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Abstract

The stereospecificity in binding of phenylalanine as inhibitor in the active site of the thermolysin, has been
investigated by means of molecular dynamics simulations using free energy integration techniques. The difference in
the free energy of binding was found to be 2.0 + 1.8 kI/mol in favour of the D-form. This agrees with the
experimental value, 2.8 kJ /mol. The result was obtained using a standard empirical force field (that of GROMOS).
A different force field with 30% bigger charges (more like ab initio charges) was also tried. This resulted in less
fluctuations and a more precise binding, but in a free energy difference that was clearly larger than the experimental
one. The phenylalanine backbone is located close to the zinc atom and the ring stays in the hydrophobic pocket in
both the cases. The two stereoisomers differ mainly in the orientation of the backbone plane with respect to the
active site and the rotational state of the dihedral around the C*~CP bond.
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1. Introduction

Stereospecificity is an important property of
many enzymes involved in the catalysis of the
reactions in the living cell. This stereoselectivity is
necessary, since many of the building blocks of
cells as amino acids, nucleic acids and carbohy-
drates do only occur in one of the two isomeric
forms (L or D) in the living organisms while they
occur in both forms in nature. Thus, a stereo
specific recognition is required in many of the

* Corresponding author.

chemical reactions occurring in the cell
metabolism. Most enzymes do in fact accurately
select between the two stereoisomers. For in-
stance, the hydrolytic proteases a-chymotrypsin,
thermolysin and pepsin digest L-amino acid con-
taining substrates, but has no effect on D contain-
ing ones [1-3]. All of them bind both L- and
D-amino acids as inhibitors, although the binding
constants differ significantly. It is generally as-
sumed that both types of amino acids bind in a
similar way by weak noncovalent interactions, in
the active sites of these enzymes. The difference
in three-dimensional structure does, however, af-
fect the orientation and position of the inhibitor
as well as details in the conformation of the
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active site. This causes the differences in their
interaction energies and binding constants. This
may be studied in a classical framework using
molecular dynamics simulations, energy mini-
mizations or just energy calculations as a function
of orientation and position of the substrate.

X-ray crystallographic studies of the binding of
peptide inhibitors to thermolysin [4] show that
they are able to bind in two different ways in the
active site. The peptide bond of the inhibitor may
either be parallel or antiparallel to the active site
peptide chain. Considering the distance from the
scissile peptide bond of the substrate to the zinc
atom and other catalytic groups in the active site,
these two modes of binding are refered to as
“substrate” and “inhibitor” mode, respectively.

Here we will study the binding of L-Phe and
D-Phe in the active site of thermolysin. This has
earlier been done [5] using a rigid X-ray struc-
ture, allowing only for rotation of the substrate.
These studies showed that energetically the L-
isomer prefers to bind in the substrate mode and
the D-isomer in the inhibitor. The present study
differs by allowing flexibility for the substrate and
the active site of the protein. We also include the
solvent and will calculate the free energy differ-
ence of binding. The studies using molecular me-
chanics [6] on a-chymotrypsin suggest that flexi-
bility of the protein and interaction with the
solvent play important roles for the stereo-selec-
tivity of that enzyme. The binding of substrate
analogues to thermolysin have also been studied
using molecular dynamics to elucidate the mecha-
nism of binding and activity [7,8]. Here we study
the reasons for the stereoselectivity of the active
site of thermolysin and to find the reasons for
different mode of binding for different isomers
and their effect in the strength of binding. The
binding of inhibitors to HIV protease has been
considered by similar methods as those in this
paper by [9,10].

For thermolysin, the preference of one isomer
over the other in the formation of the inhibitor/
protein complex has been observed and measured
for a number of amino acids and dipeptides [2].
Here, we consider the binding of the two
stereoisomers of phenylalanine in the active site
of thermolysin. So, we have performed molecular

dynamics simulations including thermolysin, in-
hibitor and water surrounding the active site. A
free energy integration procedure has been used
to calculate the difference in free energy of bind-
ing between the two isomers. From the bound
structures obtained in these runs, we suggest a
model for the difference in binding of the two
stereoisomers.

