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Abstract: Localized water molecules in the binding pockets of proteins play an important role in noncovalent
association of proteins and small drug compounds. At times, the dominant contribution to the binding free
energy comes from the release of localized water molecules in the binding pockets of biomolecules.
Therefore, to quantify the energetic importance of these water molecules for drug design purposes, we
have used the double-decoupling approach to calculate the standard free energy of tying up a water molecule
in the binding pockets of two protein complexes. The double-decoupling approach is based on the underlying
principle of statistical thermodynamics. We have calculated the standard free energies of tying up the water
molecule in the binding pockets of these complexes to be favorable. These water molecules stabilize the
protein—drug complexes by interacting with the ligands and binding pockets. Our results offer ideas that
could be used in optimizing protein—drug interactions, by designing ligands that are capable of targeting
localized water molecules in protein binding sites. The resulting free energy of ligand binding could benefit
from the potential free energy gain accompanying the release of these water molecules. Furthermore, we
have examined the theoretical background of the double-decoupling method and its connection to the
molecular dynamics thermodynamic integration techniques.

Introduction one that simply interacts and restricts them to the binding site.
Experimentally! it was shown that displacement of a localized
water molecule in the binding pocket of the HIV-1/KNI-272
compleX by an inhibitor similar to KNI-272 causes the new

The solvent environment around biomolecules controls their
structures and biological functions and plays important roles in

protein—small molecule interactions. Association of small > * ;
inhibitor to bind more strongly than KNI-272. Therefore, the

organic compounds to biomolecules is of fundamental impor- X .
tance to drug design: therefore, computational methods that Canrelease of this water molecule appears to contribute favorably

be used to study these interactions are of great importance. Théo_the binding free energy of th,e inhibitor. This observaﬂoh
release of water molecules and ions upon binding of ligands to raises several questions concerning th_e fre(_e energy COSt.Of tying
protein binding sites contributes to changes in both entropy andEp Suﬁ_h iwattlardmoleculi n thedb_mdlr?g S'tz of ? protein ?nd
enthalpy and at times is the dominant contribution to the binding ow t IS kKnowledge can be used in the study of noncovalent
free energy. A positive entropy change and, hence favorablepr%te'n |n;[e:§ctlont§. | studic® h b ied out

free energy contribution, can arise from highly structured water everal theoretical studr ave been carred out on
molecules in the binding pocket that are released to a IessIocahzed water molecules in and around protein structures,
ordered state in the bulk solvent upon binding. However, in inclu_ding one o_f the first_applications of statistical thermody-
some cases water molecules that are not released may take pa@am'c p:erturbatlohn technlgues by V|Vade itm!Sl.JlCh ?system.

in the interactions between drug molecules and biomolecules. everal groups® have subsequently used similar free energy
These water molecules are often highly structured and localized; (1) Lam, p.v.; Jadhav, P. K.; Eyermann, C. J.; Hodge, C. N.; Ru, Y.; Bacheler,
they may form water bridges between the drug molecules and h _T\./;VMbeek,PJ. (L: cJ)ttok M. J.I;DRZ)/_ngrﬁ M. M.:TwRorjgé Y-kN-: C\?gﬁgng, C--S
the binding sites and optimize the interactions of the drug Sgienfel%r§4 '263"35’100_332] - A Sharpe, 1. R Brickson-vitanen, .
molecules. The release of localized water molecules may () gt(r)ggti'r zﬁB |’\(l>lo Str;aﬁmgéghz-:vvcgﬁmg?nh JMAE ;’yclggagefizﬁs- In
contribute favorably to the free energy of binding; therefore, Oxford univers%// Press: New York, 1997; pp 45473, S
they can be a target for drug design purpdsea. ligand that O Bt T Mty He Bricson 3 vietrctye1000 s 8iosog,

is designed to dislodge localized water molecules may have a (4) Brooks, C. L., Ili; Karplus, MJ. Mol. Biol. 1989 208 159-181.
more negative free energy of binding due to entropic gain than (%) Xoux. B.; Nina, M.; Pomes, R.; Smith, J. Biophys. J.1996 71, 670~

