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Thermodynamics of Buried Water Clusters at a Protein—Ligand Binding Interface
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The structure of the complex of cyclophilin A (CypA) with cyclosporin A (C<A,shows a cluster of four
water molecules buried at the binding interface, which is rearranged when CsA is replaced by (5-hydroxy-
norvaline)-2-cyclosporin2). The thermodynamic contributions of each bound water molecule in the two

complexes are explored with the inhomogeneous fluid solvation theory and molecular dynamics simulations.

Water (WTR) 133 in complex contributes little to the binding affinity, while WTR6 and 7 in compl2x
play an essential role in mediating proteiligand binding with a hydrogen bond network. The calculations

reveal that the rearrangement of the water molecules contributes favorably to the binding affinity, even though

one of them is displaced going from ligaddto 2. Another favorable contribution comes from the larger
protein—ligand interactions of ligan@. However, these favorable contributions are not sufficient to overcome

the unfavorable desolvation free energy change and the conformational entropy of the hydroxylpropyl group

of ligand 2 in the complex, leading to a lower binding affinity of liga2d These physical insights may be
useful in the development of improved scoring functions for binding affinity prediction.

Introduction We have previously applied a rigorous statistical thermody-
namic analysis on tightly bound water molecules in HIV-1
protease-inhibitor and concanavalin Atrimannoside com-

rplexe52.6’27ln both cases, we found that the tightly bound water

Interactions at the binding interface of biomolecular com-
plexes are often mediated by bound water molecul®sSeveral

studies have demonstrated the importance of taking such wate molecules at the binding interface had a larae neaative entro
molecules into account in ligand desig17 The displacement 9 ge neg Py

of ordered water molecules is sometimes used as a strategy fthat was outweighed by a favorable interaction between the

designing ligands with higher binding affinity, as in the case of water molecule and the protein or ligand, leading to a favorable
cyclic urea inhibitors of HIV-1 proteaseHowever, in some free energy contribution<15.2 kcal/mol and-17.2 kcal/mol,

cases, water displacement seems to lower binding affifi. respectively). We also studied the thermodynamic consequences
Interfacial water molecules can be isolated or can form of the displacement of the water molecule in the concanavalin
clusters. For example, six water molecules forming two water A~trimannoside complex. We found that the waiprotein/
clusters are found at the interface of the trp-repressor/operatorligand interactions eliminated were almost compensated by the
complex, mediating the polar contacts to the ba&eThese direct interactions gained. Other contributions from the differ-
water molecules are the determinants of specificity in this ence of the desolvation enthalpy, entropy, and conformational
systent Water clusters are also found at the interface between entropy of the ligand were much smaller but significant,
the mouse major urinary protein and its pheromone ligddds. compared to the binding free energy differedte.
Disruption of the hydrogen bonds between one of the bound | this work, we extend this analysis to water molecules that
water molecules and the proteifigand complex causes aloss  gre not fully buried or form a cluster. Such a water cluster is
g b'nﬁ'ng err:.thalp)(/jl andfg faxorablgd changelz of entroply.d observed in complexes of cyclophilin A (CypA) with cy-
rystallographic studies of OppA-peptide complexes reveale closporin A (CsA,1) and analogues. CsA is an immunosup-

a waterg foluster at the binding interface of the dipeptide pressive drug that can prevent graft rejection after transplant
complex?9Release of these bound water molecules to the bulk . o .
surgery by forming a complex with its soluble intracellular

when the ligand changes from dipeptide to tri- and tetrapeptides receptor protein CypA, which then interacts with calcineurin

i tropically f bl d ted to b ibl
Iff) ret?]éog (,';g gf t?i\rlglriﬂg Zf‘;’}gity"gas stiggested 1o be responsibie, 1 d inhibits its phosphatase activifiin the complex of CypA-
The thermodynamic contrib;Jtion of water at proteligand CsA, several bound water molecules were found at the binding
binding interfaces is still poorly understood. This causes maior interface, mediating the interactions between CypA and the Abu
nding | 'S St poorty u S cay 1T esidue (-a-aminobutyric acid) of CsA&? Three of them

problems to current scoring functions for prediction of protein ] X
ligand binding modes and affiniti@& Attempts of refining the ~ (WTRS, 6, and 7) are well ordered, and one is less tightly bound

scoring functions taking bound water molecules into account (WTR133). (5-Hydroxynorvaline)-2-cyclosporig)((Figure 1,
improved the prediction quality in some cagé3® compound 2) is a derivative df which was designed to form

additional direct interactions with CypA. Displacement of two
* Corresponding author. E-mail: tlazaridis@ccny.cuny.edu. Tele- of _the bound water molecules in the Abu pOCket was observed
phone: (212) 650-8364. Fax: (212) 650-6107. going from 1 to 2.12 X-ray crystal structures of these two

10.1021/jp056020a CCC: $33.50 © 2006 American Chemical Society
Published on Web 12/24/2005



Water Clusters at a Proteiiigand Binding Interface J. Phys. Chem. B, Vol. 110, No. 3, 2008465

complexes show that the two ligands have identical backbone are water-solute and waterwater potentials, respectively. The
conformation and the protein binding site has similar geometry. energy termsHs, andAEy) can also be more easily evaluated
In sitro measurements of the binding affinities bfand 2 directly from a simulation.
gave AAG?1 = 41.3 kcal/mol, showing an-89-fold lower The inhomogeneous fluid solvent theory has been applied to
affinity for 2.12 Mikol et al. attributed the different binding  several systems: the excess entropy in pure liquid water,
affinity to several contributions: the loss of the conformational solvation thermodynamics in simple Lennattbnes and hard-
entropy by the constraints of the longer side chain of ligand  sphere fluid$® and the solvent reorganization energy and
in the complex, which is counter-balanced by the gained entropy of hydration of metharféln previous work, we applied
interactions oR in the complex, a desolvation term, which was this approach to isolated water molecules in biomolecular
assumed to be less thar? kcal/mol, including the consider-  complexe$827 In that case, the solvensolvent energy and
ations of both the different desolvation energyladnd2, and entropy are negligible, andE,, and AS,y are equal to the
the free energy cost of displacement of WTR6. The less-orderedenergy and entropy of removing a water molecule from bulk
water molecule WTR133 was treated as a solvent molecule atsplvent. Here, we apply the same treatment to water molecules
the hydration shell, and its contribution to the binding affinity that are not fully buried or form a cluster. Now, the solvent
was neglected. solvent terms in the complex need to be evaluated, and the
In this work, we calculate the thermodynamic contributions definition of a water molecule contribution to the energy and
of the water clusters in the Cyfl and Cyp-2 complexes. The entropy is somewhat more complicated.
contributions of each bound water molecule to the thermody-  The integrals in eqs 1 and 3 are over all SpECEs.(r, w)
namic properties are calculated separately and compared to thosgs zero over the regions occupied by the solute; the only
of other water molecules, showing the different roles they play contributions come from regions occupied by the solvent.
at the binding interface. The change in binding affinity by the Because any integral ovefrcan be split into a sum of integrals
ligand modification is accounted for by considering the con- oyer distinct subregiona/(= S i, V' = 3;v)), the contributions

