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Interactions at the binding interface of biomolecular complexes are often mediated by ordered water molecules.
In this work, we considered two concanavalin-éarbohydrate complexes. In the first, a water molecule is
buried at the binding interface. In the second, this water molecule is displaced by a modification of the ligand
(Clarke, C.; Woods, R. J.; Gluska, J.; Cooper, A.; Nutley, M. A.; Boons, G. Am. Chem. So2001, 123
12238-12247). We computed the contribution of this water molecule to the thermodynamic properties using
statistical mechanical formulas for the energy and entropy and molecular dynamics simulations. Other
contributions to the binding affinity, including desolvation, entropy of conformational restriction, and interaction

between the ligand and protein, were also computed. The thermodynamic consequences of displacement of

the ordered water molecule by ligand modification were in qualitative agreement with experimental data.
The free energy contribution of the water molecutel 7.2 kcal/mol;—19.2 enthalpic and-2 entropic) was

nearly equivalent to the additional proteiligand interactions in trimannoside(—18.9 kcal/mol). The two
structural ions interact more strongly with the water than with the hydroxyl of trimann@sities favoring
trimannosidel. The contributions from desolvation and conformational entropy are much smaller but significant,
compared to the binding free energy difference. The picture that emerges is that the final outcome of water
displacement is sensitive to the details of the binding site and cannot be predicted by simple empirical rules.

Introduction could exhibit higher affinity:112 For example, cyclic urea
inhibitors designed to displace and mimic the interactions of
the bound water molecule in the crystal structure of the HIV-1
protease-inhibitor complexes were found to bind more strongly
to the proteint3 Crystallographic studies revealed that two water
d‘nolecules bound to the tyrosine-82 hydroxyl group in unli-
Iganded wild-type FKBP-12 are displaced upon formation of a
complex with FK506. In the Y82F mutant of the protein no
ordered water molecules are observed. Thermodynamic mea-
surements showed that the enthalpy of ligand binding to the
wild type protein is 4.2 kcal/mol less negative than to the mutant.
This unfavorable enthalpy change was found to be outweighed
by an entropic advantage leading to a slightly more negative
the trp-repressor/operator complex, in addition to the direct binding free energy (9'6 k_cal/mol) for the mutdhtCrystal
interactions between phosphates of DNA and the protein, six structures of OppAdipeptide _co_mpl_exes rgvealed several
water-mediated polar contacts to the bases were obsérved,‘?rc’lereoI water m.olecules mediating interactions bet'ween the
which are the determinants of specificity in this system.a ligand a“‘?' protein® 1 These Wgter .moleculles are dlsplaqed
survey of 26 ATP-, ADP—, and FAD-protein complexes, it when the I|g§1nd _changes _from dipeptide to tri- and tetrapgpt@es.
was found that more than one-third of the ribegeotein Isothermal_tltrathn cglonmetry measurements o_f the binding
interactions were mediated by ordered water moleculé¢gny o_f the _pep_tldes with qllfferent lengths to OppA_ |r_1d|cate that the
water molecules were observed in or around the interface of adiPeptide is bound with about 60-fold lower affinity than related
complex of a monoclonal antibody bound to hen egg-white tri- and te_trapeptldeéf’.The fayorable entropy gained for tri- or
lysozyme? leading to an enthalphic driving force for bindifig.  terapeptides versus dipeptides, although partly offset by an
Crystallographic studies ararabinose binding protein (ABP) unfavorable enthalpy, results in the favorable binding free
with two different sugars d-galactose (Gal) and-arabi- energy. The favorable entropy was suggested to result from the

nose (Ara)) show one ordered water molecule existing in the displacement of the ordered watérin the structure of the
ABP—Ara complex, possessing the same position as the &ntibiotic novobiocin complexed with a resistant mutant of DNA

—CH,OH group of Gal in the ABP-Gal complexto gyrase, the presence of an ordered water molecule at the inter-
Conflicting results have been obtained on the contribution face was thought to be responsible for the weaker binding of
of interfacial water to binding affinity. Some studies demon- the drug to the mutant pr(.)teiﬁ.Nof[ only polar atoms in the
strated that ligands designed to displace the water moleculesigand but also hydrophobic substituents that pack tightly in a
protein binding site can displace ordered water molecules and
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Binding between biomolecules is usually accompanied by the
displacement of bound water molecules from the binding sites
and formation of direct interactions. Whether such interactions
are favorable, neutral, or unfavorable to binding affinity is
determined by the balance between the direct interactions gaine
and the solvation interactions lost. In some cases, however, wate
molecules are not completely removed from the binding
interface? For example, in protein kinase CK2one water
molecule mimics the N6 atom of ATP and switches the active
site from an ATP- to a GTP-compatible state. Similarly, three
water molecules were involved in mimicry of oxygen or nitrogen
atoms of ATP in the catalytic subunit of protein kinasé¢
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Figure 1. Structure of trimannosid& and 2.