(6) Wade, R. C.; Mazor, M. H.; McCammon, J. A.; Quiocho, F.JA.Am.
* Department of Pharmacology. Chem. Soc199Q 112, 7057-7059.
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Figure 2. X-ray crystal structure of the HIV-1 (green)/KNI-272 (red)
complex with a bound water molecule (blue sphere) in the binding pocket
interacting with the inhibitor and the flaps of the protein.

Figure 1. X-ray crystal structure of the trypsin (green)/benzyldiamine (red)

complex with a bound water molecule (blue sphere) in the binding pocket. . Lo . . .
directly with the proteir-ligand interaction are studied. The

methodology to study the properties of protein cavities. Zhang first System is the anionic trypsin wild-type protéihThe X-ray
and Hermarfsstudied the hydrophilic nature of protein cavities CTystal structure (PDB ID 1ane) of trypsin complexed with
by calculating the free energies of introducing a water molecule Penzyldiamine has an atomic resolution of 2.2 A and shows an
into these cavities using molecular dynamics free energy ordered water molecule donating two hydrogen bonds to TRP

simulations. They were able to distinguish empty cavities from 190 and VAL 201 and accepting one hydrogen bond from the

hydrated ones on the basis of the calculated free energiesP€nzyldiamine ligand (Figure 1). The second system is a20A

Similarly, Roux et af used molecular dynamics free energy 2{OMic resolution X-ray crystal structure (PDB ID 1hpx) of
perturbation methods to calculate the stability of water molecules H1V-1 Protease complexed with KNI-272 inhibitdiThe crystal
in the hydrophobic bacteriorhodopsin proton channel. Their structure of the HIV-1 inhibitor complex shows an ordered water

results suggested that the transfer of four water molecules from™Molecule donating two hydrogen bonds to KNI-272 and
bulk solvent to the channel is thermodynamically feasible and accepting two hydrogen bondg from ILE 50 and ILE 150 that
thereby shed some light on the mechanism of proton transfer &€ part of the protein flaps (Figure 2).

in bacteriorhodopsiq. Alternatively,_ recent work by Z_heng and Theoretical Considerations

Lazaradi8 used statistical mechanics equations of inhomoge-

neous fluid solvation theory to study the contribution of a water ~ Background. The chemical potential of a molecule, A, in
molecule to the energy, entropy, and heat capacity of protein solution is given by

solvation. Zheng and Lazara8listudied the water molecule in

the binding pocket of the HIV-1/KNI-272 protease inhibitor o 7aCa

complex that interacts with the inhibitor and the flaps of the Hsoln = Hsaa+ RTIN C° @
protein. They calculated the entropy loss in tying up this water

molecule to be 9.8 cal mot K~* and the total contribution of  where ug, , is the standard chemical potentiala is the
this water molecule to the free energy of solvation toti.2 concentration, angta is the activity coefficient of AR is the
kcal/mol. Conversely, using entropic data from anhydrous salt gas constantT is the temperature, an@° is the standard
and their corresponding hydrates, Dunitz estim®tia entropic concentration in the same units @g. Considering the nonco-
cost of tying up a water molecule into a cavity of a crystalline valent association of a ligand B and biomolecule A in aqueous

protein to not exceed 7 cal mai K1 solution as represented in eq 2,
There has not been any attempt to quantitatively calculate
the free energy contribution of bound water molecules to A+B<AB 2)

noncovalent proteindrug interaction using rigorous statistical o o

mechanics molecular dynamics free energy simulation. In this the system is in equilibrium when

work, we sought out to use the double-decoupling methibet

was derived using the underlying theory of statistical mechanics Hsol,a T+ Usolg = Hsol,aB ©)

as a framework to calculate the standard free energy of tying

up water molecules in the binding site of protein complexes. Therefore, it can be shown that the standard free energy of
Two systems in which bound water molecules are involved binding is given by eq 4.