tributions from the water clusters, ligangrotein interactions,  of specific water molecules can be determined. As a result, eqs
ligand desolvation, and ligand conformational entropy 10Ss. 1 and 3 can be written as:

Methods

Y
= —k—* r,w)ln r.w)drdo =
In the inhomogeneous fluid solvation thedR#!the solvation S Q L Gsuff+ @) 1 Goul1,2)

energy and entropy are decomposed into the selsévent )

terms Esw Sw) and the solvent reorganization termSB., —k—szi Gow (@) In gg (1, w) drdw =

and ASw), The latter are due to the difference in solvent Q-

solvent interactions and correlations in the bulk and in the P _

complex. All of these components can be expressed as integrals K Q Z ‘[1‘4 GsulT» @) IN G 1, @) dr dor = IZSSW@) )
over the solutesolvent correlation functiorgsy (r, @) and

solvent-solvent correlation functiogl(r, r', w, w').31 Only 1 p? '
two-particle contributions to the entropy are considered. ASyw =~ 5 k& ﬂ, dr f;, dr’ g1, w)
r o) g™ r o, o) Ing™r, 1w, 0 —
Su= Kk & [ 0t @) In gy fr, ) drdo ) LG, ' H Gl ) 1IN G )
Ou(r. 1 0, o)+ 1} —
Ea= 5 J 0uulls ) U1, @) drdo @) AR ™) In (R ) — g (R @) + 1}] dwde’ =
1 p2
1 o° ——k— dr s dr'gg(r, )
ASy = — Ekg_Z J s, @) 2 Q? Z "/; fﬁ:”‘ °
[Gulr", )G, 1, 0, @) IN G T, 0, ) — (G, N, 0, 0) N G110, ) =

amr,r, o, o)+ 1 —

g, r, w, o)+ 1} —
{(R 0™ IN (R ™) — (R ™) + 1}] dwdw’ =

{w(R @) In g8, (Rw™) — ¢S (R @) + 1}]

' ' 1 o
drar’ dude’ (3) ~ p—zz S [dr [ drt g fr, o)
[ 1-)0_2 1 I inh r n __ Q ! ! I J .
AEWW_ Znggsw(r,w)[gsmxr ,CU)gww(r,r ,CU,CU) [gsv\xrlywl){gm(r’rr,w’wr) In g\lAr;\t\v(r,rr,w’w!)_

Bu(R 0] Up(R, ™) drdr’ dwvdew' (4) g, T, o, @) + 1} —

(o] rel (o] rel (o} rel '
wherek is Boltzmann’s constang, is the density of bulk solvent, {Gn(R 7)1 Gu(R 07) = QR ) + 1] doodes
r andr' denote the position of two water moleculesando’ Z Z ASyiywg (6)
denote the orientation of these two water molecules with respect o
to the solute,Q is the integral ovew (Q = 87?), R is the
distance between two water moleculets' are the five angles
that describe the relative orientation of two water molecules,
and Qe = f dw® = 3273 ¢ (R o) andg™(r, I', 0, w') Uo (1, @) = g5, (1) go(@]r) (1)
are the solventsolvent correlation function in the pure solvent , . " or . ,
and in the complex, respectivelysy (r, @) and uyw(R, @™ (1 1y @, @) = Gy (1, 1) G(@, @'[r, 1) (8)

With the identities
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1. Cyclosporin A

Figure 1. Structure of cyclic undecapeptides cyclosporin A (CsA) and (5-hydroxynorvaline)-2-cyclosporin. The only difference between these two

Li and Lazaridis

WA BIH

2. (5-hydroxynorvaline)-2-cyclosporin

molecules is highlighted by the purple rectangle. CsA includes: MeBitinéthyl-(4R)-4-[E)-2-butenyl]-4-methyl-I-threonine), Abu2 @-
amino-butyric acid), Sar3 (sarcosine), MeLed#értethyl-leucine), Val5, MeLeu6, Alab-Ala8, MeLeu9, MeLeul0, and MeVallN{methylvaline).

the integrals in each subregion,(v;) can be decomposed into
a translational and an orientational contribution:

S = ke f g w(r) Ing w(r) dr —

f geu(r) dr j; Gowl@r) In g@|r) do> (9)
and
ASyiywg = — 1kp2 f:,i dr gg,(r) f '

[T ) G (") I G 1 ) G (11 + 1 —
{gun(R) I Gio(R) = gy (R) + 1] —

kp S, dr g5 f, dr'lge )g“““(r,r')szw(r,r')—
dim(RS(R)] (10)

with S7.(r, r') and S defined as

Salr 1) =5 L [ oln g o™
In g®"™(w, w'|r, r') dwdew' (11)

w,0'r,r")

_ erel [ dia(@™IR) In g5 (™R) do™®
(12)

If we further assume thald(w|r), da(@'|r") are independent
of r or r' within the small regionsv;, v, i.e., go(w[r) ~
g2 (@), ga(@'Ir") ~ do(@'), eqs 9 and 11 become,

Swp = m)(r) Ing w(r) dr —
Wa‘” S, ) In g% (w) dov (13)
Solr 1) = f 0oul(@) G5(@") G (@, @'IF, 1)

In go"(@, @'r, ') dwdw' (14)

whereNy,; is the number of water molecules in the region of
spacev, (Nyjug, = p fu Qi) dN). o