some aliphatic group¥. Crystallographic studies showed dis- of a single water molecule in a proteitigand interface could
placement of the water molecules by aliphatic groups and decrease the free energy by 1.8 kcal/mol. These estimates,
qualitatively similar binding modes for HABA analogues. however, do not consider the specifics of the interface and the
Isothermal titration calorimetry revealed the gain -01.98 interactions that the bound water experiences with the binding
kcal/mol in binding affinity by adding a single methyl to HABA  partners, and thus cannot provide much guidance as to whether
at the 3 carbon. This was suggested to be primarily due to the water displacement is favorable or unfavorable in specific cases.
more favorable entropy of water displacement at the binding  More empirical (“bioinformatic”) approaches to this problem
site. have also recently appeared. Garcia et al. performed a multi-

In other cases, the displacement of ordered water moleculesvariate regression analysis to establish a statistical correlation
seems to lower the binding affinity. A crystallographic study between the structural properties of water molecules in the
of cyclosporin A bound to cyclophilin A revealed one tightly binding site of a free protein crystal structure, with the
bound water molecule which was displaced in going from probability of observing the water molecules in the same location
cyclosporin A- to (5-hydroxynorvaline)-2-cyclosporin. The in the crystal structure of the complex®sThe temperature
binding affinity of the analogue was lower by-8-fold.18 The B-factor, the solvent contact surface area, and total hydrogen
crystal structure of concanavalin A with a trimannoside showed bond energy and the number of protein water contacts were
a conserved water molecule bridging the protein and the ligand found to correlate with the conservation of an ordered water
with several hydrogen bonds and playing a crucial role in molecule upon complex formation. Wang et?&lused the
molecular recognitio? To study the role of this water molecule  number of bridging water molecules in a QSAR-type predictor
in binding, an analogue of the trimannoside was designed to of the binding affinity of tyrosine phosphatase inhibitors.
replace the hydroxyl at C-2 of the central mannose with @  |n previous work, we applied the inhomogeneous fluid
hydroxyethyl group, which was expected to displace and mimic so|vation theor§?2?over the region occupied by a bound water
the interactions of this water molecule with the protein. molecule in a HIV-1 proteaseinhibitor complex (KNI-272)3
Calorimetric measurements showed that this displacement leady/e found that the entropic penalty of ordering was large but
to a more favorable binding entropy, which, however, is offset \yas outweighed by the favorable watgrotein interactions.
by an unfavorable enthalpy term. In the structure of a lysozyme A |arge negative contribution from the bound water molecule
antibody complex, water molecules at the protgnotein to the heat capacity was also obtained. This work showed that
interfaces mediate the imperfect surface complementarily via the theory can yield the thermodynamic contributions of ordered
hydrogen bonding® Antibody mutants with Y to Fand Sto A water molecules and qualitatively estimate which bound water
mutations bound lysozyme with higher enthalpy, higher entropy, molecules would be most favorable to displace. However, no
and higher free energy (lower affinity). This seems to suggest connection tcbinding thermodynamics could be made in that
enhancement of the binding affinity by the bound water work because the inhibitor that displaced the ordered water
molecules:® However, these mutations do not displace bound molecule (DMP450) was entirely different from KNI-272. This
water molecules but rather create an unfavorable gap betweencomplicates the attribution of the binding free energy difference
them and the antibody. Therefore, this experiment is not directly 5 one or a few factors. An ideal system for making this
relevant to the question at hand. connection is the Con Atrimannoside complex introduced

From a theoretical point of view, the role of water-mediated above, where the structures of the ligands (trimannosided
interactions is poorly understood. Most theoretical work on 2) and their binding to the protein are very similar (Figure 1).
ordered water molecules has so far focused on free energiesTherefore, only a few contributions to binding affinity will be
Wade et af! found that the free energy of transferring water different for the two ligands, namely, the contribution of the
molecules from bulk solvent into protein cavities is positive ordered water molecule in the Con-Arimannosidel complex,
for empty cavities and negative for cavities containing water the direct interactiona\E_ _p of 1 and 2 with the protein, the
molecules. A free energy perturbation study found that the desolvation entropy and enthalpy of the ligands, and the
transfer of two water molecules to specific locations in the conformational entropy of the additional hydroxyethyl side chain
bacteriorhodopsin transmembrane channel was strongly favor-in trimannoside2. All these contributions are calculated to obtain
able?? Ben-Naim proposed that ordered water molecules form- an estimate of the difference in binding enthalpy and entropy.
ing a hydrogen-bond bridge between a functional group on one we find that the above inventory of contributions is consistent
binding partner and a functional group on another lowers the with experimental data and provides insights into the sensitive
free energy substantialff. This assertion was confirmed by  palance of factors that determine whether water displacement
calculation of the potential of mean force of two polar groups s favorable or not.
approaching each other at fixed orientation in the Btilk.