o J— o o o —
(7) Wade, R. C.; Mazor, M. H.; McCammon, J. A.; Quiocho, FBfopolymers AGAB = Usol,AB — (AMSOI,A + ﬂsoI,B) =—RTIn KAB (4)
1991, 31, 919-931.
(8) Zhang, L.; Hermans, Proteins: Struct., Funct., Genet996 24, 433— . o
438. . whereKag is the binding constant.
(9) Zheng, L.; Lazaridis, TJ. Am. Chem. SoQ003 125, 6636-6637.
(10) Dunitz, J. D.Sciencel994 264, 670.
(11) Gilson, M. K.; Given, J. A.; Bush, B. L.; McCammon, J. Biophys. J. (12) McGrath, M. E.; Vasquez, J. R.; Craik, C. S.; Yang, A. S.; Honig, B.;
1997 72, 1047-1069. Fletterick, R. JBiochemistry1992 31, 3059-3064.

7684 J. AM. CHEM. SOC. = VOL. 126, NO. 24, 2004



Standard Free Energy of Releasing Localized Water ARTICLES

The statistical mechanics expressifor of the standard s
chemical potential dG/ana)tp of A in solution is given by AGgg = —RTIn
eq 5:

o 050 Zy agZ —
C° Oa0B £n,AB N'O)+POVAB (11)

2
87 Ops Inalng

Double-Decoupling Method. The thermodynamics break-
down shown in Figure 3 and the statistical mechanics analysis
of the double-decoupling method presented below are taken
from Gilson et al! with similar notations. The article by Gilson

HereQu a(V 4) is the canonical partition function for a system et al. serves as a thoro.ugh description of the double decoupling
containing a large number of N solvent molecules and one solute Methodology. Calculation of the standard free energg;, of
molecule A at volume/y a. Vx 4 is the volume of A when it is removing _B from the bulk solv_ent to_ the gas phase as shown in
at equilibrium at standard pressie Quo(Vi o) is the partition Flggre 3 is straightforward, since it does not depend_on the
function of the solvent, without the solute molecule, at equi- CN0ice Of the standard concentratiak(; can be determined
librium volume Vi o. Assuming that classical statistical mechan- Y Simply removing B from solution using molecular dynamics

ics apply to this system, the ratio of the partition functidris free energy pelrtulrbgtlonhmmulagondf . i
eq 5 is depicted in eq 6 in terms of the Hamiltonikh, However, calculating the standard free energy of transferring

B from the complex to the gas phasAG;, is not that
straightforward.AG] is defined as the free energy of decou-
QN,A_fdpA dps [ dr's drs exp[=BH(PAPsI Al I 6 pling B from the binding site of A during the simulation.
o Nevertheless, during the later part of the simulation when B is
Quo GAfdpSfdrSEXp[_ﬂH(pS’rS)] weakly coupled to A, B would have to explore the entire
simulation box in order forAG] to converge. This can be
circumvented by constraining the coordinates of B to occupy
the binding site of A using a restraining potential while
decoupling the interactions of B. At the end of decoupling B
) from A, B is simply an ideal gas constrained in the binding site
MatMs with a definite chemical potential. ThereforaG; can be

1
H(PaPsI Al s) = Z R +U(r'Ar9) (7) express as:

1 QN,A(VN,A)
ViaC® QN,o(VN,o)

U A= —RTIn( ) +PV, (5

wheref = (RT)71, oa is the symmetry number of the solute A,
andH of the system is in terms of the conjugate momenta and
coordinates as given by eq 7:

. AGZ = (/ugoI,A + /’t;as,lg - /’tgol,AB (12)
HereMa andMs, respectively, are the numbers of atoms of the
one solute molecule and the solvent molecutésrepresents  whereug,, gis the standard chemical potential of B in the ideal
the internal and external coordinates of A, angdrepresents gas phase and is given by eq 13:
the coordinates of the solvent. The coordinate system of A can 6 M
be separated into internaly, and externalga = (Ra,y,0,¢), o _ _ 2 312
coordinates® The external coordinates can be defined as the HgasB™ RTIn(C°oBiE11(2ﬂmRT) ZO’B) (13)
three degrees of freedom due to rotation as defined by the three
Euler angles, 0, andg) of any three atoms used to define Therefore, eq 12 becomes:
the molecular axes of, and three translational degrees of
freedom corresponding to the position of the first atom or center AG® = _RTm(ZN,AZO,B)
of mass of A,Ra. Equation 5 can therefore be written as: !

zN,AB

[0}
—RTIn( AB)

2 M
8n” T4 S
Oa0p

o — _ A o\ /
ean= RTINS THEmRT? S + PV, (@

+RTIn(C°) — RTIn(87?)
whereZy o andZy o are the configuration integrals given by eq

9 and 10. The facto8z?2 is due to the rotational part of the FP(Va = Vag) (14)
integral over the external coordinatég, which is equal to . . . o o )
872/na. The volumeVya cancels out. @mRT)3?2 is the Using previous equations and defining an artificial potential

functionU(4, ra, rs, &g, r's) that interpolates between the initial
energy function f = 0, ABso) and the final energy function
(A =1, Asol + Bgag, we can writeAG] as follows.

classical approximation of the integral over momentum.

Iyn= f exp[=pU(rargldr, drg 9)
U1/ W S N
Zyo= [ exp[-pU(rg] drg (10) AG = [ = 1
Therefore, from egs 4 and 8, the standard free energy of binding OaB
) ; ) L ) —RTlIn
can be written in terms of the configuration integrals: 0p0p
(13) HiIIi(T. L. Cooperatiity Theory in BiochemistrySpringer-Verlag: New +RT|I‘I(C0V|) + RT|H(§|/8.7T2)
York, 1985.
14) M ie, D. AStatistical MechanicsH & Row: New York, 1973 Y Y
215; St%%lﬂgrrée, 2. sghlgrg:;a, H A Biol Chem 1963 238 172181, +P°(Va — Vag) (15)

J. AM. CHEM. SOC. = VOL. 126, NO. 24, 2004 7685
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AB(S0])  m—p A(sol) + B(gas) AG,° VI _ j; exp[—k/2RT(rB _ rO)Z] dI’B _ (2]151')3/2 (19)

B(s0l) =———  B(gas) AG,®
From eqs 17 and 18, the probability distribution in one
dimension is given by:

A(sol) + B(sol) =———> AB(sol) AG,;°=AG,°-AG°
exp[—k/2RT(x — x,)]

Figure 3. Thermodynamic breakdown of the double-decoupling method. P(X) = (20)

The notations (sol) and (gas) imply a molecule in solution and in ideal gas 2
phase, respectively. f exp[—k/2RT(x — x,)°] dx

whereV, is the integral over the volume element in which the  Therefore, the square positional fluctuation in theirection
ideal gas is constrained to occupy, ahds the integral over is given by eq 21:

the rotational space the ideal gas is allowed to sample. Equation
15 is the same as eq 28 in Gilson et he first term can be
evaluated using thermodynamic integratforby molecular
dynamics simulation asis varied from 0 to 1. 0 in the AB(sol)
state and 1 is the A(sol)- B(gas) state. The third and fourth  This is, of course, consistent with the equipartition theorem.
terms can be viewed as correction terms due to the constrainingHence eq 22:

of B during the free energy simulation. They are the change in

free energy when the constrained ligand is allowed to expand 2. 3RT 3RT
and occupy a volume of 1/Gand to rotate freely, respectively. [dril= e andk = or20
Therefore, if the rotational space is represented by the three
Euler angles, and B is allowed to rotate freBlyheng, is given

by eq 16 and is evaluated to be?8 This condition will reduce

the fourth term of eq 14 to zero.