The translational correlation function and orientational cor-
relation function Were calculated as products of one-dimensional

functions, e.9.g%,(r) = ) gh®") ghue’) andg%i(6, ¢, v)
= ga(0) 9x(P) o), wherer, 0', and ¢' are spherical
coordinates of the water oxygen with respect to its average
position; 6, ¢, andy are Euler angles. In this work, the bin
sizes for the numerical evaluation of integrals are set te=dr
0.1 A & = a/10, &' = /10, and @ = 7/10, dp = 27/10,
dy = 27/10. The translational solvent pair correlation function

g™, r') and the orientational solvent pair correlation func-
tion ga,’w',“h(w o'|r, r") are six-dimensional functions, which are
very difficult to obtain directly from simulation. The Kirkwood
superposition approximation (KSA) assumes that the inhomo-
geneous pair correlation function is equal to the bulk solvent
pair correlation function and depends only on the distance and
the relative orientation between two solvent molecules.

dMw, o', 1, 1) =g (0™ R)

(15)

It has been successfully employed to calculate the solvent

reorganization enthalpy and entropy for methane in w#ter.
The KSA can be applied separately to the translational and

orientational parts

Gw (. 7) = Gin(R) (16)
g (@, @'Ir, ') = ™R (17)

Thus, eq 14 becomes

Sl 1) = [ ) i) G50 IR
n %™ |R) dwdw’ (18)

In our calculationsR is set to the distance of the average
positions of the two water molecules. For eachw’, andR,
we calculate the five relative angles of the two water molecules.
As a result,S),(r, r') has a unique value for each water pair.
To simplify the calculation of the five-dimensional orientational
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Figure 2. (a) Bound water molecules in the Abu pocket in the CyfdAicomplex.1 is drawn in balls-and-sticks (only the residue Abu2 is depicted).
CypA is drawn in thinner sticks. All potential H bonds are shown in dashed black lines. Oxygen atoms are in red, nitrogen atoms in blue, carbon
atoms in green, and hydrogen atoms in gray. (b) Bound water molecules in the Abu pocket in theZygAplex.2 is drawn in balls-and-sticks

(only the residue Abu?2 is depicted). CypA is drawn in thinner sticks. All potential H bonds are shown in dashed black lines. Oxygen atoms are in

red, nitrogen atoms in blue, carbon atoms in green, and hydrogen atoms in gray.

Or,0,

function in bulk watergl.(w™®|R), a factorization is em-
ployed.

or,0

@™ R) = g(0y, 0,1R) 9(01, 12IR) 90, 71IR)
9021, 22IR) 9@IRV[Y(04IR) 9(0,IR) 9(1IR) 9(x,IR)] (19)

This factorization was found to underestimate the magnitude

of the entropy in pure water (about 596)The error this brings

to the final result for the solventsolvent entropy in the complex
Sw for any bound water molecule is no more than 0.3 cal/mol
K in this study.

The solvation entropAS;oy is the sum of the solutesolvent
entropy and solvent reorganization entropy of all bound water
molecules.

AS,, = Z (ASN(i)W + st@)) (23)

Thus, the contribution of specific water molecules (or regions

of space) to the solvation entropy can be determined. The

solvation energy is evaluated directly from the simulations.
We first split the region occupied by a cluster of bound water

molecules into distinct spherical regiomsdf radius 1.2 A based

on the average positions of each bound water molecule obtained

Equation 6 is essentially the difference in entropy between a ¢4y, the MD simulation. This cutoff value was selected because,

bound water and a water in the bulk. In this work, it has been

in bulk water, the nearest neighbor’s distance is about 2.8 A

more convenient to calculate the bound water terms and thenfOr the oxygen-oxygen pair, and half of this value is 1.4 A

subtract the entropy of bulk water. The entropy of bulk water
calculated theoretically with similar formulas-sl5.2 cal/mol
K.32 The solvent reorganization entropy of one bound water
molecule is

rans

ASyiw= Y Siim) T D S T 15-2 callmol K- (20)
] ]

where the solventsolvent translational parg,,, and the

solvent-solvent orientational parS,’j(i)W(j) of the entropy of
w(i) can be calculated by excluding the terms of bulk water in
eq 10, i.e.,

S]\r/ans _
(Hw()

inh ) inh )
{g\rlvl(?)w(j)(rv r')In g\r/vl(?)w(j)(ra ry—

1 ,
5 ko f;m g;wo)(r) ggwq)(r )
rinh

Owiiywg(F> ) + 1} drdr’
(21)

r,inh

1 ; '
owi) = ~ EKPZ fvivj Gow)(1) Gowgy(T) Gty (T 1)
Shiwg) (> T dr dr' (22)

Also, as shown in Figure 3, the density of each bound water
molecule decreases to 0 beforereaches 1.2 A. Next, we
calculate the occupandy(i) of each region. We identify any
water molecule located in a regioi) (vith the corresponding
bound water molecule [W)], i.e., we allow for exchange
between water molecules. The solvesblvent energy and
entropy terms AEwwg) and ASygywi) were calculated sepa-
rately for each water pair. The watewater pair is denoted by
w(i)w(j) and is composed of the bound water molecule in region
i and any other water molecule close to it and lying in different
subregionsjj. The subregionsjY were defined by scanning a
spherical space of a bound water molecule jw(ithin a radius

of 5 A (the magnitude of the interaction enerfgy, is no more
than 0.2 kcal/mol beyond this distance) and looking for locations
of high water density.

Calculation of the Desolvation Terms. The solvation
contributions of polar and apolar groups of the ligands were
assumed to be additive and proportional to their solvent
accessible surface area (SASR)The analytic surface area
method in CHARMM was employed to calculate the polar
(oxygen and nitrogen) and apolar (carbon) SASA of each ligand
in the bound and free states by using a 1.0 A water probe radius.
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Radial distribution function of WTRS in
complex 1

Radial distribution function of WTR5 in
complex 2
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Figure 3. Radial distribution function of different water molecules with respect to their average position in coingiel? at 300 K.

