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Abstract: Complexes of the antibiotics novobiocin and clorobiocin with DNA gyrase are illustrative of the
importance of bound water to binding thermodynamics. Mutants resistant to novobiocin as well as those
with a decreased affinity for novobiocin over clorobiocin both involve a less favorable entropy of binding,
which more than compensates for a more favorable enthalpy, and additional water molecules at the
protein—ligand interface. Free energy, enthalpy, and entropy for these water molecules were calculated by
thermodynamic integration computer simulations. The calculations show that addition of the water molecules
is entropically unfavorable, with values that are comparable to the measured entropy differences. The free
energies and entropies correlate with the change in the number of hydrogen bonds due to the addition of

water molecules.

I. Introduction

A recent analysis of crystal structures reveals that over 85%
of the structures have at least one water molecule at the
protein—ligand interface.' These water molecules have signifi-
cant but not completely understood influences on inhibitor
binding thermodynamics. The introduction of ordered (relative
to the liquid) water molecules is generally considered to have
a significant entropic cost, decreasing the binding affinity of
the ligand.>* This influence can be isolated from other factors
by considering changes in the ligand or protein that modify the
water structure. Differences in binding affinities between
different ligands*~ ' or the same ligand with mutated proteins'®~'®
have been attributed to the addition of one or more tightly bound
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water molecules. Both these effects are demonstrated in the
DNA gyrase/novobiocin complex.

DNA gyrase is a bacterial enzyme that is a target for several
antibiotics.'” The enzyme from Escherichia coli is an A,B,
tetramer made up of the two subunits A and B. The antibiotic
novobiocin is one in a class of coumarin inhibitors that inhibit
gyrase by preventing dimerization of the two B subunits.?®” 2
For this system, bound water molecules have been proposed to
change the thermodynamics of binding, both by changes in the
protein through mutations'® and by changes in the inhibitor.'*
A mutation of Arg-136 to histidine on the B fragment is one of
the naturally occurring mutants resistant to coumarin inhibitors.”
The B fragment with the R136H mutation has an association
constant for novobiocin over an order of magnitude smaller than
the wild type (Table 1).'® The binding has a more favorable
enthalpy change, AH,, for the mutant but a much less favorable
entropy change, AS,. The structures of R136H and wild type
of the 24 kDa N-terminal fragment of the B subunit with
novobiocin show that the space created by the absence of the
guanidinium group of the arginine residue is occupied by a water
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Table 1. Thermodynamic Parameters for Binding of Novobiocin and Clorobiocin to the 24 kDa Fragment of DNA Gyrase B Protein for Wild

Type and Arg 136 His Mutant

complex Ky (x10° M) AG® (kcal/mol) AH (kcal/mol) TAS (kcal/mol) no. of water molecules
WT—clorobiocin® 860 £ 220 —122+0.1 —954+0.6 27+£02 1
WT—novobiocin” 23+4 —10.1 £0.1 —122+0.1 —21+02 3
R136H—novobiocin” 0.83 £0.03 —8.1%0.1 —143+0.1 —6.1 £0.1 4
“ Reference 14. ” Reference 16.
Asp 73 Thr 165 protein—ligand docking and scoring models, with a general, but
k\ not universal, consensus that the inclusion of water improves
= i — . .. . . .
W1 v % = His 136 accuracy.?”® The variability of the entropic contribution from
; the bound water presents a challenge for empirical scoring
31,34 .
Wity . /@l ??}5 IIV models. For example, the GOLD scoring model adds a

‘:" W12

Novobiocin

Figure 1. PDB structure 1AJ6 of the complex of novobiocin with the
R136H mutant of DNA gyrase.

molecule (water 12 in the 1AJ6 PDB structure and in Figure
1).' The large change in K, is attributed to the presence of this
water molecule, which is not present in the wild-type structure.
This water molecule is in contact with the solvent.