DX0 [x — )0 [(x— % PR =1 (21)

(22)

Therefore, the force constant can be accurately estimated using
eq 22 by calculating the atomic fluctuatiodr, of the con-
strained atom or center of mass of B during the course of a
molecular dynamics simulation with the fully unperturbed

T . 27 27
&= fezo sin6 defy;:o dy f(p:o dg (16) potential function.

Evaluation of V|. We have chosen to use a harmonic potential Computational Methods
to constrain the coordinates of B to occupy the binding site of
A. To constrain the ligand B to occupy the binding site of A Equilibration and Molecular Dynamics Simulation. The coordi-
using a harmonic potential, it is necessary to carefully estimate nates of the two model systems used in this study were from the crystal
the harmonic force constari, There is no absolute approach structures obtained from the protein data bank. The hydrogens were

r an exact statistical mechani rescrintion to how th added to the heavy atoms using the Leap module in AMBER.
or an exact statistical mechanics prescription as o ho eFurthermore, the atomic charges and force field parameters of benzyl-

COﬂS'[I’aI.n'[ should.be appllgd. However, it is necessary for the diamine and KNI-272 were determined using the RESHmethodol-
harmonic constraint potgnhal to be tuned to correspond to the ogy at the HF/6-31G* level of theory in Gaussian'9&nd comparable
range of motion of the ligand in the fully coupled simulation.  standard parameters of the Cornell et al. force fiélHach complex
This is necessary because if the constraint is too strong thewas solvated with TIP3Pwater molecules to fill a periodic box. Eight
region sampled by B will be restricted and will lead to Na'ions and 4 Cfions were placed around the trypsin/benzyldiamine
inadequate sampling. By the same token, if the constraint and HIV-1/KNI-272 complexes, respectively, using the Leap module
potential is too weak, the simulation will fail to converge in AMBER to obtain electrostatic neutrality. All molecular dynamics
because the region the ligand B is constrained to occupy simulations were carried out with the AMBER 6 suites of progfam.
becomes so large.
1 i i i i i (17) Bayly, C. I.; Cieplak, P.; Cornell, W. D.; Kollman, P. A. Phys. Chem.
The _ cor_n‘lguratlon integral of B(gas) first introduced in 1693 97, 10266110580,
eq 13 is given by eq 17: (18) Cornell, W. D.; Cieplak, P.; Balyl, C. I.; Kollman, P. A. Am. Chem.
S0c.1993 115 9620-9631.
(19) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
Zog= f exp[—pU(rg)] drg a7 A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,

R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,

For an ideal gas with no interaction wheté¢ = 0, the R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
; i i i i Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K;
Conflg_uratlon Imegra,z()'B, is thus equwalem to the VOIu,me B Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
occupies. However, if B is constrained to OCCcupy a region with J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
: ; ; : Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
a harmonic F_)Otemlal with force constaktthen the potential C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
energy function becomes: Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,

M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.9; Gaussian,
k ) Inc.: Pittsburgh, PA, 1998.
—_R _ (20) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K. M.;
U(rB) 2 (rB rO) (18) Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.; Kollman, P.
A. J. Am. Chem. S0d.995 117, 5179-5197.
(21) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.; Klein,