Dunitz estimated that the inclusion of water molecules in a \ethods
binding interface can cost up to 7 cal/mol K (about 2 kcal/mol
at 298 K) in entropy® Similar estimates for the enthalpy of In this work, we use a statistical mechanical theory that
water ordering gave-3.8 kcal/mot. Therefore, the inclusion ~ combines expressions for the energy and entropy as functionals
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of the molecular correlation functions with an inhomogeneous  The solute-solvent energy can also be written as an integral:
view of infinitely dilute solutions. This view considers the solute
as fixed at the origin and uses spatially dependent correlation
functions, rather than the standard homogeneous correlation
functions that are averages over the entire body of the fluid. . . - .
This allows one to focus on the vicinity of the solute where vv_hereusw is the p_otentlz?ll energy, but it is more easily evaluated
most of the contributions to the solvation thermodynamics directly from a simulation.
originate. The expression for the entropy is an infinite series | "€ Solvent termsAE.. andASy can also be expressed as
which cannot be calculated exactly. Usually, the contribution Intégrals over the space around the solute. Thus, the contribution
of three- and higher-particle correlations is neglected. This is Of SPecific regions of space to the solvation properties can be
equivalent to the Kirkwood superposition approximation (KSA), detérmined. This approach can be applied over regions occupied
i.e., g% 5= 0@, g2 3g?, 5 This approximation has given by bound water molecules in blomolecular.comple.xes, (e.g.,
good results for the entropy in simple fluilsHowever, for HIV-1 protease-KNI 272 complé}) to provide a rigorous
cases where triplet correlations are important, the results of this€Stimate of the contribution of such molecules to the thermo-
approach should be viewed with caution. Obviously, for isolated dynamic functions. In this case, the bound water molecule can
water molecules, only one-body distribution functions are P€ considered as part of the solvent, i.e., upon insertion of the
involved. This theory has been applied to several systems: thepr_otem and the Ilgand into the solvent, one bulk solvent molecule
excess entropy in pure liquid watsolvation thermodynamics ~ Will stay at the interface of the proteiligand complex and
in simple Lennard-Jones and hard sphere fldidand the actas a boqnd Watelr.molecule. .
solvent reorganization energy and entropy of hydration of Construction of Initial Structures and Force Field. For
methane?® the first system, the initial structure was constructed based on
In this approach, ordered water molecules in the binding the X-ray structure of the protein Con A complexed with
interface of biomolecular complexes are considered as part oftffimannosidel (methyl-3, 6-di-O-¢-b-mannopyranosyljx-p-
the solvent. Their contributions to the solvation energy and Mannopyranoside) (pdb code 10NA This crystal structure

Eqw= p/Q [ golr @) Ug(r, ) dr do (5)

entropy are decomposed into the sotselvent termsEsy, Siw) _show_s that th_ree of th(_e Cor_l A sm_Jbunit_s (1, I, and 111) are almost
and solvent reorganization termsEa, ASw),282°which can |dent|qal, while supunlt \ is a little dlffgrent. Here, we select
be expressed as integrals of the softgelvent and solvent subunit I and the trimannoside bound to |t'fro.m thg X-ray crystal
solvent correlation functiong(r ) andguw(r I',w,e')) over structure. The bound water molecule bridging trimannodide

the regions occupied by them. This decomposition of the energy @nd Con A, trimannosidg, and the ions (Ca and Mr#*) were

is exact for a pairwise-additive force field, whereas the included according to the crystal structure. No bonds of any
decomposition of the entropy is based on the neglect of higher kind were established between the ions and protein atoms. The
than two-particle correlation§,,y can be expressed as an integral S€cond system was constructed based on the first one by

over the solutesolvent correlation functiogsy (r,w): removing the bound water and replacing the hydroxyl group in
trimannosidel with a hydroxyethyl group.
S, = —ko/Q - f Ge,, (@) I g (1) dr do 1) The CHARMM22 force field® was used for the protein and
W ISW 1 S )

the TIP3P model for water. Parameter sets for the two ligands

wherek is Boltzmann's constanp, is the density of bulk solvent, ~ (timannosidel and 2) were obtained from the CHARMM
andQ is the integral ovew (the orientation of the solvent with ~ carbohydrate force fieléf:*>The Lennard-Jones parameters used

respect to the solute). for calcium wereRyin = 1.71 A ande = —0.12 kcal/mol as
Using the identity included in the CHARMM22 force fiel@ The same parameters
were used for M. This assumption will not affect the results

O (F0) = gtsr (NG (w]r) (2) because of the large distance betweerMand the ligands