Water molecules 1 and 11 are located between the carbonate
nitrogen attached to the sugar ring on novobiocin and polar
atoms (on Val 43 and Asp 73) of the protein. This side of the
inhibitor is away from the solvent. For the inhibitor clorobiocin,
a pyrrole ring replaces the NH, group (Figure 2). The bulkier
group fills the space occupied by W 1 and W 11 in the complex
with novobiocin."* Clorobiocin binds (wild-type) gyrase over
an order of magnitude better than novobiocin, with the improved
binding due not to enthalpy, which favors novobiocin, but
entropy. The entropic contribution, —7TAS, is 4.8 kcal/mol more
favorable for clorobiocin than novobiocin (see Table 1). The
large thermodynamic changes between clorobiocin and novo-
biocin, as well as those between the wild-type and mutant
proteins, appear to be largely due to only a few water
molecules.'*'¢

There are exceptions to the “less water, better binding”
heuristic suggested by these studies, in which compounds with
more water molecules at the interface bind with greater
affinity.'® In addition, several computational studies using free
energy perturbation® and inhomogeneous fluid solvent theory> =’
have shown that the entropy of the bound water molecules varies
considerably and in some cases can be greater than that of bulk
water. For the related, but distinct, problem of water displace-
ment from the binding site by the ligand, inhomogeneous fluid
solvent theory also finds that the entropy of water molecules in
the empty binding site can vary considerably.?® This variability
makes assessing the role of water difficult. A number of studies
have evaluated the importance of water molecules using
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constant entropic penalty term (of 0.5 kcal/mol) for each bound
water.**

The entropic contribution of the bound water molecules
appears to be the key to understanding the binding thermody-
namics for the novobiocin/clorobiocin—DNA gyrase complex.
In this study we use computational methods to calculate the
entropy change, as well as the free energy change, for adding
water molecules to the three sites, which change for the various
complexes (W1, W11, and W12). A number of studies have
calculated free energies for water molecules at protein—ligand
39742 and in protein cavities.>***~*® These studies have
not calculated the entropy change, except for our own study,

interfaces

which calculated free energy changes as a function of temper-
ature to extract the entropy and enthalpy changes.?* In this study,
we will use the same approach. This calculates the exact
thermodynamics, depending only on the quality of the potential
energy function used.
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Figure 2. Chemical structures of DNA gyrase inhibitors.

Il. Methods

Free Energy Calculations. The free energy calculations were
done in one of two ways, depending on the proximity of the
water molecules to the bulk solvent. These two approaches, the
alchemical “double decoupling method”, in which interactions
are turned on while a restraining potential is turned off, and a
potential of mean force (PMF) approach, in which the molecule
is made to move from the binding site, have both been applied
to many binding free energy calculations, as reviewed recently.*’
The free energy calculations for water molecules in the 1 and
11 positions are done with the double decoupling method, as
described previously, except thermodynamic integration was
used rather than free energy perturbation theory.>* In this
method, interactions are turned off between the one bound water
molecule and all other atoms in the system. The noninteracting
molecule is localized in the site with a harmonic potential with
a force constant, Kp,m, equal to 3 kcal mol™! A~2 A correction
for the harmonic restraint equal to —kT In [p(kT/kparm)>?] is
added to the calculated free energy.*>*®*® This method is similar
to the methods developed for other free energy calculations*>*4®
except for the addition of a short-range interaction to keep other
water molecules out of that position. This interaction is of the
form &(ro/0)~ 12, where ro, is the distance between the position
the water molecule is being added, r,, and the oxygen atoms
on all other water molecules. The parameters ¢ and ¢ are set
equal to 2.0 A and 0.143 kcal/mol, respectively. To calculate
the free energy of adding a water molecule to this position
relative to the bulk liquid, the free energy of adding a water
molecule to the liquid must be calculated. The free energy for
this process is —7.04 £ 0.04 kcal/mol and the entropy change
TAS is —4.03 £ 0.04 kcal/mol. For the water molecule in site
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12, which is in contact with solvent water molecules, the PMF
approach was used. In this approach, the interactions of the
specified bound water are not turned off, but rather the water
molecule is reversibly forced out of the bound water position
by use of the potential E; = A4e[(ri> + (1 — 1)3)/6?] 7%, where
the sum is over all water molecule oxygen atoms and 4 is a
free energy variable, varying from O to 1. This method uses
separated-shifted scaling method, adding the term (1 — )0 to
avoid singularities as 7, goes to zero.** The parameter 0 was
set equal to 7.0 A? and o and ¢ have the same values as given
above. It was hoped that this approach would be more efficient
for calculating hydration free energy changes for water mol-
ecules that can move to the solvent easily, but this turned out
not to be the case. It was better to turn off the interactions in
the protein/ligand site and then, in a separate calculation, turn
them on again in the liquid, rather than to force the molecule
to exit to the solvent. Free energy calculations for all the water
sites were done at three temperatures, so the entropy could be
calculated from the temperature dependence, by use of AS =
— [AG(T + AT) — AG(T — AT))/(2AT). The enthalpy change
can be found from AH = AG + TAS.