Hence the volume element,, in eq 15 which B is constrained M. L. J. Chem. Phys1983 79, 926-935.
: . (22) Case, D. A.; Pearlman, D. A.; Caldwell, J. W.; Cheatham, T. E., Ill; Ross,
to occupy 1s calculated to be: W. S.; Simmerling, C. L.; Darden, T. A.; Merz, K. M.; Stanton, R. V.;
Cheng, A. L.; Vincent, J. J.; Crowley, M.; Ferguson, D. M.; Radmer, R.
(16) Straatsma, T. P.; McCammon, J. Annu. Re. Phys. Chem1992 43, J.; Seibel, G. L.; Singh, U. C.; Weiner, P. K.; Kollman, P.Amber 6 5.0
407-435. ed.; University of California: San Francisco, 1997.
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The systems were equilibrated by using a multistage equilibration Table 1. Standard Free Energy Change in kcal/mol for Removing

protocol. At the start of the equilibration, 500 kcal mbA2 harmonic a Water Molecule from Bulk Solvent

constraints were placed on the complex molecules. The water and ions AG®,

were minimized for 1000 steps, followed by molecular dynamics for elec vaw total
25 ps. The equilibration was continued with a 25 ps MD run at 300 K

with 100 kcal mot! A2 constraints placed on the protein complex. This :(;Lv;?srg 88'12 :gi g?

was followed by a 1000 step minimization on the entire system with a
25 kcal mott A2 constraints placed on the complex. Finally, the entire
system was heated from 100 to 300 K over 10 ps. After equilibration,

the final equilibrated structures were used to carry out 0.5 ns of MD . . .
simulations in the NPT ensemble with periodic boundary conditions method. This approach used in calculating the standard free

at a constant temperature of 300 K with the Berendsen temperatureene_rgy of blndlng.WaS derived from the underlylng_classmal
algorithn®3 and at a pressure of 1 bar. The SHAXBIgorithm was statistical mechanics theory and made the connection to mo-
applied to all bonds involving hydrogen atoms, and an integration time lecular dynamics free energy perturbation techniques. A review
step of 2.0 fs was used in solving Newton’s equation of motion. The by Gilson et al! showed that attempts by several gratip¥
particle mesh Ewaf method was used to treat the long-range to calculate the absolute free energy of binding fell short because
electrostatic interactions, and the nonbonded van der Waals interactionshe theory behind the methodologies used was not well grounded
were subjected to a 12 A cutoff. The snapshots of the MD trajectories in statistical mechanics. The first part of this method, as shown
were collected every 1 ps. The resul_ting trajectories were used to j, Figure 3, is the calculation of the free energy of decoupling
calculate the atomic pgsfuonal quctqatlon of the oxygen atom of the the water molecule from bulk solvent into an ideal gas phase,
bound yvater molecule in order to estimate the harmonic force constantAG; The calculation of the standard free energy of removing
according to eq 22. The calculated harmonic force constant was used .
to constrain the oxygen atom of the water molecule to occupy the a water molecule from bulk solven_t into g"f‘s phase does _not
binding site of the protein complex during the free energy simulation. depend on t.he standard concentrf'zltlon and is therefore Stra!ght'
Double-Decoupling Free Energy SimulationOur double-decou- forward. Thls,wfas perf(?rmed using the molecular dynamics
thermodynamic integration techniqu&G; was calculated to

pling free energy simulations involve gradually turning off the ) )
electrostatic and van der Waals interactions of the water molecule from b€ 6.0 kcal/mol as laid out in Table 1. Our calculated standard

the rest of the system. This involves two sets of simulations: the transfer free energy of decoupling a water molecule from the bulk
of the water molecule from bulk water to the gas phas®;, and the solvent is similar to an experimentally observed free energy of
transfer of the water molecule from the binding pocket of the protein 6.3 kcal/mot! and previously calculated values of & and 6.43
complex to the gas phase (part AGY), during which the water  kcal/mol. Table 1 also shows the separate contributions of the

molecule is constrained to occupy the binding site as defined by the electrostatic and van der Waals interactions to the total standard
coordinate system of the complex. In the second simulation, the water fyaq energy

molecule is constrained to occupy the binding site using a harmonic Th d t of the double-d i thod i
potential with an appropriate force constant calculated using eq 22 as € second component of the double-decoupling method 1S