(>10 A). Partial charges for the trimannosides were obtained
the above integral can be decomposed into a translational andWith the program QUANTA (Accelrys, Inc.) using CHARMM

an orientational contribution: template charges.
MD Simulations. Molecular dynamics (MD) simulations
S, = —kp f gtr ) In g"w(r) dr — were carried out with the program CHARMM, version c30al.
W SW S'

A 15 A sphere of TIP3P water molecules was added around
ko/Q f dr gtsfw(r) f gy, (@]r) In g2, (w|r) dw (3) the qgtive site and subjected to sphericgl stophastic bouqdary
conditions3® Solvent molecules overlapping with the protein,

If we further assume thag), (w|r) is independent of within trimannosides, or crystal water molecule were deleted. SHAKE
a certain region of space was used for the bonds involving hydrogen. The integration time
step of the MD simulations was 2 fs. A cutoff distance (30 A)
ga(@r) ~ do () was applied for the computation of nonbonded interactions. The
computational procedures on both systems were as follows. First,
and restrict the range of integration within eq 3 becomes: energy minimizations were performed on the initial systems
using the ABNR method. Next, MD simulations at 300 K were
], =—ko fv gtsrw(r) In gtsrw(r) dr — performed, starting from the energy-minimized system, lasting

for 8 ns with the protein kept fixed and the ligands free. The

kN,,./Q f g2(@) In g%, () dw (4) protein was kept fixed in order to reduce the statistical

uncertainties in the computed contributions to the binding free

whereNyat is the number of water molecules in that region of energy and to avoid possible structural shifts due to force field

space Kyat = p [+0sw'(r) dr). The region occupied by the inaccuracies. This simplification may lead to somewhat more
ordered water molecule in concanavalin A is so small (see favorable proteirrligand interactions, but the qualitative picture

below) that this assumption is justified. should not change. To calculate the contribution of the ordered
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Figure 2. Binding of trimannosidd and2 to Con A (structures obtained after 8 ns MD simulation). (a) Ordered water molecule bridging trimannoside

1 (in thicker sticks) and the 3 residues (Asp14, Asnl6, and Arg228 in thinner sticks) at the binding site of Con A with 4 hydrogen bonds (dashed

black line). (b) Similar hydrogen bonds (three hydrogen bonds in dashed black line) of the C2 hydroxyl in trima@ratidie protein. Oxygen
atoms are in red, nitrogen atoms in blue, carbon atoms in green and hydrogen atoms in gray; calcium is shown as a sphere.

water molecule to the heat capacity, we repeated the MD We first calculated the contribution of the ordered water

simulations at 330 K.
Calculation of Euler Angles. According to Euler’s orienta-

molecule to the energy, entropy, and heat capacity of solvation
using the inhomogeneous fluid thed®?2® From the MD

tion theorem, any orientation may be described using three Eulersimulations of the Con Atrimannosidel complex, the trans-

angles. Any rotatiorA can be written as

cosp sinp O0\f1 O 0
A=BCD=|-singp cosp 0|0 co9 sing
0 0 1/\0 —sind@ co9
cogyp simp O
—simp cogy O] (6)
0 0 1

where#, ¢, v are the Euler angles.

If X and X' are the coordinates of any point in the original
and final coordinate systems before and after the rotaion
respectively, they are related by

X=A1X (7)
To simplify the calculations, the oxygen atoms of the ordered
water molecule in each frame were first translated to its original
position. Next, a body-fixed transformation was performed with
the y-axis on the bisector of HOH, theaxis perpendicular to
y-axis on the plane of water molecule, and thaxis perpen-
dicular to this plane. Six equations were obtained for the

lational and orientational correlation functions were obtained.
We first calculated the translational correlation functigdpr)
= gb(r,0',¢'), wherer, 0, and¢' are spherical coordinates of
the water oxygen with respect to its average position. This func-
tion gives the local density relative to bulk water. The radial
distribution functionggw(r) (g‘srw(r) averaged ovep' and ¢'),
gi(0") (ghr) averaged over and ¢'), and g%, (¢") (d5.r)
averaged ovearand@') during different portions of the trajectory
at 300 K are shown in Figure 3. The similarity of the distri-
butions over the first and second half of the simulation suggests
good convergence of these functions in 8 ns. We next calculated
the orientation of the water molecule in each frame, described
by three Euler angles, and from these the average orientational
correlation functiongg,(0,¢,10) over the region occupied by
this water molecule. Figure 4 shows the distribution of each
angle.

The calculation of the integrals in eq 4 was done using either
the full three-dimensional functiorgd,(r,6',¢') andg2,(0,¢,1)
or the factorization approximationg,(r,0'.¢') = gu.(r)
0eu0) 9eu¢), and g5 (0.6,9) = g (0) (@) G(w). The
results are similar. For example, with bin sizes=d 0.06 A,

coordinates the two hydrogen atoms in each frame. Solving thesedp’ = 7/6, dp' = /3 for integration ofg! (r,0',¢'), we ob-

equations, we obtained the Euler anglés¢, ).