With this solvent probe radius, the SASA of serine matched the free energd?9 were used to calculate the difference in
the value given by Miller et aP which was used to derive the  desolvation enthalpy and entropy of the two ligands.
dehydration enthalpies, entropies, and free energies per unit of MD Simulations. The initial structures were constructed on
surface ared*The values for the aliphatic and polar parts of the basis of the X-ray structures of the protein CypA complexed
the serine side chain (0.03 and 0.25 kcal/m8| déspectively, with ligand1 or 2 and all crystallographic water molecules (pdb
for the enthalpy, 0.14 and 0.24 cal/mol KR Aespectively, for codes 1CWA and 1MIK, respectively). The major conformation
the entropy, and-0.01 and 0.18 kcal/mol A respectively, for of ligand 2 reported in the crystal structure was used here. The
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CHARMM22 force field® was used for the protein and ligand TABLE 1: Contributions to Solvation from the Ordered
1 and 2. Partial charges for the ligands were obtained with V\(atelr Molecules in CypA—1, Calculated from MD
QUANTA using CHARMM template charges. Molecular Simulations at 300 k*

dynamics (MD) simulations were carried out with the program bound water ~ WTR5 WTR6 WTR7 WTR133
CHARMM, version c30al. A 15 A sphere of TIP3P water number of 3 1 2 0
molecules was added around the active site and subjected to H bonds

spherical stochastic boundary conditidAsSolvent molecules with the

overlapping with the protein, ligands, or bound water molecules __ Proteir?

were deleted. This procedure did not result in the insertion of occupancy  7999/8000  7747/8000  7983/8000  7481/8000

—25.6+£0.1 —8.3+0.3 —-14.1+0.1 -3.7+0.1

any additional water molecules at the binding interface. The cor 84402 -69+04 -514001 —52+0.2
SHAKE procedure was used to constrain the bonds involving rx —99+02 -65+03 —-71+01 -49+04
hydrogen. The integration time step of the MD simulations was s, -1834+ 0.3 —13.4+ 05 —12.2+0.1 —10.1+05
2 fs. A cutoff distance of 30 A was applied for the computation E —-3.8+£0.1 -154+0.6 —51+0.1 -15.6+0.6
of nonbonded interactions. First, potential energy minimizations S, —51+01 -29+03 -35+£02 -32+04
were performed for 2000 steps by using the ABNR method. Sin° —0.4+£0.01 -0.5+0.03 -0.3+0.01 -0.3+0.1
Then, MD simulations at 300 K were performed, starting from Sw —55+01 -34+£03 -3.8+02 -56+04

the energy-minimized system and lasting for 8 ns with the AS;?.'VV :g?"fo%l :E:gig:g :g:gig:gs ;igigg
protein CypA and the ligands kept fixed. The protein and ligands Ag_, —1484+01 -54+04 —-6.44+01 —-19+03
were kept fixed in order to reduce the statistical uncertainties
in the computed contributions to the binding affinity and to avoid

possible structural shifts due to force field inaccuracies.

a Units for enthalpy and free energy are kcal/mol; Units for entropy
are cal/mol K.? No H bond is found between the water molecules and
the ligand.c Probability of finding a water molecule in the specific
region, withinr = 1.2 A from its average position.

Results
TABLE 2: Contributions to Solvation from the Bound
The crystal structure of CypAl complex shows four water ~ Water Molecules in CypA—2, Calculated from the MD

molecules found in the cavity called “Abu pocket” interacting Simulations at 300 K

with each other with hydrogen bonds, i.e., WTR5 hydrogen bound water WTR5 WTR6 WTR7
bonds with Alal01, GInl111, Gly109, and WTR6; WTR6

hydrogen bonds with Thri07 WTR 5, 7, and 133; WTR7 " wits e proein” 3 2 ®
hydrogen bonds with WTR6, WTR129, GIn111 (or SER110), and ligand

and Gly74; WTR133 hydrogen bonds with WTR6 and other occupancy 8000/8000 8000/8000 8000/8000
solvent water molecules around it. The crystal structure of the Esw —23.0+£0.04 —17.7£0.01 —24.3+0.06
CypA—2 complex shows that WTR6 moves slightly out of the B +04+£001 -11.0+£008 +34+01

. . sg’ —-9.6+005 —-994+0.01 —-9.1+0.02
Abu pocket and presumably induces the displacement of v 113402 -106+01 —12.24+0.05

WTR133; the Ioc_ation of the other two bou_nd water molecules x 209402 -205+01 —213+0.1
(WTRS5 and 7) did not change much; no direct hydrogen bond s +0.2+0.001 —-06+05 —0.24+0.02
was observed among these water molectiles. rans —0.01+ 001 -0640.02 —0.04+0.01
In the MD simulations performed on compl&and2, WTR6 Siw +0.24+0.01 —1.24+05 -0.2+0.02
appears less frequently around its location in comgdléRan AEson —12.7+0.04 —-13.1+0.08 —-12.5+0.1
in complex 2, where it is observed hydrogen bonding with ASsoiv —55+0.2 6.5+ 0.5 —6.3+0.1

Thr107, the hydroxyl group of ligan2, and some other solvent AGsaw -iti£01 ~111£02  —10.6+01

