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Abstract

Experimental studies on a bacterial sulfate receptor have indicated anomalous relative binding affinities for the
mutations Ser,;, — Cys, Ser,3; — Gly, and Ser,3, — Ala. The loss of affinity for sulfate in the former mutation
was previously attributed to a greater steric effect on the part of the Cys side chain relative to the Ser side chain,
whereas the relatively small loss of binding affinity for the latter two mutations was attributed to the loss of a
single hydrogen bond. In this report we present quantum chemical and statistical thermodynamic studies of these
mutations. Qualitative results from these studies indicate that for the Ser;;, - Cys mutation the large decrease
in binding affinity is in part caused by steric effects, but also significantly by the differential work required to
polarize the Cys thiol group relative to the Ser hydroxyl group. The Gly mutant cobinds a water molecule in the
same location as the Ser side chain resulting in a relatively small decrease in binding affinity. Results for the Ala
mutant are in disagreement with experimental results but are likely to be limited by insufficient sampling of con-
figuration space due to physical constraints applied during the simulation.
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Site-directed mutagenesis has become one of the most power-
ful and significant tools for molecular biology, biochemistry,
and biotechnology. Protein engineering, binding studies of drugs
and receptors, and mechanistic studies in enzymology and mo-
lecular biology all depend on correct interpretations of muta-
genesis work. In fact, accurate interpretations can be the basis
for considerable investments in time and money by researchers
in academia and industry.

Several classes of mutations are considered to be relatively
conservative, that is, substitution of one amino acid residue for
a homologous one (such as isoleucine for leucine, aspartate for
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glutamate, or cysteine for serine) is not expected to perturb the
protein significantly. Supposedly, conservative mutations that
result in a loss of activity are therefore deserving of detailed
analysis.

Sulfate binding protein (SBP), an initial receptor for sulfate
translocation in Sa/monella typhimurium, exhibits a 3,200-fold
decrease in binding upon the substitution of Ser;, with Cys,
yet only a 100- and 15-fold decrease in binding when Ala or Gly
are substituted, respectively (He & Quiocho, 1991). The loss of
binding due to the former substitution has been attributed to a
greater steric interaction on the part of the thiol group relative
to the hydroxyl group by He and Quiocho (1991). Their conclu-
sion was based in part on the fact that the binding gradually de-
creases from pH 5.0 to pH 8.0, corresponding to the ionization
of the thiol as the pH increases.

The ability of the Ala and Gly mutants to bind the dianion
is also not well understood. Previously, the relatively small de-
crease in binding has been attributed by He and Quiocho (1991)
to the loss of one protein-sulfate hydrogen bond, with the apolar
B-methyl side chain of Ala causing a further sevenfold decrease
in binding relative to Gly, presumably by steric interaction.
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SBP is a bilobate protein that binds the sulfate dianion using
only dipolar interactions and no salt bridges. Five backbone
amide hydrogens, the NH of the Trp,q, side chain, and the hy-
droxyl hydrogen of Ser, s, participate in binding the dianion. In
all, three a-helices terminate their electropositive ends at the
binding site.

In this paper, we present a computational study of the binding
of mutant SBP relative to the native protein. Ab initio calcula-
tions on CH;OH SO~ and CH,SH -SO?~ with an appropriate
basis set are used to develop a description of the differential in-
teractions between Ser-SO2~ and Cys-SO3™ in the protein. Po-
larization effects are taken into account explicitly in these
calculations, and the work required to polarize the amino acid
side chains is determined from the partial charges found in the
in vacuo and sulfate-complexed species. Subsequently, relative
free energies of binding are determined for the Ser,3, — Cys,
Sery3p — Ala, and Ser 3, — Gly mutants by computer simula-
tions and statistical mechanical analysis. The results are used to
aid interpretation of the experimental data of He and Quiocho.