Results

The MD simulations performed on Con-Arimannosidel
and2 complexes gave very similar conformations for the two
ligands, consistent with the results of Clarke et @dee Figure

tained §,, = —11.2 cal/mol K using the factorization ap-
proximation and-10.4 cal/mol K without it, and with bin sizes

do = x/36, dp = x/36, dy 7/36 for integration of
gon(0,0.%), we obtainedS), = —10.9 cal/mol K using the
factorization approximation ane11.6 cal/mol K without it.

The values of the thermodynamic parameters discussed below

2, the RMS differences between the 8ns time-averaged MD were obtained using the factorization approximations and the
simulation structures and the experimental structures for ligand bin sizes d = 0.06 A, &' = 71/6, dp' = 7/3 and @& = /36,

1 and2 were 0.6 A and 0.5 A, respectively).

d¢ = 7/36, dp = 71/36.
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Figure 3. Translational distribution functiogy,, (r), s, (6'), andgy, (¢') during different portions (first and second half) of the simulations. Here,
r is the distance of the bound water molecule from its average position.

300k 1st TABLE 1: Contributions to Solvation from the Ordered
0.3 Water Molecule in Con A—Trimannoside 1 Calculated from
025 k! the MD Simulations at Different Temperature?
E 02 F-ul'u — 300 K 330K
ﬁ 0% ‘1 —=—theta Esw —30.2+0.1 —30.0+0.2
2 o 1 —i— phi Ew-ions —9.24+0.02 —9.2+0.02
e h Eww +0.9+0.1 +0.94+0.2
0o% ..rij " —-11.6+0.01 —11.4+0.01
D » . M 'W —-10.4+0.1 —9.94+0.1
-1 -05 0 05 1 Su=+ S, —22.1+0.1 —-21.3+0.1
Euler Angles (radian) AEsoly = Eswt+ Eww + AE\(,)\,W —19.2+0.1 —19.5+£0.2
ASon = Sw+ AS, —-6.8+0.1 —-7.8+0.1
300 k 2nd AGsoly = AEsoy —TASson —17.2+0.1 —16.94+ 0.1
03 AC, —-10+3
. 0.25 ;‘fhlk a Units for enthalpy and free energy are kcal/mol. Units for entropy
= p2 fra —+—psi and heat capacity are cal/mol K. All of the error bars listed in Table 1
4 0.15 Y’ \k e theta and other tables were calculated by averaging the values of each
Q™ j ] thermodynamic parameter over 2 ns portions of the MD trajectories,
& 0l }I ——phi and then taking the standard deviation of the 4 samplEg.ions iS
0.05 included inEgy.
1] —I&Mﬂ“—

-1 0.5 0 05 1

Buler Angle s (radian)

Figure 4. Probability distribution of the Euler angles around their
average values at 300 K, during different portions (first and second
half) of the simulations.

The contributions to solvation free energy from the ordered
water molecule are listed in Table 1. At 300 K, the translational
contribution to the solutesolvent entropy is-10.4 cal/mol K
and the orientational contribution11.6 cal/mol K, givingSsw
—22.0 cal/mol K. The solutesolvent energyEs, was
calculated directly from the simulation as30.2 kcal/mol, of
which —23.6 kcal/mol is due to H-bonds areb.6 kcal/mol is

due to longer range interactions (beyond first neighbors). The
latter includes the interaction of water with the two ions, which
is —9.2 kcal/mol, showing that the ions enthalpically stabilize
the bound water, but other long-range interactions destabilize
it. The ions also lower the entropy of the bound water, but this
reduction is much smaller than the favorable interaction energy
(data not shown). The solvent reorganization energy is the
water—water interaction energy in the complex plus the enthalpy
of removing a water molecule from bulk water at 300 K, i.e.,
AEY,, = +10.1 kcal /mol. For the calculation of the solvent
reorganization entropy, we neglect the contribution of water
water correlations in the complex (indeed, the calculated
interaction energyEyy is only +0.9 kcal/mol at 300 K).
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Therefore AS,w is simply the entropy cost of removing a water
molecule from bulk waterAS),, = +15.2 cal/mol K32 Thus,
AEsow —19.2 &£ 0.1 kcal/mol andAS,,y = —6.8 &= 0.1
cal/mol K. This value is very close to the upper bound (7
cal/mol K) estimated by Dunit2 Noting that thePAV term is
negligible, the contribution of the ordered water molecule to
the solvation free energy at 300 K is

AGSON: ESW+ AEWw - T(st+ AS/\/w) =
—17.24+ 0.1 kcal/mol (8)

Clearly, the negative value dkGgqy Originates mainly from
the interaction of the bound water molecule with the protein
and ligand.