described above. To perform the change frorO& to H;Ogas the the calculation of the standarq freg energy of depoupling the
energy term is progressively mapped frassol) to U(gas) along a Watgr moleculg from t.he b|nd|ng site of the protein complex.
chosen path. This chosen path is mapped as a function of a couplingWhile decoupling the interactions of the water molecule from
parameted. that varies from 0 to 1, wherd = U(1), U(0) = U(gas), the protein environment, the coordinates of the oxygen atom
andU(1) = U(sol). The free energy difference between the two states on the water molecule were harmonically constrained to occupy
is calculated by the thermodynamic integration approach at discrete the binding site of the complex as defined by the crystal
points of7; along the path using a fixed width fdi. A value of 0.01  strycture. The atomic positional fluctuation of the oxygen atom
for A/ was used for the transfer of the water molecule from bulk water 5.4 the harmonic force constant were calculated from the
to the gas phgse, and 0.05 was used_ for transferring the water mOIGCUIepreceding molecular dynamics simulations for the trypsin and
from the binding pocket of the protein complex to the gas phase. The HIV-1 complexes. The positional fluctuation of the water
free energy change for each simulation was calculated by vading . L . .
molecule in the binding pocket of the trypsin complex is larger

from 0 to 1(forward), and then from 1 to 0 (backward). The simulation .
for each value of. (window) was initially equilibrated for 10.0 ps, ~ than that of the HIV-1 complex. This shows that the water

and the data sampling was also performed for 10.0 ps, and both weremolecule in the trypsin complex is slightly less localized than
progressively increased by 1.0 ps during subsequent runs until thethat of the HIV-1 complex. Therefore, the appropriate harmonic
hystereses were very small. The simulation conditions for the free force constants necessary to constrain the water molecule in
energy simulation were similar to that of the molecular dynamics the binding site of the trypsin and HIV-1 complexes were
simulation. The final structure of the molecular dynamics simulation calculated to be 6.6 and 16.4 kcal mblA~2, respectively.
was used as the starting structure of the free energy simulation. Tables 2 and 3 present all the terms (according to eq 15) that

average 8.2:0.1 —2.2+0.1 6.0+ 0.2

Results and Discussion (26) Miyamoto, S.; Kollman, P. AProc. Natl. Acad. Sci. U.S.A993 90, 8402
8406

i i 27) Miyah’loto, S.; Kollman, P. AProteins: Struct., Funct., Genet993 16,
The standard free energy of tying up a water molecule in the Py PAar

binding site of a protein was studied using the double-decoupling (28) Pranata, J.; Jorgensen, W.Tetrahedron1991, 47, 2491-2501.
(29) Jorgensen, W. L.; Buckner, J. K.; Boudon, S.; Tirado-Rives, Chem.
Phys.1988 89, 3742-3746.
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Table 2. The Standard Free Energy (kcal/mol) and Its Components of Tying Up a Water Molecule in the Binding Pocket of Trypsin/

Benzylamine Complex

AG®; AG°pg
SBUBAR dA —RT In(0gl0a0E) RT In(C°V)? RT In(&/872) total AG®, - AG®,
elec vdw
forward 9.4 2.8 0.4 —-4.9 0.0 7.7
reverse 9.6 3.0 0.4 —4.9 0.0 8.1
7.9+0.3 —-1.9+05

aThe atomic fluctuationgr = 0.52 A, and the corresponding harmonic force constart,6.6 kcal mot! A-2. F = forward and R= reverse.