Results and discussion

Quantum chemical calculations on sulfate and the side-chain
analogues CH;0H and CH;SH were used to characterize bind-
ing to SO~ as far as binding energies, intermolecular distances
(H-bond length), and charge distribution. Ab initio calculations
for the configurations shown in Figure 1 result in binding ener-
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Fig. 1. Ab initio charges, optimized distances, and energies of complexes
with sulfate with molecular mechanics values shown in parentheses. A:
CH;0H-SO;2. B: CH;SH- SO72. Dotted lines indicate hydrogen
bonds and numbers below the dotted lines indicate heavy atom to H dis-
tance/HF/6-31+G(d) energy, HF/6-31+G(d,p) BSSE corrected energy.
Distances are in nm and energies in kJ mol~'.
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gies of —82.4 and —69.0 kJ mol ! at the HF/6-31+G(d)//6-31+
G(d) level and —81.2 and —61.9 kJ mol~! at the HF/6-31+
G(d,p)//6-31+G(d) level for CH;OH -SO3™ and CH;SH -SO3 ",
respectively. The calculations at the HF/6-31+G(d,p)//6-31+
G(d) level also included the counterpoise estimate of basis set
superposition error (Boys & Bernardi, 1970), which attempts
to correct for errors introduced by the use of finite basis sets.
Partial charges from fitting the electrostatic potential to point
charges are shown in Figure 1. Charges are summarized in Ta-
ble 1 for environments without any external field (in vacuo) and
in the electric field of the SO3~ anion, along with the OPLS
(Jorgensen & Tirado-Rives, 1988) charges used in the simula-
tions for comparison. The ab initio charges do not necessarily
sum to zero due to round-off error and a small charge transfer
to the anion. The OPLS parameters utilize a united atom methyl
group. As can be seen, polarization occurs in both methanethiol
and methanol but is more significant in the former. The work
required create the induced dipole can be determined from
Uyt = 1/2p- p/o (Berendsen et al., 1987) where p is the induced
dipole moment estimated from partial charges of the in vacuo and
SO3~-complexed species and « is the molecular polarizability.
The polarizability « is 3.26-1073 nm? and 5.62-1073 nm? for
CH,0H and CH;SH, respectively. The former value is known
from experimentation and the latter value was calculated by the
method of Miller and Savchik (1979). Creation of the induced
dipole in methanol requires 5.44 kJ mol ! of work, whereas the
corresponding quantity for the thiol is 16.53 kJ mol~!. This
significant difference is at least partially responsible for the de-
creased ability of CH,;SH to bind SO3™ relative to CH;OH in
vacuo. These polarization effects could be expected to be present
in the water—SBP-SO2~ system and are not likely to cancel out
in the unliganded water-SBP system. First, the water-protein
system involves dipole-dipole interactions as opposed to charge-
dipole interactions. Although the weaker water dipoles can also
polarize CH;SH and CH;OH, the average configuration of wa-
ters around these solutes will not be as directional as the liganded
protein environment. The dynamic behavior of the SO;™—protein

Table 1. Charges from ab initio calculations for free and
complexed species of methanol and methanethiol?

Charges
Ab initio
Atom Free Complex OPLS
CH,SH S —-0.38 —0.62 —-0.45
H(S) 0.21 0.48 0.27
C 0.06 0.16 0.18
H(C) 0.09 -0.01
H(C) 0.01 -0.01
H(C) 0.01 -0.01
CH;0H O —0.75 —0.84 —0.70
H(O) 0.44 0.54 0.435
C 0.39 0.51 0.265
H(C) 0.01 —0.09
H(C) —0.05 —0.09
H(C) -0.05 -0.09

2 OPLS charges shown for comparison.
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system near the active site is expected to be limited based on crys-
tallographic temperature factors below 0.08 nm? for atoms in
this region.

For comparison, binding studies were done with the molecular
mechanics potential functions in which SO3~ (Cannon et al.,
1994) and OPLS potentials were used. Energies and intermolec-
ular distances were similar for CH;OH-SO3" in the ab initio
and molecular mechanics calculations as shown in Figure 1.
However, also as shown in Figure 1, the molecular mechanics
potential functions for CH,SH -SO3™ resulted in a binding en-
ergy several kJ mol™' too high and a thiol-sulfate hydrogen
bond that is about 0.03 nm too short in comparison with ab
initio results. Development of the OPLS functions for sulfhydryl
groups involved binding studies with water and cations, dimer-
ization, and liquid simulations. No binding studies of the sulf-
hydryl compounds with anions were reported. Many properties
of alcohols (Jorgensen, 1986b) and sulfhydryl compounds (Jor-
gensen, 1986a) can be reproduced quite well with the OPLS pair
potentials for CH,SH and CH;OH. However, these parameters
may require further development for use with anions. The bond
distance for the heavy atom hydrogen is only ca. 0.095 nm for
alcohols, whereas for sulfhydryl compounds, the distance is typ-
ically 0.134 nm. Even though the atomic diameter for sulfur
(o = 0.355 nm) is larger than for oxygen (¢ = 0.307 nm), the ac-
tual potential should also be softer to account for the greater
polarizability of sulfur. This may necessitate that explicit
Lennard-Jones terms be used for the hydrogen if pair poten-
tials for use with anjons are to be developed.