DNA Gyrase/Novobiocin Structure. All calculations were
done with the R136H mutant of the 24 kDa B subunit fragment
of DNA gyrase from Escherichia coli by use of the 1aj6
structure for the gyrase/novobiocin complex.'® In this structure,
there are two loop regions, residues 83—85 and 105—111, that
are unresolved. These regions were reconstructed from the
coordinates of the 1kij structure on the 43 kDa fragment of DNA
gyrase from Thermus thermophilus in complex with novobio-
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Protonation states of various groups must also be assigned.
Novobiocin is an acid with a pK, equal to 4.3,°" so the acidic
proton, on the phenolic oxygen connected to the coumarin
double ring, is taken to be absent. In addition to the mutant
histidine at position 136, the 24 kDa subunit of E. coli DNA
gyrase has 11 histidine residues. On the basis of the pK,
calculations for the wild type of Schechner et al.,>* we assigned
the following protonation states (residue number, protonation
state): 37 HID, 38 HIP, 55 HIE, 64 HIE, 83 HIE, 99 HIP, 116
HIP, 141 HIE, 147 HIP, 215 HIE, and 217 HIP, where HID is
the NO tautomer, HIE is the Ne tautomer, and HIP is doubly
protonated. This gives a charge for DNA gyrase equal to —5
and novobiocin adds another negative charge. Due to the overall
negative charge, including the nearby novobiocin negative
charge, we took the histidine 137 residue to be the doubly
protonated positively charged form. In addition, in the 1aj6
structure, there are oxygen atoms (the main-chain oxygen on
Arg 76 for the NO atom and the Oy on Thr 80 for the Ne atom)
close to both nitrogens on the histidine ring. Also, given that it
replaces an arginine residue with a +1 charge, a positively
charge histidine seemed the simplest assumption to make.
Isothermal titration calorimetry (ITC) measurements with dif-
ferent buffers find that the enthalpy of binding, AH® for the
wild type/novobiocin complex is independent of the buffer.'®
The two buffers used (20 mM phosphate buffer with pH 7.4
and 69 mM Tris-HCI at pH 7.4) have enthalpies of ionization
that are different by 10.5 kcal/mol, so if binding involved proton
movement, it would have different AH® values for the two
buffers. For R136H mutant/novobiocin binding, AH? is different
for the two buffers by 3.2 kcal/mol (the values in Table 1 are
with the Tris buffer) so any proton changes upon binding must
involve a partially ionized group.'® For all these reasons—the
overall negative charge, the nearby hydrogen-bond acceptors,
and the fact that histidine replaces the positively charged
arginine residue—the simplest assumption is that His-136 is
doubly protonated and remains so during binding.

Simulation Details. All protein molecular dynamics simula-
tions were performed with the Amber7 suite of programs.>
Charges for novobiocin were generated from a RESP>* charge-
fitting procedure with input from Hartree—Fock calculations at
the 6-31G* level by use of the Gaussian03 program.> Ad-
ditional parameters were generated with the gaff parameter set.>®
The charges and gaff parameter type for each atom are given
in Supporting Information. The TIP4P-Ew model was used for
water.’” Charge neutrality of the system was created by adding
five sodium ions, by use of the Amber 99 parameter set.”® The
system contain 7891 water molecules. Simulations were run in
the T, P, N ensemble at a pressure of 1 atm and temperatures
of 283, 298, and 313 K. All bonds containing hydrogen atoms
were constrained with SHAKE, a 1 fs time step was used, and
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Table 2. Free Energies for Addition of a Water Molecule to
Various Positions at Different Temperatures