Table 3. The Standard Free Energy (kcal/mol) and Its Components of Tying Up a Water Molecule in the Binding Pocket of HIV-1/KNI-272
Complex

AG®, AG°pg
SBUAG dA —RT In(08/0408) RT In(C°V)) RT In(&/87%) total AG®, - AG®,
elec vdw
forward 12.9 1.7 0.4 —-5.7 0.0 9.3
reverse 12.5 1.6 0.4 57 0.0 8.8
9.1+ 04 —-3.1+0.6

aThe atomic fluctuationgr = 0.33 A, and the corresponding harmonic force constart,16.4 kcal mot! A=2 F = forward and R= reverse.

are required to calculate the standard free energy of tying up acalculated to be—0.8 + 0.1 kcal/mol using a restrictive
water molecule into the binding site of the trypsin and HIV-1 restraining potential (force constant of 164.0 kcal md\—2).
complexes, respectively. The first term is the electrostatic and This value is significantly greater than the free energy when
van der Waals contribution from the thermodynamic integration calculated with the force constant determined from the range
simulation, the second term takes care of the fact that the waterof motion of the water molecule during the MD simulation.
molecule is symmetrical and has a symmetry numbgj 6f This difference can be attributed to the fact that at a much higher
2, the third term is a correction because the translational degrees/alue ofk the region occupied by the water molecule is further
of freedom of the bound water molecule were constrained during restricted, thus leading to inadequate sampling. On the other
the thermodynamic integration simulation, and the fourth term hand, the free energy at a very low valkevas calculated to
is zero because the bound water molecule was allowed to rotatebe —3.4 £+ 1.5 kcal/mol. This value is comparable to the free
freely during the free energy simulation. The standard free energy determined with = 16.4 kcal mot! A2, Whenk is
energies for tying up a water molecule in the binding pockets very small, the restraining potential becomes weak, and the
of both complexes are less than zero. This implies that the simulation fails to properly converge, as evident from the large
localized water molecules help in stabilizing the protdigand error, because the region the water molecule is constrained to
interactions of both complexes. Also, the results confirm the occupy becomes too large. Theoretically, with a weaker
assignments of these water molecules in the binding site of therestraining potential, the correct free energy could be determined
X-ray crystal structures. The free energy of tying up the water if the water molecule is allowed to sufficiently sample the region
molecule for the HIV-1 complex is slightly lower than that of which it is constrained to occupy.
the trypsin complex. Therefore, the water molecule in the HIV-1  Our results clearly show the importance of localized water
protease binding site is more tightly bound than that in the molecules in the binding pockets of proteins, and because of
trypsin complex. their energetic potential this makes them a target for drug design
As prescribed by the double-decoupling approach, the ligand purposes. Releasing these highly structured water molecules will
is constrained to occupy the binding site while the interactions favorably contribute to the free energy of a ligand that can
of the ligand are being gradually decoupled from the binding displace them. According to the rationale by Durifzhe
site. However, there is no precise statistical mechanics definition entropic gain of releasing a bound water molecule for a protein
of the retraining potential. We chose to use a harmonic can be as high as 7 cal mélK 1, which corresponds to a free
restraining potential on the oxygen atom of the water molecule. energy gain of about 2.1 kcal/mol at 300 K. The enthalpic
To use a harmonic potential, it is important to accurately contribution to the total free energy will depend on the types
determine the required force constantTherefore, this raises  of interactions experienced by the water molecules in the binding
important questions as to how sensitive are the calculated freesite. Therefore, it can be seen that the entropic contribution to
energies to the strength of the restraining potentials and whetherthe binding free energy by releasing water molecules and
an arbitrary choice ok would yield the correct results. In  counterions from the binding sites of protein molecules is a very
answering these questions, we carried out two additional free important component that cannot be ignored in drug design and
energy calculations on the HIV-1/KNI complex using a force in understanding noncovalent protein interactions. The results
constant 10 times stronger (164.0 kcal mok—2) and 10 times provided here give some indication of how ligands could be
weaker (1.64 kcal mof A—2) than the calculated force constant  designed to increase their binding affinity. If a substituent is
of 16.4 kcal mot! A2, The free energy of tying up the water added to the ligand that displaces a bound water molecule and
molecule in the binding site of the HIV-1 complex was if the net contribution of this substituent is greater than the
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