Free energy simulations were carried out to determine bind-
ing affinities of the Cys 39, Gly;3¢, and Ala,3;, mutants for the
SO3~ ligand relative to the wild-type protein. The starting
points for these calculations were the crystallographic structure
of the closed, liganded SBP and an open, unliganded structure
based on structural homology with binding proteins of the same
family (see Methods section and Quiocho [1990]). Results for
the free energy simulations are shown in Table 2 and the con-
vergence of the simulations as a function of simulation length
is illustrated in Figure 2. The Ser ;g — Cys mutation results in
a free energy change for binding of 11.4 kJ mol~! in compari-
son with the experimental results of 20.1 kJ mol~'. Although
the calculation is qualitatively consistent with the experimental
result, the agreement could be expected to improve with refine-
ment of the OPLS Lennard-Jones parameters as described
above. In particular, inclusion of a repulsive center on the thiol
H would tend to increase the thiol-sulfate separation. The side
chain of residue 130 exists almost exclusively in the hydrogen
bonded configuration shown in Figure 3 for both the Ser and
Cys endpoints and throughout the simulation. The 11.4-kJ mol ™!

Table 2. Results from free energy simulations in kJ mol~!

Relative free energy

Mutation TI Exp
Ser 130 Gly 5312 6.7
Ser 130 Cys 11.4+2 20.1
Ser 130 Ala 298+ 6 11.3
Ala 130 Gly -245+6
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Fig. 2. Convergence of free energy simulations following 500 steps of
equilibration in which the dependence of the free energy difference on
the number of dynamic steps collected in the ensemble at each increment
of A during the thermodynamic integration is shown. The Ser 3y —
Cys, 30 simulation is indicated by s2c¢, Ala,3q — Gly 3 simulation is in-
dicated by a2g, Ser;30 — Ala,3, simulation is indicated by s2a, and an
“o” preceding the symbolic label refers to the open-form unliganded
simulation.

free energy difference in this case reflects in part the work needed
to create the methanethiol geometry from the methyl alcohol ge-
ometry in the environment of the complexed protein relative to
the solvated open form. This large free energy change for what
seems a modest change in geometry reflects the highly structured
nature of this binding site. Part of this work is required to push
SOZ~ away from other hydrogen bonding partners, including
the amide hydrogens being donated by residues 131 and 132, as
illustrated in Figure 3. A comparison of the side-chain geom-
etries is shown in Table 3. However, as mentioned above and

Ser 130

Sulfate

Fig. 3. Partial structure of the sulfate binding site showing the hydro-
gen bonding network involved in binding.
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Table 3. Geometric parameters for the Ser and Cys side

Methyl alcohol Methyl thiol
ru—x 0.095 0.133
ry—c 0.140 0.182
Orxc 110.38 97.90

@ Distances are in nanometers.

not accounted for in the simulations, the work required to po-
larize the thiol also makes a significant contribution to the net
preference for binding to the wild-type protein.

The result for the Ser,3, = Gly mutation of 5.3 kJ mol~!
agrees well with the experimental value of 6.7 kJ mol~!. The
small free energy change can be directly attributed to the move-
ment of a water into the space previously occupied by the ser-
ine hydroxyl group during the simulation, as shown in Figure 4.
The water molecule binds in nearly the identical manner as the
Ser hydroxyl group, accepting a hydrogen bond from the back-
bone amide of Ala;;; and donating one to SO2~. The water had
previously been located 0.5 nm away from the SO3~ and was
the closest water to the binding site. It is important to note that
the water was not grown in by thermodynamic integration, but
moves into the binding site as space is created by the removal
of the methoxy group of serine. Because free energy simulations
are based on the principles of equilibrium statistical mechanics
care must be taken to ensure that nonequilibrium processes do
not occur. The rate at which this water can move is limited by
the diffusion constant of water, which is 2.4 x 1075 cm?s~! for
real water, 4.3 x 10~° cm?s~! for normal mass SPC bulk water,
and approximately 3.0 X 107 cm? s~! for bulk water with a
hydrogen mass of 10 amu. Using these values, the time required
for reversible movement into the active site can be estimated to
be 52, 29, and 42 ps, respectively, which is well within the sim-
ulation time of 94.5 ps. The system is closed and no corrections
to the free energy change are required to account for the cobind-
ing of the water with the sulfate dianion. Of course, in the phys-
ical binding process this water is likely a first solvation shell
water that is not required to be stripped away in order for SO3~
to bind. The statistical error estimate of 12 kJ mol ™! associated
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with this free energy change results from the combination of the
Ser3o — Ala simulation (below) with an Ala 3, = Gly simula-
tion (Table 2), both of which have estimated statistical errors
of 6 kJ mol~!. The magnitude of this error is likely to be due
to the creation of a void as the methoxy group is withdrawn into
the van der Waals region of the backbone a-carbon. Although
the movement of the water into the binding site is significant for
interpretation of the experimental findings, the large statistical
error limits the simulation free energy value to be of a qualita-
tive nature only.