molecules, while WTR5 and 7 are more stable in both a Units for enthalpy and free energy are kcal/mol; Units for entropy
Comp'exes All these bound water molecules are found to are cal/mol K.? For either WTRG or 7, one of the H bonds is formed
hydrogen bond to the protein and ligand as in the crystal Petween the water and the ligand.
structure¥?2° (see Figure 2). The number of hydrogen bonds ) _ ) n
formed between each bound water molecule and the proteincot”e""‘t'Orl function with respect to the average position
. . . : Ty
and ligand observed from the last snapshot of the MD simulation (9s.(r)) and orientational correlation functiog(w)) were
are listed in Tables 1 and 2. In the MD simulation, no hydrogen calculated as products of one-dimensional functions (see Figure
bond is formed between any of the four bound water molecules 4)- The results calculated with and without this approximation
and ligandL in complex1 due to the hydrophobic nature of the ~are similar. The radial distribution function for each water
Abu side chain in ligand, while in complex2, either WTR 6  (Figure 3) shows that WTR133 (with the lowest peak) is the
or 7 is found to make one hydrogen bond with ligahd least ordered with respect to the solute among four bound water
The region occupied by each bound water molecule is defined Molecules in compleg. We also find that WTR7 is much less
as a spherical region of radius 1.2 A centered at its average®rdered in complex than in complex2, presumably due to
position obtained from MD simulation. In this way, we split the additional hydrogen bond formed between WTR7 and the
the region occupied by a water cluster into separate sphericalnydroxyl group of ligand2 (see Figure 2b).
regions and studied the thermodynamic properties of water Integrations over these correlation functions employing eq 9
molecules in each region separately. From the MD simulations give the solute-solvent contributions of each bound water
performed on CypA-l, the calculated occupancy) of the molecule to the entropSwg = Sqnp + St (Tables 1 and 2).
four bound water molecules in the Abu pocket decreases as:In complex1, WTR5 exhibits the most negative solutsolvent
Owtrs > Owtr7 > Owrtrse > Owrtriss (Table 1). This order entropyS;y and solute-solvent energ¥sw. Esw andS;,, correlate
correlates with the number of hydrogen bonds formed betweenwith the occupancy and the number of hydrogen bonds, but the
these water molecules and the protein mentioned above. correlation forS,, is not perfect. In compleg, all bound water
We first calculated the solutesolvent entropy of each water ~ molecules considered have a more negative valugpthan
molecule in their corresponding regions. The translational WTR5 in complex1, indicating that the involvement of the
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Distribution of Euler angles of WTR5 in Distribution of Euler angles of WTR5 in
complex 1 at 300k complex 2 at 300 k
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Figure 4. Probability distribution of the Euler angles of different bound water molecules in conipded 2.

additional hydroxyl group in ligan@ stabilizes the remaining  occupancies in these subregions are 0.984, 0.909, 0.771, 0.711,
bound water molecules in the Abu pocket. and 0.302, respectively. Some of the subregions are not fully
To identify water pairs for the solvensolvent entropy occupied, especially when the subregion is farther away from
calculations, we determined the distribution of solvent molecules the corresponding bound water. Subregions with lower oc-
within a 5 A sphere around each bound water molecule. The cupancy make a smaller contribution to the solvesdlvent
sphere was split into several subregion} €ach region entropy. Every bound water molecule p( together with a
corresponding to a specific water molecule (Table 3). For corresponding water molecule [W(in a specific subregion were
instance, the water molecules around WTR7 within 5.0 A in treated as a solvent pair and their solvestlvent correlation
complex1 approximately concentrate into 5 subregions whose functions were calculated.
corresponding water molecules are WTR5, WTR129, WTR6, By applying egs 1622, we calculated the solvensolvent
solv54, and WTR133, respectively (Figure 5). The solvent contributions of each bound water molecule to the entropy in
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TABLE 3: Regions of Neighboring Water Molecules around Each Bound Water Molecule

bound water neighbor regions R(A) 6 (radian) ¢ (radian) corresponding water
complexl WTR5 1 2.6-4.0 1.1+1.85 0.6-1.6 WTR7

2 2.0-5.0 1.85-2.35 0.0-1.3 WTR129*

3 2.0-3.0 25-3.14 0.6-1.2 WTR6*
WTR6 1 2.0-3.0 2.2-2.8 0.9-21 WTR133*

2 2.0-3.0 0.0-0.6 3.1-4.75 WTR5

3 2.0-5.0 1.2-1.75 0.0-0.9 WTR129*

4 3.0-4.0 0.4-1.0 0.0-1.1 WTR7

5 3.0-5.0 1.3-2.2 0.9-1.6 solv54*
WTR7 1 2.0-4.0 1.3-1.8 3.3-4.3 WTR5

2 2.0-5.0 2.05-2.70 0-1.1 WTR129*

3 3.0-4.0 2.2-2.70 3.34.3 WTR6*

4 3.0-5.0 2.2-2.70 1.3-2.3 solv54*

5 4.0-5.0 2.65-3.0 2.4-3.3 WTR133*
WTR133 1 2.6-3.0 0.3-0.95 4.6-5.3 WTR6*

2 2.0-3.0 0.8-1.5 0.8-1.5 solv54*

3 2.0-5.0 2.05-2.6 1.6-2.5 WTR110*

4 3.0-5.0 1.55-2.0 0.71.9 solv9*

5 3.0-5.0 1.0-1.6 0.0-0.7 solv59*

6 3.0-5.0 1725 0.0-0.7 WTR91*

complex2 WTR5 1 3.6-4.0 0.8-1.2 0.5-1.2 WTR7

WTR6 1 2.0-3.0 1.3-1.6 5.7-6.28 WTR102*

2 2.0-5.0 0.85-1.5 1.2-1.9 WTR67*

3 3.0-4.0 0.3-0.9 0-1.4 WTR114*

4 3.0-5.0 0.3-0.75 4451 WTR7

5 4.0-5.0 1518 1.+1.9 solvg83*

6 3.0-5.0 1.15-1.45 0.6-0.9 solvo8*
WTR7 1 3.0-4.0 2-2.3 3.6-4.3 WTR5

2 4.0-5.0 21525 0-0.8 WTR102

3 3.0-5.0 1.6-1.9 0.7~15 WTR114*

4 3.0-5.0 2427 1.2-1.9 WTR6

a“Corresponding water” means to the water molecule located in that region. “WTR” denotes those water molecules from the crystal structure,
“solv” denotes those water molecules in the solvent sphere we added around the bindirfgTéiéesiater molecule in that region exchanged at
least once during the MDs.