Experimentally [2] the inhibition constants are
15.60 X 10~ % molar and 4.98 X 10~ molar for L-
and D-Phe, respectively. This means that the
difference in binding energy is rather small, D-Phe
is favored by only 2.8 kI /mol. Further, the bind-
ing itself is weak with binding energies of 10.4
and 13.2 kJ/mol respectively. Because of the
small difference in binding energy, we need an
accuracy of the order of a kJ/mol in the simula-
tions to obtain a significant result. This requires
very long simulations and computing times. On
the other hand, the small energy differences in-
volved makes it easier to pass between the two
states in reasonable computing times and the risk
of getting trapped in metastable states is dimin-
ished. We have used a force field with the
aliphatic hydrogens included in the carbon atoms
into a united hydrocarbon group while the polar
hydrogens are explicitly considered. This means
that the L- and D-form of the amino acid just
differs by the direction of the C*~CP bond rela-
tive to the backbone. An improper dihedral per-
turbation potential has been introduced that
changes this direction continously between the
two forms via the planar conformation.

2. Methodology

We consider the free energies in the following
reaction scheme:

AGy
LPhe + water +tln == [tln— LPhe],,
AGy,=0 l AGy,
DPhe + water +tln == [tln — DPhe],q

AGp

(1)
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where AG, and AG, are the free energy changes
in the actual reactions of binding the two isomers
of phenylalanine to thermolysin, while AG,, and
AG,, are those of two hypothetical reactions that
convert the L-Phe into D-Phe in water solution
respectively when bound to the enzyme. Since the
total free energy change in a closed path is zero,
the free energy difference that determines the
preference for binding, AAG = AG, — AG, can
also be written:

AAG = AG,— AGy = AGy, — AG,,. (2)

In experiments, the first expression is the use-
ful one, while the latter one is more useful in
computer simulations. The quantity AG,, can be
estimated using free energy integration tech-
niques [11-13], while AG,, is zero since the L-
and D-forms of the amino acid dissolve equally
well in water.

The free energy integration method has
evolved as an efficient method to estimate differ-
ences in the free energy of binding between rela-
tively similar molecules. It rests upon molecular
dynamics simulations where one molecule is suc-
cessively converted into the other form. This is
done by adding a perturbing force into the simu-
lations. This force depends upon a parameter A
that is zero in the initial state and one in the final
state. In this case the perturbation is imposed by
using an improper dihedral potential:,

E(x:0) = Clx— (1-2A)x]" (3)

Here, y is the improper dihedral that deter-
mines the angle between the C*~C? bond and
the plane containing the N, C* and carboxy-C
atoms of the backbone of the Phe, C is the
associated force constant and y,=35.264°. The
minimum of the potential varies from +y, to
=X during the conversion, where the extreme
values correspond to the L- and D-forms of
phenylalanine. Use of the united atom method
i.e., inclusion of hydrogen in the C* atom simpli-
fies the conversion. The free energy difference
G(X) — G(0) can be calculated as a function of A
from the expression

A OE
G(A) - G(0) =f0 (59X (4)

Obviously we are interested in G(1) — G(0).

We have used the slow growth method to do the
conversion and changed A linearly in time from
zero to one in 20 ps.

One could also make use of a windowing tech-
niques [14] instead of integration. We also tried
that and did then sample at 10 discrete A values
for 1 ps. In between the A values were changed
and the system equilibrated. Half the computing
time was then spent on sampling and half on
changing A and equilibrating. This gave consis-
tent results that neither was significantly better or
worse.

One could also imagine an alternate way to
perform this conversion by changing the amino-
group (NH,) into a carboxy-group (COOH) and
vice versa. We did test this but found that the
conversion using the improper dihedral potential
was the most convenient way to achieve the re-
sults in relatively short computing times.

When changing the improper dihedral poten-
tial it could be useful to change the minima of
some angle potentials [15]. Otherwise one gets a
large strain when the minimum of the improper
dihedral potential is at zero and the valence
angles at the C* atom still correspond to a tetra-
hedral not planar geometry. A relaxation of the
valence angle would remove a big part of the free
energy maximum of about 20 kJ/mol close to
A =0.5 seen in Fig. 3. This was not done in the
actual simulations. The simulations are still cor-
rect although we think afterwards that a choice of
this better reaction coordinate could at least
slightly improve the results obtained in a given
computing time or reduce the computing time
necessary to obtain a given accuracy.