The result for the Ser;;,— Ala mutation of 29.7 kJ mol~! is
in significant quantitative disagreement with the experimentally
determined value of 11.3 kJ mol~!. Although it is possible that
during the simulation the nearby waters do not have the time
to diffuse into close proximity to the anion or cannot overcome
local barriers to solvate the anion as seen in the previous simu-
lation, it may be more significant that the methyl! side chain of
Ala and a water molecule occupy a greater volume than the Ser
methoxy side chain. The protein may have to open up slightly
to accommodate this water. However, as only the atoms within
1.8 nm of Ser 3, are allowed to move (see Methods), the simu-
lation does not allow for large-scale breathing motions that have
been demonstrated by kinetic studies to be necessary for binding
processes (Jacobson et al., 1991, 1992) and that could facilitate
the entry and binding of a water molecule in the Ala mutant.
To address this issue we continued the liganded Ser;3p — Ala
simulation for 1,000 equilibration steps and 2,000 data gather-
ing steps for a total simulation time of 283.5 ps. Although the
free energy for this leg of the thermodynamic cycle dropped by
2 kJ mol~!, nearby water did not move into the void created by
the removal of the Ser hydroxy group. As shown in Figure 5,
the free energy convergence remained relatively flat during the
extended simulation, indicating that no relaxation processes oc-
curred on this time scale that were unevenly sampled and were
relevant to the binding of SOJ~. However, it is important to
bear in mind that the relaxation time for the H-bond network
in the SO~ -SBP complex is unusually long and likely to be on
the order of a second (Jacobson et al., 1991), and therefore the
complete sampling of phase space is not possible with current
computers and algorithms. Previous studies (Wade et al., 1991)
with this protein have indicated that the cost of inserting a wa-
ter into a cavity in the protein is in the range of 0.8 kJ mol~!.
However, the cavity used in the previous study was chosen to
be one of sufficient volume to accommodate a water molecule,

Fig. 4. Partial stereo structures of SBP binding site
showing native structure overlayed on Gly mutant
where water occupies space created by removal of ser-
ine methoxy group.
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Fig. 5. Convergence of data gathering steps following 1,000 steps of
equilibration for the liganded Ser 3o — Ala;;¢ simulation.

and it was located far away from the sulfate binding site to de-
crease any influence of the ion on insertion of the water. The
cavity in this case is literally next to the sulfate ion and is char-
acterized by the highly ordered hydrogen bonding network
shown in Figure 3, which may limit the conformational freedom
of the protein to adjust accordingly. The energetic cost of in-
serting a water in this location may differ significantly from what
was found in the previous study.

A potential source of error in all three systems is the use of
the homology-built model for the unliganded, open form of the
binding protein (see Methods) even though other binding pro-
teins in this family exhibit high structural homology for both
unliganded and liganded forms (Sharff et al., 1992; Olah et al.,
1993). Although the detailed structure of the unliganded pro-
tein is not known, it is reasonable to infer from the crystallo-
graphic studies on the related transport proteins that the binding
site residues are exposed to the solvent. Given this, the exact con-
figuration of the protein in the open, unliganded form may not
be as important as the local environment of the residue of in-
terest (Ser,3p), which is presumably partially solvated. It has
been shown in previous studies (Jorgensen & Briggs, 1989) that
the OPLS parameters used here give the correct free energy
change for the solvation of methanethiol relative to methanol.