] ] ) TABLE 4: The Solvent—Solvent Entropy (cal/mol K) of
complex1 and 2. The pure water pair correlation function Each Bound Water Molecule®

(G (@™ R) was calculated by an 8 ns MD simulation, bound water neighbor corresponding solvent-solvent

employing eq 19. This function was used to approximate [w(i)] regions water [w()]  entropySygg)®
g, @'Ir, r') at the corresponding bin of Euler angles complex. WTR5 1 WTR7 —350
" andR (R=|r — r'|). Equation 18 was used to calculate the 2 WTR129* -0.01
solvent orientational entropy in the compl&g, (r, r'). The 3 WTR6* —2.05
solvent pair translational correlation functigmh(r, r') in the WTR6 1 WTR133* —1.70
. L oSwwW A . 2 WTR5 —-1.60
complex was approximated by the radial distribution function 3 WTR129* —0.05
gon(R) in the bulk (eq 16). The solvensolvent entropy was 4 WTR?7 -0.10
then calculated for each solvent pair by egs 21 and 22. The 5 solvs4* +0.02
results are listed in Table 4. The solvesblvent entropy of WTR7 1 WIRS —3.63
each pair of water molecules varies fron8.78 to+0.15 cal/ % W$Séfg :8'82
mol K and reveals how correlated these two water molecules 4 solv54* —0.02
are. The slightly positive values are probably an artifact of the 5 WTR133* ~0.03
KSA approximation and the numerical integration. Small values WTR133 1 WTR6* -151
of the pair entropy mean that the two water molecules are 2 solvs4* —2.03
constrained by the protein or ligand in a conformation that 2 \S’Q/F;}lo* :8-8?
disrupts interactions and correlations between tt&@min bulk 5 solvos* 003
water was calculated asl5.2 cal/mol K2 and originates mainly 6 WTRO1* —0.03
from the waterwater correlations at the first neighbor shell. complex2 WTR5 1 WTR7 +0.15
For a given water molecule in bulk, there are about four solvent WTR6 1 WTR102* —0.37
molecules in its first neighbor shell, therefore, the valu&gaf 2 WTRG? —-0.17
for each waterwater pair in the bulk is approximately3.8 2 W$S%l4 :8"2%
kcal/mol K, which is very close to the most negative value of 5 solv59* +001
the solventsolvent entropy of a wateiwater pair in the 6 solv83* +0.01
complex. WTR7 1 WTR5 +0.14
By summing up the pair entropie ), we obtained the g wxﬁ)i* ;8-%2
solvent-solvent entropy for each bound water molecﬁjﬁ)‘f\, 4 WTR6 ~0.26

and Sy, as listed in Tables 1 and 2. For instance, for WTR7 _
aUnits for entropy are cal/mol K2 Good convergence of the results

. r _ <. cor _ rans __

n Corgr]splexL Suow = 2i Suwg = —3-5 call rmOI K, MW of Suiwg Was obtained over two portions of MD trajectory, and the
i Swirg = —0-3 cal/mol K, andSymyw = Sy + Sumw = values listed here were obtained over the whole MD trajec&iu)
—3.8 cal/mol K. The calculated results reveal that, in complex and Sygug give similar values.
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Figure 5. Distribution of probabilities of finding solvent water molecules around the bound water molecule WTR7 in cdntlerg the MDs

with different cutoff values of.

1, WTR5 is relatively more correlated to other solvent molecules
than WTR6, 7, and 133 and all of them have a more negative

The solute-solvent energysyg and solventsolvent energy
Ewgw of each bound water calculated directly from the simula-

value of solventsolvent entropy than those of the bound water tions are listed in Tables 1 and 2. Part of the sohgelvent

molecules in comple®, where the values of solvensolvent
entropy for WTR5 and 7 are close to 0. These results show
that WTR 5 and 7 in comple® are more isolated than the
corresponding water molecules in complex

The contribution of each bound water molecule to the
solvation entropy ASson, See Tables 1 and 2) indicates that
transferring WTR6 and 7 from the bulk to compléxis
accompanied by a very small entropy penalty compared to that
of WTR5. The transfer of WTR133 is even entropically
favorable, showing that it is even less ordered in comdlex
than in the bulk, which is related to the fact that it interacts
weakly with the protein. In contrast, all three bound water
molecules in compleX have a large negative contribution to
the solvation entropy/ASs), showing that each of them is
highly ordered in the complex. Notably, the total entropy of
the three water molecules tis more negative than that of the
four water molecules id. This is because the excess hydrogen
bonds formed between the methyl hydroxyl group of lig&nd
with WTR6 and 7 constrain these water molecules, inducing a
more negative entropy for each of them.

energyEsug is due to long-range interactions (abotd kcal/
mol), and the rest is due to hydrogen bonds formed with the
protein and ligand. For example, the H bond energy of WTR5,
6, 7, and 133 is about-20, —5, —10, and O kcal/mol,
respectively, in complet. These values reflect the number of
hydrogen bonds formed between each bound water molecule
and the proteirrligand complexes. The solutsolvent energy
Eswg) for WTR 5, 6, 7, and 133 in complekx and WTR5 in
complex2 mainly originates from their interaction with the
protein; their interaction with the ligaritor 2 is relatively weak
(—0.1, —0.6, —0.1, —2.4, and—0.7 kcal/mol, respectively),
showing that these water molecules essentially stabilize the
conformation of the protein residues at the binding site, rather
than bridging protein and ligand. WTR6 and 7 in compkx
were found to interact more strongly with the ligare5(4 and
—5.5 kcal/mol, respectively) than in compléxdue to their
additional hydrogen bond with the hydroxyl group of ligaad
The solvent-solvent energy of each bound water molecule
shows strong interactions of WTR6 and WTR133 in complex
1(—15.4 and—15.6 kcal/mol, respectively) and WTR6-11.0
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TABLE 5: Apolar and Polar Accessible Surface Areas (&) of the Ligands at Free and Bound States

bound free difference{ASA)
polar apolar polar apolar polar apolar
CsA (1) 95.1 597.0 178.9 1046.2 83.8 449.2
(5-hydroxynorvaline)-2-cyclosporir2) 98.9 597.6 215.1 1063.5 116.2 465.9

kcal/mol) in complex2, which are even comparable to the E’%BLE 6: E”ttrt‘a'gi_c é"_“d i?ftrqtpi(i)(iontriblmon_? to E“.e 4
solvent-solvent interactions in bulk water-@0.2 kcal/mat?). ierence in e binding Afinity between the Two Figan

The solvent-solvent interactions of other bound water mol- difference
ecules are much weaker. The solvesblvent energy between CVDAL CvoA_ 2 bletwsgn
WTR5 and WTR?7 is even positive in compl&xshowing that yp yp an

these two bound water molecules are tightly fixed by the protein Eigand-protein —113.6 —115.0 -14