AG (kcal/mol)
at 283 K at 298 K at 313 K
Wil —15.12 £ 0.08 —14.73 £0.10 —14.44 + 0.09
W11 —10.26 £ 0.11 —9.87 £0.14 —9.67 £0.15
wir’ —=7.76 £0.12 —7.42 +0.14 —732£0.11
Wwi2 —2.88 £0.14 —2.81 £0.14 —2.76 £0.12

long-range electrostatics were treated with particle mesh Ewald.
For the water molecules at positions 1 and 11, 15 4 values were
used, each simulated, on average, for 500 ps. For water molecule
at site 12, using the different method, 17 4 values were used,
each simulated, on average, for 1200 ps.

Ill. Results

Tables 2 and 3 give the calculated free energy changes for
addition of water molecules to the positions labeled in Figure
1. The value for W11 is calculated twice, once with the water
at position W1 and once without. The value without the W1
water is listed as W11’, and this value plus that for W1 gives
the free energy for addition of two water molecules to the empty
cavity. Table 2 gives the results for free energy calculations at
the three temperatures. To the values for W1, W11, and W11’
sites, the harmonic restraint correction*>*®*® has been added.
To get the hydration free energy (the difference between the
free energy of a water molecule in the bulk liquid and in the
specified site) for these three sites, the free energy of a water
molecule in the liquid has to be subtracted. For the water in
position W12, the method used finds the free energy difference
between that site and bulk water directly. For all water
molecules, the free energy of hydration is negative, indicating
that water is stable in that position, the entropy change is
negative, and the enthalpy change is negative. One possible
exception is W11’ water, for which AG, AH, and AS are about
zero, and so this water is stable only if there is a neighboring
water at position W1. The large enthalpic change, which
outweighs the unfavorable entropy change, leads to the stability
of the water molecules in these positions.

The average number of hydrogen bonds each water molecule
makes to the protein, the inhibitor, or other water molecules
from our simulations (at the end point of the free energy
calculation when the water is fully interacting with the rest of
the system) is given in Table 3. The Mancera and Buckingham™
definition of a hydrogen bond is used, in which a hydrogen bond
is taken to exist if the oxygen—oxygen distance is less than 3.6
A and the angle between the O—H vector on the hydrogen-
bonding donor and the O—O vector is between 130° and 180°.
With these criteria, the water at W1 forms 2.2 hydrogen bonds
on average. One hydrogen bond is made to the water at W11
(W11 acts as the hydrogen-bond donor) and another is made to
the OO atom of Asp-73 (W1 is the donor). Another hydrogen
bond is made a fraction of the time (0.2) to the Thr-165 O atom.
The water at W11 makes about 3 hydrogen bonds. In addition
to the hydrogen bond to the W1 water, it makes a hydrogen
bond to the Val-43 O atom (W11 is the donor) and the another
with one of the amide hydrogens connected to the noviose sugar
of the novobiocin molecule. The W12 water forms about 3
hydrogen bonds: one with the Gly-77 O atom, one with the
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Table 3. Thermodynamic Properties for Transfer of a Water Molecule from Solvent to Various Positions

AG (kcal/mol) AH (kcal/mol) TAS (kcal/mol) no. of H bonds change in H bonds
Wl —7.7+£0.1 —105+1.2 —28+12 22+0.1 22 +£0.1
W11 —28+0.1 —47+£19 —-19+19 29+0.1 1.8 £0.1
Wi’ —04+£0.1 —0.1£1.6 —-03+£1.6 14+0.2 0.8+0.4
W1 + W11’ —8.1£0.2 —10.6 £2.0 —3.1£2.0 36+0.2 3.0+04
W12 —28+£0.1 —-39+1.8 —-12+£1.8 2.7+0.1 1.9 +0.1

phenolic oxygen on the coumarin double ring on the novobiocin
molecule (which is taken to be unprotonated; see Methods), both
of these as a donor, and a third (made a fraction 0.7 of the
time) with a solvent water molecule as an acceptor. A hydrogen
bond with the NO atom on His-136 is rarely made. These
hydrogen bonds are indicated in Figure 1.