To calculate the contribution of this water molecule to the
heat capacity, we repeated the MD simulation at 330 K. We
obtainedS;y = —21.3 cal/mol K,Es, = —30.0 kcal/mol, and
Ewv = + 0.9 kcal/mol. From the properties of bulk water,
AES, = +9.6 kcal/mol andAS), = +13.5 cal/mol K32
Therefore,AE = —19.5 + 0.1 kcal/mol,AS= —7.8 + 0.1
cal/mol K. The contribution of the water molecule to the heat
capacity of solvation from simulation was calculated®as

_(dAH\ OEs  O0AE,,
AC,(a) = ( aT )g 5T + 5T 10+ 3 cal/mol K
©)
An alternative calculation gives the same result:
_1{dAS _
AC (a) = T(— =—10+1callmolK  (10)
P dT Jp

The negative value oAC, is consistent with the proposal that
ordered water molecules contribute to the negative heat capacit
of binding in some complexe$.Apparently, the decrease of
the energy and entropy with temperature of the pretaiater
interaction in the Con Atrimannosidel complex is slower
than that of the solvent reorganization energy and entropy. In
other words, the interactions of the water in the binding site
are less susceptible to temperature than bulk water.

The contribution of the ordered water molecule is only one
of the factors affecting binding. Other factors include the
desolvation of ligand (L) and protein (P), the translational,
rotational, and vibrational entropy of L and P, the direct
interactions between L and P, etc. In the case of Con A binding
trimannosidesl and 2, the protein was found to undergo no
conformational chang®NMR and MD simulations show that
these two ligands have very similar conformational properties

and the same binding modes of both complexes except for the

substituent on the central manndsBecause the two ligands
are very similar, the difference in free energy of binding can
be decomposed into four terms
AAG = AAGyoo T+ AAG,, + AE 5+

AAG,,,, (ordered water) (11)

int

solv
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TABLE 2: Interaction Energies (kcal/mol) of the C2
Substituents of Trimannoside 1 and Trimannoside 2 with
Con A and C&* and Mn?" Obtained Directly from the MD
Simulations at 300 K

Con Con
A—trimannosidel  A—trimannoside2 Al, 2
ELzor-p -9.4+0.1 —27.8+£0.02  —18.4+0.1
E| 20H-Ions —10.04+0.08 —12.34+0.03 —-2.3+0.1

TABLE 3: Apolar and Polar Accessible Surface Areas (&)
of Mannose 2 in Trimannoside 1 and 2 in the Complex (final
structure after 8 ns MDs) and Free State3

complex free AASA
polar apolar polar apolar polar apolar
trimannosidel 75 136.8 656 1682 581 314
trimannoside2 105 1252 77.3 1798 66.8 53.6

a Calculated with water probe radius 1.5A.

replaced inl. We also assume thAtAG;y; originates only from
the entropy cost{ TASniig) Of constraining the hydroxyethyl
moiety of trimannosid® in the complex. As a result, with eq
11, theAAG can be expressed as

AAG = AAH — TAAS (12)
where

AAH = AH,, (ordered water}- AE, _p + AAH jooo (13)

solv

AAS= AS,, (ordered waten AS,yig + AASyeqon (14)

We further assume that only the central mannose contributes
to the interaction energy difference between trimannosiaed

¥2. The difference in interaction energy of the C-2 substituents

of the two ligands with the proteinAE 2on-p) is —18.4
kcal/mol. The interaction energies of the ions {€Cand Mr¢*)
with the C-2 substituents of the two ligand%, 2on-10ns Were
also calculated. This interaction is more favorable for triman-
noside2 by 2.3 kcal/mol (Table 2). This value is much smaller
than the interaction of the ions with the ordered water in the
first complex 9.2 kcal/mol).

Another contribution to the difference in binding free energy
is the different desolvation enthalpy and entropy of trimannoside
2 relative to trimannosidé. We assume that the solvation effects
of polar and apolar groups of trimannositiand?2 are additive
and proportional to their solvent accessible surfa&es:

ASY=Y ASGPAASA,, (15)
I
ASG= ¥ AS,GIAAS A (16)