; ; ; ; AEsqn (Water cluster) —-31.3+05 —-383+0.1 —-7.0+£05
and ligand, leading to unfavorable watavater interaction. The TASy(watercluster) 428402 455+01 +2.7+0.2

contribution of a bound water molecule [W(to the solvation AHgoay? +34.4 1430 4186
enthalpy was calculated as —TASiesol? —25.0 -279 -29
_TAS:onfig +0.9 +1.7 +0.8

_ AH (totaly —110.5+£0.5 —110.3+0.1 +0.2+£0.5

ABgoy = Equg + 5Ewow T 10.1 keal/mol - (24)  _tastotal) 213402 -20.7+0.1 +0.6+0.2

AG (total) —131.8+0.5 —131.0+0.1 +0.84+0.5

where 10.1 kcal/mol is half of the solvergolvent interaction 3 Units for enthalpy,TAS, and free energy are kcal/mélAHgesow

energy in bulk water, which is equal to the energy cost of andASsesayare the differences in dehydration enthalpy and entropy.
transferring one water molecule from bulk to the gas phase. ‘AH (tota) = Eigans-proein + AEsov (Water cluster)+ AHgeson
The contribution of each bound water molecule to the 22 (total) = As‘ga”‘*p““j‘"Jr ASsqy (Water clusten+ ASomg and
. (total) = AE (total) — TAS (total).
solvation free energy was calculated as the sum of the entropy
and energy terms (theBAV term is negligible): Another contribution to the difference in binding affinity is
the different desolvation enthalpy and entropy of the two ligands.
AGgog) = Esugy T AEiw — TS + ASyyw)  (25) The polar (oxygen and nitrogen) and apolar (carbon) solvent
accessible surface areas in the bound and free states are shown
The contribution of WTR5 to the solvation free energy in in Table 5. With the dehydration enthalpy and entropy param-
complex 1 was obtained as-14.8 kcal/mol and originates  eters given by Makhatadze and Privalov, the desolvation entropy
mainly from its interactions with the protein. The contributions and enthalpy of the two ligands at 300 K were obtained as
of WTR6, 7, and 133 to the solvation free energy is much AAHgeso? * = +8.6 kcal/mol andAASyeson? * = +10.1cal/
smaller,—5.4,—6.4, and—1.9 kcal/mol, respectively. The small mol K, giving AAGgeson? * = +5.7 kcal/mol.

magnitude of AGgoy Of WTR133 shows that it does not The entropy of conformational restriction of the hydroxypro-
contribute to the binding between CypA and CsA as favorably pyl side chain of ligan® and the ethyl side chain of ligarid
as the other three bound water molecules in comfleXhe also needs to be considered. Empirical scales give an average

contributions of WTR5, 6, and 7 to the solvation free energy in value of conformational entropy of about 1.5 cal/mol K per
complex2 are—11.1,—11.1, and—10.6 kcal/mol, respectively, rotatable bond®43 As in our previous work the conforma-
and also originates mainly from their interactions with the tional entropy change of the ligands between the free and the
protein. The difference of the contributions of the water clusters complex state was estimated by comparing the probability
in complex1 and?2 is distributions p) of the dihedral angles in these two states. There
are four dihedral angles in the hydroxypropyl group of ligand
2 and two in the ethyl group in ligantl. The probabilities §)

AAG'solv
_ (from the Boltzmann expression) of the dihedral angles were
[AGSO|J(WTR5) + AG, (WTR6) + AG,, (WTR7)], obtained with rigid rotations and the integralspfn(p) were

[AGo(WTRS5) + AGy, (WTR6) + AG,, (WTR7) + used to estimate the entropy change, whichSgonig? * = —2.7
AG., (WTR133)] = —4.3 kcal/mol (26)  cal/mol K, or —=TASnfig? * = +0.8 kcal/mol at 300 K.
The contributions to the difference in binding affinity between
e., there is arimprovementin the free energy of solvation ~ the two ligands are summarized in Table 6. The calculated
going from1 to 2 despite the reduction in the number of bound change in binding affinity is mentioned above, the difference
water molecules from 4 to 3. in binding affinity of the two ligands with the protein CypA is
In addition to solvation free energy, the different affinity of ~(S€€ Table 6):
2 andlis also due to the change in proteiligand interactions, o1 o1
the different desolvation energy and entropy, and the different AAGyef = AAGy,/ '+ A + AAGyeqqy
conformational restriction entropy of the two ligands. (=TASonsg = 10.8+ 0.5 keal/mol (27)
On the basis of the energy-minimized crystal structures, the
direct interactions of the ethyl group dfand the hydroxypropyl This value is consistent with experiment1.3 kcal/mol). No

group of 2 with the protein were—4. 1 and 9.1 kcal/mol, experimental data for the other thermodynamic properties have
respectively, giVingAEapy side chainproteire * = —5.0 kcal/mol. been reported so far.

However, the total difference of the d|rect interactions of ligand  Crystallography revealed two different conformations of the
2 and1 with the protein isAEjgang-proteir? * = —1.4 kcal/mol. ligand in complex2.12 The above results pertain to the major

The extra CHOH of ligand 2 probably pushes it about 0.2 A conformer (occupancy 0.62). We repeated the calculations on
farther away from the protein than ligarigd and this reduces  the structure of compleX2 with ligand 2 in the minor
the interaction of the rest of the ligand with the protein. conformation and obtaineAAGyw?~t = +0.7 + 0.5 kcal/
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TABLE 7: Thermodynamic Parameters of the Bound Water Molecules in the HIV-1 Protease-Inhibitor Complex, Con
A-Trimannoside Complex, Cyclophilin A—1 Complex, and Cyclophilin A—2 Complex

bound water Eww Esw AEsoy Sw Sw —TASoy AGsoly

HIV-1 protease WTR1 0 —28.2 —18.1 0 —25.0 +2.9 —15.2
con A-1 WTRL1 0 —30.2 —19.2 0 —-22.1 +2.0 —-17.2
cyclophilin A—1 WTR5 —-3.8 —25.6 —-17.4 —-5.5 -18.3 +2.6 —-14.8
WTR6 —-15.4 —-8.3 —-5.9 -3.4 —-13.4 +0.5 —5.4