The formation of hydrogen bonds with the water molecules
is consistent with the negative AH. Less consistent is the fact
that W11 and W12 form the most hydrogen bonds, about 3,
but have a less favorable AG than W1, which forms less
hydrogen bonds. More strongly correlated to the free energy is
the change in the number of hydrogen bonds, or the number of
hydrogen bonds that form as the water is added minus the
number that are lost. To do this, we identified the atoms that
formed hydrogen bonds to the specific water molecule (those
atoms are mentioned in the previous paragraph) and calculated
the number of hydrogen bonds those atoms form with and
without the water in that position. In all cases, the hydrogen
bonds change by fractional amount, rather than through the
formation of new contacts that occur only when the water
molecule is absent. For example, one of the W12 water’s
hydrogen-bond partners, the Gly-77 O atom, decreases the
number of hydrogen bonds it forms upon addition of water by
0.4 £ 0.2, mostly due to a decrease in the fraction of time a
hydrogen bond is made with the His-136 No atom (from 0.8 +
0.1 without water to 0.5 + 0.1 with water). The novobiocin
phenolic oxygen atom does not changes its hydrogen-bond
structure noticeably. The third significant hydrogen-bond partner
with the water at site W12 is a solvating water molecule. A
water molecule closest to the position of W12 decreases its
number of hydrogen bonds to other water molecules, not
counting W12, from 2.8 £ 0.3 to 2.4 £ 0.1, upon addition of
W12. This means that the gain of hydrogen bonds between W12
and its closest neighbor (made a fraction 0.7 of the time) is
partially offset (by 0.4) by a loss in hydrogen bonds with other
neighboring water molecules. The net effect is that addition of
the W12 water leads to an increase in hydrogen bonds by only
1.9 rather than 2.7.

The hydrogen-bond neighbors of water W11 also change the
number of hydrogen bonds with other atoms as this water is
added. W11’s neighbor Val-43 O shows a decrease in the
fraction of time a hydrogen bond is made to other protein atoms
(a hydrogen bond to the Asn-46 N—H changes from 0.46 +
0.08 to 0.10 £ 0.04 and to the Ala-47 N—H changes from 0.5
+ 0.1 t0 0.19 + 0.07). The amide N atom on novobiocin, which
also hydrogen-bonds to W11, does not show any appreciable
change in hydrogen bonds upon addition of W11. The third
hydrogen-bond partner of W11 is W1. This water shows a
decrease of 0.5 £ 0.3 in hydrogen bonds with other atoms as
W11 is added. This decrease is mostly due to loss in a hydrogen
bond with the Thr-165 O atom, which changes from 0.4 + 0.2
to 0.09 &+ 0.04. This all leads to a net change in hydrogen bonds
equal to 1.8 = 0.1. When W11 is added without the water W1
there (in the change labeled W11’), a similar analysis reveals
that the hydrogen-bonded neighbors lose 0.6 £ 0.3 as the 1.4

6612 J. AM. CHEM. SOC. = VOL. 131, NO. 18, 2009

4 0.2 hydrogen bonds are made to give a net change in
hydrogen bonds equal to 0.8 = 0.4 hydrogen bonds. For the
W1 water, no hydrogen bonds are lost as that water is added,
so that the change in hydrogen bonds is simply 2.2 4 0.1.

These hydrogen-bond changes are shown in Table 3 and show
a stronger correlation with AG than simply the number of
hydrogen bonds made. This analysis helps to explain why the
W1 position has more favorable AG than the W11 and W12
positions, because while water molecules at both those positions
make more hydrogen bonds with their neighbors, they also
disrupt more hydrogen bonds, leading to a smaller change in
hydrogen bonds than at the W1 position. (In addition, the water
at position W1 makes a hydrogen bond with the negatively
charged Asp-73 OJ atom, so this hydrogen bond is stronger
than average, with a more favorable AH.) Both the entropic
contribution to the free energy, TAS, which increases, and the
enthalpy, which decreases, show a correlation with the change
in hydrogen bonds.

