few water molecules left at the bottom of the bawvitygreater entropy than

in bulk (Figure9, third row) The present results provide strong evidence that there is no general
thermodynant signature associated with hydropholiost/guestas®ciation in aqueous
conditions;rather thedetails of theenergetics oéachdisplacedcavity water moleculalictatethe

magnitude and sign of tretropicandenthalpiccomponers of cavity dehydration

4. Conclusions
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In summary the cell theory model of liquid water is shown to yéeddessentropies in good
agreement with reference thermodynamic integration calculations for clusters of confined water
molecules In general a &tter ageementis observed for increased confinemhe The main
advantage of the celhéorymodel is that entropies are readily obtained from a ssiglelation
whereascalculation of the same quantity withermodynamicritegrationrequires the design of
suitable pathways taconverge free energy gradients and changes in total potential efhrergy.
addition, it is straightforward to spatially localigathin the grid cell heory framework excess
enthalpic and entropic components. This was used here to perfortadigtaphical analyses of
the contribution ofwater energetics to the thermodynamic signature of-polar host guest
associatiorin model cavities. The main resulisethat thefavorableentropiccontribution to the
free energy of guest bindingpon disphcement ofwvater moleculesrom a nonrpolar cavityis
due to an increase in the number of hydrelgending partnersn solutionrather thara change
in the width of energy minimaAdditionally, depending on the interplay between cavity
geometryand polarity, guest binding can cause a local or-lamged perturbation imterfacial
hostwater structure. Finallythe energetics of cavity water displacementsarengly influenced
by the cavity polarity and geometrjhus there is no unique thermamic signature associated
with nonpolar hostguest associatiol.he present results warrant further GCT analyses of more
complex models of proteiligand complexes to elucidatke thermodynamicor kinetic profiles
of proteinligand association. To thiend it is desirableto extend the present work by
generalizingCT modelsor coupling thenwith quasiharmonic or mutual information expansion

methodologies that yield conformational entrog@sflexible hosts and guests®
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Figure 1. Thermodynamic cycle for the computation of enthalpies and entropiesding of

rigid guestG with rigid hostH. The ymbolsare defined irsection 2.1
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Figure 2 Hydration thermodynamics of a model host cavity. A) Top view inzthplane B)

Side view in thexy plare. Host sites are spaced ev8@ A. The solvent accessible volume of

the cavity is approximately 358°. Sites bearing a partial positive or negative chamgje=(p.55

€) are represented as orange or purple spheres respectively. Other sites in the host are uncharged
and represented as transparent black spheres. Isocontou80ofw) the normalized free

energy of water have been drawn in re2gi§ kcaldmol™) and blug(0.5 kcaldnol™). C) The guest
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is modelled as a set of eighénnardJones sites sized to approximately fill up the host cavity.

Figure prepared witthe software/MD. "
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Figure 4. The effect of polarity on the solvent density of a model caVibey axis shows the
cavity density relative to bulk watethex axis themagnitude opartial charge on the host polar
sites. The error bars show one standaeViation of the mean densitfsee figure 2 for a

representationf the cavity regiors.
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Figure 5. The effet of cavity polarity onthe energeticsof interfacial watemolecules Water
properties have been projected in ®yeplane.From left to right the panels depinbrmalized
water free energie¥’O v, normalized water enthalpi®0 v, normalized water entropies
"WY v (kcaldmol™) and relative water density v (redwhite-blue heatmap)From top to
bottom themagnitude of the partial chargeg ¢n the host cavity polar siteésxcreasegrom 0.25
to 0.45e. The volume of space displaced hypst particlesis depicted in grayand by guest
particlesin purple.The orange circles indicate the position of the host ppéaticles The color
greendenotes solverdccessible regions of space thatve less thad% bulk solvent density

For clarity host particles in theplanes above and below the cavity have been hiddex and
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y axesunits are inA andare numbered such thé,0) is the coordinate of the host sitéh the

lowestx andy values
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Figure 6. The thermodynamic signature of host/guest binding asetifin of the host cavity

polarity. Blue: free energy of bindingy"O VH. Red: enthalpy of bindingYO . -Green:

entropy of binding "¥'Y "

v
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Figure 7. The influenceof the cavity polarity on he changes irthe entropiccomponents of

water upon guest bindingDark green:changes in vibrational entropy"YY'Yj ¥
Y'Y v . Green: changes in librational entropyYY'Yy, v ¥Y v . Light green:

changes in orientational entropyYY'Yr, ¥ YVY v
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Figure 8. The effect of cavity width on the energetics of interfacial wdtecomparison with

Figure 5, the cavity has been enlarged byr&/A along they andz planesFrom left to right the

panels depict nmmalized water free energieéO v, normalized water enthalpie€O v,

normalized water entropies’¥'Y v (kcaldnol?) and relative water density ¥. From top to

bottom panets|g| = 0.30 e]g| = 0.3 e with additional polar sitesg||=0.35 e;|g| = 0.35 e with

additional polar siteQther symbols as in Figute
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Figure 9. The effect of cavitydepthon the energetics of interfacial water. From left to right the
panels depict normalized water free energlé® v, normalized water enthalpie€O v,
normalized water entropies”¥'Y v (kcaldmol?) and relative water density ¥. From top to

bottom panels th& coordinate of the base of the cavity decredises 12 A to 6 A. |g| = 0.45e

for all cavities Othersymbols as in Figure.5
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Figure 10. The thermodynamic signature of host/guest binding as a function of the host cavity

depth |g| = 0.45e for all cavities.Blue: free energy of binding/"O " Red: enthalpy of

v

f
v -

bindingYO , . Green:entropy of binding "¥'Y
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