WTR7 —-5.1 —-14.1 —6.6 -3.8 -12.2 +0.2 —6.4

WTR133 —15.6 -3.7 -1.4 —-3.5 -10.1 —-0.5 -1.9

cluster —-39.9 —51.7 —-31.3 —18.2 —54.0 +2.8 —28.5

cyclophilin A—2 WTR5 +0.4 —23.0 —-12.7 +0.2 —-20.9 +1.6 -11.1
WTR6 —-11.0 -17.7 -13.1 -1.2 -20.5 +2.0 -11.1

WTR7 +3.4 —24.3 —-12.5 —-0.2 —-21.3 +1.9 —-10.6

cluster 7.2 —65.0 —38.3 —-1.2 —62.7 +5.5 —-32.8

a Units for the energy are kcal/mol. Units for the entropy are cal/mol K.

mol, quite similar to the result for the major conformer. molecules. As with the energy, the largest value for the selute
However, there are significant differences in the contributions, solvent entropy %) are observed for the isolated water
such as those of certain water molecules. WTR5 and 7 in the molecules in HIV-1 proteaseénhibitor and Con A-trimannoside
minor conformer have larger contributions to the solvation free complexes. From Table 7, we notice that a stronger interaction
energy than those in the major conformer, while WTR6 shows between the protein and the bound water usually corresponds

the opposite result, givingAGgon? ~t = —6.4 kcal/mol. to a more negative value of the solduteolvent entropy.
However, this is not always the case. For instance, in complex
Discussion 1, WTRY interacts more strongly with the protein than WTR6,

but the solute-solvent entropies show the opposite result. The
broader distributions of the Euler angles, especially the broader
distribution ofg(@) of WTR7 than that of WTR6 in complek

r (see Figure 5), implies that WTR7 in compl&adopts multiple
favorable orientations and appears less ordered than WTR6 at
the binding interface, although it forms one more H bond with
the protein than WTR6.

lll. Solvation Free Energy. The values of solvation free

The thermodynamics of isolated bound water molecules at
the binding interface of HIV-1 proteas@nhibitor complex and
concanavalin A-trimannoside complex were explored in ou
previous work26:271n this work, this approach was extended to
the buried water clusters in the CypA and CypA-2
complexes. Comparison of all results obtained so far (see Table
7) leads to the following observations.

I. Enthalpic Contributions. The water-water interaction .
energies ianypArl and CypA-2 complexes vary in a wide energy of the water molecules in CypA ar_1d CypA-2reveal
range. The waterwater interaction energies of WTR6 and that glmost all of the water molt_ecu_les in the water clusters
WTR133 in CypA-1and WTR6 in CypA-2 are very negative contribute less to prote*rﬁllgand binding t_han _those isolated
and even comparable to the watsvater interaction energies bound water r_nolecule_s in HIV-1 proteas@hibitor and con-
in bulk water, while they are less negative for WTR5 and WTR7 canavalin A-trimannoside complexes and that WTR133 has the
in CypA—1, and even positive for WTR5 and WTR7 in CypA smallgst favorable contr!butlon,.whlch_ malnly.orlglnates from
2. Similarly, the interaction energy of a bound water molecule the different waterprotein and ligand interactions.
with a protein-ligand complex also varies in a wide range,  The additional hydroxyl group in complex CypA forms
which approximate|y Corresponds to the number of hydrogen two more hydrogen bonds with the remaining water molecules
bonds formed between the bound water molecules and thein the water cluster (WTR6 and 7) and stabilizes them, which
protein-ligand complex. The largest magnitudes &, and leads to a more favorable contribution to the binding energy
AEgy are observed for the isolated water molecules in the (about 7 kcal/mol) even though the longer side chain replaces
complexes of HIV-1 proteasdnhibitor and concanavalin ~ ©ne less tightly bound water molecule in the water cluster. The
A-trimannoside. We noticed that the bound water molecules additional interactions o2 with the prOtein are also favorable
with a more negative value of solutsolvent energy usually ~ for binding. These favorable energy contributions, however, are
interact weakly with other water molecules. This is because, counterbalanced by the more positive desolvation enthalpy of
when a bound water molecule is strongly constrained by the ligand2 relative to ligandl, leading to a less negative binding
protein and ligand by several hydrogen bonds, it will be difficult energy for ligand2. The overall entropy change is also
for other solvent molecules to simultaneously approach and unfavorable, leading to an unfavorable free energy change (see

interact strongly with it. NeverthelesSs, andEy, do not fully Table 6).

compensate each other. The above analysis differs in some ways from that proposed
1. Entropic Contributions. The solvent-solvent contribu- by Mikol et al1? In that work, the contributions of the bound

tions to the solvation entropy in CypAlL and CypA-2 water molecules WTR5 and 7 to the binding affinity were

complexes vary in a wide range (from about 0-i6.5 cal/mol assumed to be the same in the two complexes, the contribution

K). Among all of the bound water molecules in these complexes, of WTR133 was neglected, and the free energy cost by the
WTRS5 in CypA—1 has the most negative solvergolvent displacement of WTR6 together with the desolvation cost of
entropies, as it is highly correlated with other water molecules were assumed to be less than 2 kcal/mol. The favorable
(i.e., WTR6 and WTR7, see Table 4) at the binding interface. interaction of CypA-2 relative to Cyp-1 was considered as
WTRS, 7, and 133 in CypA1l are close, while WTR5 or 7in AEjigand—proeit * = —0.5 kcal/mol, which was presumably
CypA—2 and bound water molecules in HIV-1 counterbalanced by contributions due to changes in the trans-
protease-inhibitor complex and Con A-trimannoside have lational, rotational, and vibrational degrees of the protein and
water—water entropies close to 0, showing that they are fully ligand. Our findings give a different picture. First, the free
buried at the binding interfaces and kept far from other solvent energy contributions of WTR5 in the two complexes are
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but in the opposite direction due to the formation of a new
hydrogen bond between WTR7 and ligahdlhese two terms
compensate each other and add UpXGsowsiwr)? * = —0.6
kcal/mol. Second, WTR133 does make a small contribution to
the free energy in Cypl (AGsonwi3z= —1.9 kcal/mol). Third,

the free energy cost by the displacement of WTR6 was obtained

asAAGsonvwef + = —5.8 kcal/mol, combined with the different
desolvation free energ&AGgeson? * = +9.6 kcal/mol, giving
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