Conclusion

The goal of this study has been to aid in the interpretation
of anomalous binding affinities in a transport receptor. The
Ser30— Cys mutation in SBP results in a significant change in
sulfate-binding affinity despite a relatively conservative change
in side-chain geometry. Although the simulation results in a rel-
ative free energy change in binding of 11.4 kJ mol~!, the cal-
culated value would likely be closer to the experimental value
of 20.1 kJ mol~! if the molecular mechanics model were re-
fined to maintain the relatively large thiol-sulfate separation seen
in the ab initio calculations. The simulations and ab initio cal-
culations taken together suggest that the large free energy change
observed experimentally results in part from steric effects, but
also from the greater amount of work required to polarize the
Cys thiol group relative to the Ser hydroxyl group in the prox-
imity of SO;2. For the Ser;;, — Gly mutant, the energetic cost
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of losing a hydrogen bond to the Ser hydroxyl group is partly
compensated by a water molecule that binds with the anion. The
same phenomenon likely occurs for the Ser 3y — Ala mutant,
but this was not seen during the simulation and may be due to
the constraints applied during the simulation.

Simulations involving high charge densities present special
problems. Specifically, because the forces between charges can
be quite large, exploration of phase space is difficult due to the
deep potential wells and long relaxation times that can lead to
sampling errors. Of the seven protein dipole-sulfate interactions,
only the Ser 3o hydrogen bond has any significant rotational
freedom; the other hydrogen bonds come from helix-backbone
amide interactions or the Trp,;9, NH interaction. It is important
to note that a fairly large reorganization of the binding site in
which the lost serine hydroxyl hydrogen bond is replaced.by a
protein backbone amide hydrogen bond from a disrupted helix IV
cannot be ruled out because the hydrogen bond network relax-
ation time would be longer than the simulation time. Also, the
use of the homology built model for the unliganded, open form
structure may be inadequate in spite of the high structural con-
servation seen for the other unliganded proteins in this family.
However, it can be inferred that the Ser;;y - Ala mutant, like
the Ser,;, — Gly mutant, co-binds a water molecule along with
the sulfate by opening up the binding pocket slightly. Subsequent
computational studies of this system and others may require re-
finement of the Lennard-Jones parameterization as discussed
above and perhaps explicit polarizability of key residues and mo-
bility of the full protein in order to allow large-scale breathing
motions.

Methods

Ab initio calculations

Ab initio quantum chemical calculations were carried out to
study the binding of SO2™ to the Cys and Ser side chain ana-
logues CH;SH and CH;OH. The 6-31+G(d) basis set, which
contains polarization functions for non-hydrogen atoms, was
employed for geometry optimization of the intermolecular dis-
tance with a spin-restricted, closed-shell wave function using
Gaussian 92 (Frisch et al., 1992). The optimized HF/6-31+G(d)
geometries were then used in single point HF/6-31+G(d,p),
which includes polarization functions on both hydrogen and
non-hydrogen atoms. This latter calculation also included a
counterpoise correction (Boys & Bernardi, 1970) for the basis
set superposition error. Although electron correlation is impor-
tant for many systems, previous work (Cannon et al., 1994) done
on sulfate complexes suggests that errors due to basis set super-
position errors are more significant. The CH;OH-SO;™ and
CH,SH -SO3~ complexes were held in a monodentate binding
mode in which CH;OH and CH,;SH approach the anion such
that the interacting hydrogen and heteroatom are colinear with
a sulfate oxygen and sulfur, and the methyl carbon is coplanar
with the same sulfate oxygen, sulfur, and a second sulfate oxy-
gen as shown in Figure 1. Only the intermolecular distances
between the species were optimized. The tetrahedral sulfate ge-
ometry utilized here and in the simulations used a bond length of
0.14898 nm (Cannon et al., 1994). The geometries for CH;OH
and CH,;SH were from previous optimizations at the HF/6-31+
G(d) level (Jorgensen & Briggs, 1989). Partial charges on the at-
oms were obtained for the complex from fitting the quantum
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Fig. 6. Equations 1 and 2. Equation 1 denotes the thermodynamic cycle
employed and Equation 2 the thermodynamic integration equation im-
plemented for determination of free energy differences.

mechanical electrostatic potential to a point charge model with
a least-squares fit (Breneman & Wiberg, 1990).

Free energy simulations

A thermodynamic cycle (Tembe & McCammon, 1984) is em-
ployed to obtain the free energies of binding of the various mu-
tants relative to the native protein in solution, as shown in
Equation 1 (Fig. 6). Computationally, the native SBP is slowly
changed into one of the mutant proteins (SBP’) and the free en-
ergy differences AA; and AA, are calculated.