IV. Conclusion

The calculations find that addition of water molecules to the
protein—ligand interface is entropically unfavorable. The result-
ing TAS values are —1.1 & 1.8 kcal/mol for the water at position
W12 and —3.1 & 2.0 kcal/mol for the addition of two water
molecules at sites W1 and W11 (see Figure 1). These can be
compared to the difference in the entropy changes for the
binding of novobiocin or clorobiocin to the wild type or R136H
mutant of DNA gyrase. The R136H mutation introduces the
W12 water to the novobiocin/gyrase interface and results in a
decrease in TAS equal to 4.0 &£ 0.2 kcal/mol. Our calculations
suggest that 1 kcal/mol of this is due to the ordered water. The
binding of clorobiocin, which eliminates the W1 and W 11 water
molecules, results in a decrease in TAS equal to 4.8 4 0.2 kcal/
mol, of which our calculations would suggest that 3.1 kcal/mol
is due to the two water molecules. Taken together, our results
indicate that a sizable fraction, but not all, of the entropic
differences in the binding of ligands involving different numbers
of water molecules is directly due to the water molecules.

The range of values of the entropy changes shows that not
all water molecules would have the same entropic penalty to
the binding thermodynamics of ligands. This variability is in
agreement with earlier theoretical studies using free energy
perturbation®* and inhomogeneous fluid solvent theory® %’ as
well as conclusions drawn from experimental data on protein
stability.®® The water molecules considered in this study form
different numbers of hydrogen bonds with neighboring atoms,
including other water molecules, the protein, and the inhibitor.
However, the free energy, entropy, and enthalpy changes
correlate more strongly with the change in hydrogen bonds made
as the water molecule is added, rather than the number of
hydrogen bonds the water makes (see Table 3). The number of

(60) Takano, K.; Funahashi, J.; Yamagata, Y.; Fujii, S.; Yutani, K. J. Mol.
Biol. 1997, 274, 132—-142.
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hydrogen bonds changes by an amount different from that
directly involving the added water because the added water
disrupts the local hydrogen bonds formed in its absence. This
disruption is due to hydrogen bonds, made both with and without
the water, that are made less often when the water is there. The
presence of the water gives the neighboring atoms another
hydrogen-bond partner and this appears to decrease the prob-
ability that other hydrogen bonds are made. This change in the
local hydrogen-bond structure has previously been reported for
water molecules in protein interiors®>* and indicates that the
entropy change for localizing a water molecule at a specific
site, with a loss of conformational freedom, is partially offset
by a gain in conformation freedom of the nearby atoms involved
in hydrogen bonds.

For the design of drugs, having a water molecule with more
than two hydrogen bonds is entropically unfavorable and it
would be better to modify the ligand to eliminate the water or
to reduce the number of hydrogen bonds that water can make.
A fit to our data suggests that TAS should decrease by an amount
of 1.7 kcal/mol for each hydrogen bond made by addition of
the water molecule. This is very close to the value of 1.6 kcal/
mol by Cooper,®' an estimate based on the loss of degrees of
freedom of a bound water for each hydrogen bond made.
Although there is no reason for the entropy change to have a
linear dependence on the number of hydrogen bonds, each
hydrogen bond will limit rotational and translational freedom,
consistent with a decrease in entropy. Analyses of crystal

(61) Cooper, A. Biophys. Chem. 2005, 115, 89-97.

structure B factors for bound waters in protein interiors®* and
at protein—ligand interfaces' reveal that the water molecules
become more localized as hydrogen bonds are made, but the
decrease is not linear. The decrease is large as each of the first
three hydrogen bonds is made, and adding the fourth has little
or no effect on the B factor, suggesting that there is little entropic
penalty for forming the fourth hydrogen bond. For the range of
hydrogen bonds made by water molecules in the present study
(1—-2), TAS changes from about 0 to —2 kcal/mol. The
hydrogen-bond numbers of these three water molecules are fairly
typical of water molecules found at protein/ligand interfaces.
The analysis of crystal structures by Wang and co-workers'
reveals that water molecules at protein/ligand interfaces form
on average 3 hydrogen bonds, with 2 being almost equally
likely. The entropies, as well as the free energies, of the water
molecules in this study may be therefore fairly representative
of water molecules commonly found in protein/inhibitor com-
plexes, but the values for specific molecules will depend on
their local environment.
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