JU—

where AS"” and AS5"” are the dehydration entropies of the

JE—

whereAAGqesonis the difference of the desolvation free energy apolar and polar groups per unit of surface area. Similar
of the two ligandsAAG; is the “internal” entropic contributions ~ equations apply to the dehydration enthalpies and free energies.
(changes in the translational, rotational, and vibrational degreesThe analytic surface area method in CHARMM was used to
of freedom of the protein and ligand€)E, - is the difference calculate the polar (oxygen) and apolar (carbon) accessible
of the direct interactions between the two ligands and the protein, surface area (ASA) of mannose 2 of the two ligands in the
and AAGsq (ordered water) is the contribution of the ordered complexed and free states. Table 3 shows that trimann@side
water molecule to the solvation free energy. buries not only more apolar but also more polar surface area
It is reasonable to assume that, in this case,A&Sgeson than trimannosidel. This is because the hydroxyl group in
originates only from the difference in desolvation free energy trimannoside? is more solvent exposed than that in trimannoside
of the hydroxyethyl group ir2 and the hydroxyl group it 1. For the normalized dehydration enthalpies and entropies we
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TABLE 4: Contributions to the Binding Enthalpy, Entropy, and Heat Capacity @

Con A—trimannosidel Con A—trimannoside2 Al2

300 K 330K 300 K 330K 300 K 330K
Eion-p -9.4+01 —9.3+0.03 —27.8+0.02 —27.6+0.05 —-18.4+0.1 —18.3+0.05
AEsoy —19.2+ 0.1 —19.5+0.1 0 0 +19.2+ 0.1 +19.5+ 0.1
(ordered water)
ASson —6.8+0.1 —-7.8+0.1 0 0 +6.8+ 0.1 +7.8+0.1
(ordered water)
AHgesor? +15.4 +15.7 +18.3 +19.3 +2.9 +3.6
ASiesol? +18.0 +18.9 +23.1 +26.4 +5.1 +7.5
ASonfig 0 0 -2.9 -2.9 -2.9 -2.9
AE (totaly —-13.2+0.1 —13.1+0.1 —9.54+0.02 —8.3+ 0.05 +3.7+ 0.1 +4.8+ 0.1
AS (total) +11.2+0.1 +11.1+0.1 +20.2 +23.5 +9.0+0.1 +12.3+0.1
AG (total) —-16.6+0.1 —-16.84+0.1 —15.64+0.02 —16.1+ 0.05 +1.0+0.1 +0.7+ 0.1
ACy 3+3 40+ 1 +37+3

aUnits for enthalpy and free energy are kcal/mol. Units for entropy and heat capacity are cal/PHKso Stands for the contribution of
enthalpies of dehydration from the hydroxyl group in trimannodided from the hydroxyethyl group in trimannosigesimilarly for ASjeson® AE
(total) = Eizon-p + AEsoy (ordered wateri+ AHgeson andAG (total) = AE (total) —TAS (total). ¢ AC, calculated a\AE (total)/AT.

TABLE 5: Experimental and Calculated Differences TABLE 6: Thermodynamic Parameters of the Ordered
(trimannoside 2 — trimannoside 1) in binding between the Water Molecules Obtained in the HIV-1 Protease-KNI-272
two ligands? Complex and Con A-Trimannoside 1 Compleg
A (trimannosidet, 2) A (trimannosideL, 2) Esw AEsoly —TASson AGsoiy
from calc. from experimental data HIV-1 protease 282 181 129 152
300 K 298.15K Con A —30.2 —19.2 +2.0 —17.2
AAE (kcal/mol) +3.7£0.1 +2.3+£0.9 aUnits for the energy are kcal/mol.
AAS (cal/mol K) +9.0+0.1 +3.7+ 3.0
AAG (kcal/mol) +1.0£0.1 +1.24+0.1 S
AACp () (cal/mol K) Y3714 1170+ 14 (+3.7 cal/mol K). The enthalpy contributiort+@.7 kcal/mol)

also compares favorably with the experimental dat®.8

? Units for enthalpy and free energy are kcal/mol; Units for entropy kcal/mol). The overestimates of the enthalpy and entropy
and heat capacity are cal/mol K. compensate to give a difference in binding affinity very close

) ) . . to experiment{1.0 kcal/mol, vs+1.2 kcal/mol from experi-

used the values given by Makhatadze and P_rlvalov for fallphat|c ment). The positive value fakAC,, which is also in agreement
surface and the polar parts of the serine side chain, i.e., 0.03,yii, experiment is largely due to the negative contribution of
and 0.25 kcal/mol A respeptlvely, for the enthalpy; 0.14 and  he ordered water molecule in trimannositie
0.24 cal/mol K &, respectively, for the entropy; and0.01
and 0.18 kcal/mol A respectively, for the free energy*°The
differences in desolvation entropy, enthalpy, and free energy
of mannose 2 for the two ligands were calculatedtds1 Using the inhomogeneous fluid solvation thedty?we first
cal/mol K, +2.9 kcal/mol, andt1.4 kcal/mol, respectively. The  obtained the contribution of the ordered water molecule in Con
positive value of these quantities is due to the larger amount of A—trimannosidel complex to binding thermodynamics. The
polar surface area buried for trimannosRi&Employing eqs 9, contribution of the ordered water molecule to the solvation
10 and the heat capacity of dehydration-6®H and—CH,— enthalpy and entropy shows a large entropic penalty of ordering
CH,—OH as —9 cal/mol K32 and —33.4 cal/mol K4142 of the water but also a wateprotein/ligand interaction that is
respectively, we calculated the desolvation entropy and enthalpymuch stronger than watewater interactions in bulk solvent.
of the two ligands at 330 K af&AAHgeson(330 K) = +3.6 To put these results into perspective, it is useful to compare to