Free energy differences can be obtained via computer simu-
lations by the use of either the thermodynamic integration or
thermodynamic perturbation method (Straatsma & McCam-
mon, 1992). The nature of the Hamiltonian determines the state
of the system, and two states can be coupled by the variable A.
Using thermodynamic integration, the free energy difference be-
tween two states at constant volume and temperature is obtained
from Equation 2 (Fig. 6), where H is the system Hamiltonian,
\ is the state coupling variable, and the brackets indicate an en-
semble average. In the thermodynamic integration method im-
plemented here (Straatsma & McCammon, 1991; Mark et al.,
1994), the average of the derivative of the Hamiltonian is com-
puted at discrete values of the integration variable A. A quad-
rature over these values gives the difference in the Helmholtz
free energy of the two systems of interest. Because of the sta-
tistical nature of the method, error estimates can also be ob-
tained (Straatsma & McCammon, 1991).

The OPLS (Jorgensen & Tirado-Rives, 1988) nonbonded po-
tential parameters were used with GROMOS (van Gunsteren &
Berendsen, 1987) bonded parameters in the simulation. In order
to utilize the OPLS parameters, 1,4 electrostatic and Lennard-
Jones interactions are scaled by 1/2 and 1/8, respectively, ex-
cept for 1,4 Lennard-Jones interactions between terminal and
side-chain polar species, which are not scaled. As noted previ-
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ously (Smith et al., 1991) and also observed in our work, this
is necessary in order to have proper energetics between these
charged groups and the polar amino hydrogens. Suifate param-
eters have been developed previously (Cannon et al., 1994). Cal-
culations were done with ARGOS software (Straatsma &
McCammon, 1990).

The starting structure for the liganded SBP simulation is the
refined 1.7-A crystal structure, 1SBP in the Brookhaven Pro-
tein Data Bank (J.S. Sack & F.A. Quiocho, in prep.), with the
sulfate dianion sequestered in the binding pocket. The starting
structure for the unliganded, open form SBP simulation was
built from the structurally homologous leucine-isoleucine-valine
binding protein, in which the ligand-binding cleft of the protein
is open. The SBP structure was overlayed on the homologous
leucine-isoleucine-valine binding protein structure, and the three
dihedral angles that serve as a hinge in the bilobal protein were
adjusted so that the protein backbone of SBP overlays the back-
bone of the leucine-isoleucine-valine binding protein. Structural
homology of SBP and leucine-isoleucine-valine binding protein
as well as other binding proteins has been inferred from crys-
tallographic studies (Sack et al., 1989; Quiocho, 1990), and the
relationship of cleft opening and ligand binding has been sup-
ported by kinetic studies (Jacobson et al., 1991, 1992).

Both the liganded and open, unliganded structures were solv-
ated with SPC water in a 2.4-nm sphere centered on Ser;,. No
buried water molecules were generated by this procedure. The
solvent molecules out to 1.8 nm from Ser,;q were relaxed with
500 steps of steepest descent energy minimization. Molecular dy-
namics simulations using bond constraints as implemented in the
SHAKE algorithm and time steps of 2.5 fs were performed on
the water with the protein fixed for 5.0 ps at each of the tem-
peratures 20, 70, 120, and 200 K, using coupling to an external
temperature bath (Berendsen et al., 1984) with a system relax-
ation time of 0.1 ps. Temperature, potential energy, and total
energy were used as indicators of equilibration of the system.
Nonbonded cutoffs of 0.8 and 1.2 nm were used for short-range
and long-range interactions, respectively.

Next, 500 steps of steepest descent energy minimization were
performed on the protein only, followed by 5 ps of molecular
dynamics at 20, 70, 120, and 200 K again using a time step of
2.5 fs with coupling to an external temperature bath. Protein
and water were then allowed to move simultaneously for 10 ps
at 200 and at 293 K.

At this point, hydrogens were assigned a mass of 10 amu and
the time step was increased to 4.5 fs (Pomes & McCammon,
1990). Final equilibration was carried out at 293 K for 30 ps.
Overlaying of the equilibrated structure with the initial struc-
ture from diffraction studies showed a high degree of similarity.

Thermodynamic integration for each of the six simulations was
carried out in 21 increments of A with 500 equilibration steps fol-
lowed by 500 data gathering steps for a total of 21(500 + 500) =
21,000 dynamics steps of 4.5 fs each, or 94.5 ps total simula-
tion time. Again, the system was coupled to an external temper-
ature bath with a relaxation time of 0.4 ps.
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