Discussion

kcal/mol andAASyesoly (330 K) = +7.5 cal/mol K (Table 4). previous results on the ordered water molecule in the HIV-1
We also calculated the entropy of conformational restriction protease-KNI-272 complex2® There are some small differences
of the hydroxyethyl side-chain of trimannosi@ Empirical in these two cases (see Table 6). First, the interaction energy

scales give an average value of conformational entropy of aboutof the water molecule with the protein/ligand is lower in
1.5 cal/mol K per rotatable borfd:*® In this work, the trimannosidel—Con A complex by 2 kcal/mol. The interaction
conformational entropy change for the hydroxyethyl side-chain energy of the ordered water molecule with the ligands cannot
of ligand 2 upon proteir-ligand binding was estimated by explain this favorable interaction because there are two hydrogen
comparing the distributions of the dihedral angles in the complex bonds of the ordered water molecule to KNI-272, whereas
and in the free ligand. We performed rigid rotations of the three there is only one hydrogen bond to trimannosijeand the
dihedral angles in the hydroxyethyl side-chain of ligéhdnd interaction energy of this water with the C2 hydroxyl was about

one dihedral angle of ligantland obtained the probability) 4 kcal/mol. Instead, the ordered water molecule binds strongly
from the Boltzmann expression. Then we used the integrals of with the protein Con A. Three hydrogen bonds were observed
pin(p) to estimate the entropy change, which WsS.onfig = between the water molecule and the protein. The interaction
—2.9 cal/mol K, consistent with the empirical scales. with the ions was also found to stabilize the bound water mole-

Table 4 lists all contributions involved in the binding enthalpy cule. Second, a larger entropic penalty TAAS;y = 0.9
and entropy that are different between the two ligands. The kcal/mol) of ordering was obtained for the water molecule at
calculated difference in thermodynamic parameters of binding HIV-1 protease-KNI-272 complex, suggesting that this water
and the corresponding experimental values are summarized inmolecule is more ordered than that in the trimannogid€on
Table 5. The entropy contribution of the displacement#&0 A complex. This is consistent with the more structured radial
cal/mol K, qualitatively comparable with the experimental data distribution function and orientational correlation functions. It
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is interesting to note that enthalpgntropy compensation is  the widely accepted picture of “preformed” lectin binding sites.
not observed in the values listed in Table 6. That is, lower energy We are also neglecting the ligand reorganization energy and
does not correlate with lower entropy. This may be due to the possible changes in the translational/rotational entropy cost of
significant contribution of long range interactions in Con A. binding. As mentioned above, the estimation of desolvation
When the water molecule is already quite ordered, any additional enthalpy and entropy is also highly approximate. In addition,
long range interactions do not increase the ordering substantiallythere are the standard uncertainties related to use of a classical
(this is akin to dielectric saturation). force field, lack of polarizability, etc. Thus, the true uncertainties
The elimination of the contribution of the ordered water are larger than the statistical error bars in TableS.1However,

molecules is the main origin of the loss of enthalpy by the the qualitative picture should be correct.

displacement. This large contribution is almost compensated by ~The inhomogeneous fluid solvation theory is applicable to
the stronger direct interaction of trimannosifleleading to a ~ not only highly ordered, isolated water molecules but to also
small change in binding enthalpy. Another small contribution clusters of water molecules, or water molecules that are not fully
to the more positive entha|py in bmdmg of trimannosii&o buried. Such calculations are in progress. This approaCh offers
Con A is the more positive desolvation enthalpy of trimannoside unprecedented detail in the calculation of contributions to
2 relative to trimannosidé.4° This value is much smaller than  binding affinity and may help us identify simplified correlations
the other two large contributionsAE, _p and AEs, (ordered between structure and thermodynamic properties. Our approach

water), but its contribution to the total change of enthalpy is May also be helpful in rational drug design by identifying which
not negligible. water molecules would be most favorable to displace.

The entropy of releasing the ordered water molecule in Con
A—trimannosidel to bulk solvation is favorable and it is only
partly offset by the constraint of the hydroxyethyl moiety of
trimannoside2 in the complex. The positive difference of the
desolvation entropy of the two ligands adds to the overall
favorable entropy change. But this favorable entropy change is
outweighed by the unfavorable enthalpy change, leading to the
unfavorable free energy changeAG = + 1.0 kcal/mol. The
final outcome on binding affinity is a sensitive result of
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