Thermolysin is a metallo-protease consisting of
316 amino acid residues having one zinc and four
calcium atoms. The zinc atom forms three coordi-
nation bonds with the side chain atoms of the
protein (N of His146, N¢ of His142 and O¢ of
Glu166) and one with a water oxygen. Its thermal
stability is due to four calcium atoms, which do
not participate directly in the activity of the pro-
tein. As suggested by X-ray structural studies [4],
the active site of the protein lies around the zinc
atom and a hydrophobic pocket containing the
side chains of Val139, Leul33 and Ie188 and
Leu202.
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Fig. 1. Thermolysin and the inhibitor L-Phe at the active site. (a) The movable atoms are in colour blue and the L-Phe is shown
with red dots. Rest of the protein is in white colour. (b) Active site residues with the inhibitor in red dots, hydrophobic residues in
white, hydrophilic residues in blue and others in green. The pictures are generated on a Silicon Graphics workstation using the

molecular graphics program HYDRA.




I Ghosh, O. Edholm / Biophysical Chemistry 50 (1994) 237248 241

The initial configuration was prepared by start-
ing from the crystal coordinates of thermolysin at
1.6 A resolution {16] including some crystal water.
The inhibitor, L-phenylalanine, was inserted into
the active site and oriented using a rigid body
rotation method [5] that eliminated short range
contacts between inhibitor and protein. This com-
plex was then incorporated into a cube consisting
of 5832 equilibrated simple point charge (SPC)
water {17). Finally the water outside a sphere of
20 A radius around the center of the active site
was cut out. This center was determined as the
middle point between the zinc atom and the CP
of the side chain of Vall39. The total number of
waters in this region around the active site was
found to be 1168. This system was then energy
minimized (100 steps steepest decent) and equili-
brated for S ps with the protein atoms restrained
to the crystal structure positions. The objective
was to equilibrate the water at the protein sur-
face to its new surroundings. In the final runs, all
the protein atoms and waters inside a sphere of
12 A radius around the center of the active site
were allowed to move (Fig. 1) while the rest of
the atoms were restrained to the positions in the
equilibrated structure using a harmonic potential.
The strength of the harmonic restraints were

Table 1

List of mobile residues in thermolysin active site
Region Mobile Mobile
number residues atoms

1 102-104 992-1015
2 110-149 1068-1426
3 157-192 1488-1827
4 201-203 1894-1927
5 226-235 2146-2229
6 319-322 2988-3005

chosen to give average rms fluctuations of the
protein atoms that were compatible with the ex-
perimental X-ray temperature factors [16] (Fig.
2). A list of the non-restrained protein residues
(65 out of 316) and atoms is given in Table 1. A
final 25 ps equilibration run was then performed
on the entire system using these restraints before
the free energy integration runs were started.
The simulations were performed using the
standard force field of GROMOS [17] with all
amino acid residues neutral. This means that the
side chains of the Glu:s, Asp:s, Arg:s and Lys:s
have no net charges. This gives rise t0 electro-
static interactions at long ranges with no Coulomb
part but only a dipole / dipole interaction as lead-
ing term. As water model we have used the single
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Fig. 2. RM.S. fluctuation of C* atoms of thermolysin in X-ray conformation (used B-factor) [13] (

), averaged over 320 ps.

runs with normal charges (q-structures) (- - - - - - ), and averaged over 160 ps runs with 30% higher charges than GROMOS
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point charge (SPC) water. The topology file cre-
ated by GROMOS was modified for the zinc and
calcium atoms to retain the coordination geome-
try with the ligands. The protein atoms coordinat-
ing with the metal atoms were treated as bonded
to them with bond lengths and bond angles as
found in the crystal structure [16]. With full posi-
tive charges on the metal atoms, we got distor-
tions of the active site which have been observed
by Merz and Kollman [8] earlier. Therefore, we
used neutral zinc and calcium atoms, which re-
sulted in a structure that was stable during the
MD runs without any restraining of atoms in the
active site. Bonded interactions were used to
retain the coordination geometry of the zinc and
calcium atoms close to that of the X-ray structure
(compare Fig. 2) and keep the active site struc-
ture relaxed.

With these potential parameters, we got rather
large fluctuations in the free energy change as
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well as in the position and orientation of the
phenylalanine between different simulations. In
an effort to make these fluctuations smaller, we
made another series of runs with all the frac-
tional charges increased by 30%, still keeping a
zero net charge on all residues.

The interactions were cut off sharply (no
switching function) at 12 A. SHAKE [18] was
used to restrain the bond lengths and a time step
of 2 fs was used. To keep the temperature at 300
K, the system was coupled to a heat bath with a
time constant of 0.1 ps [19). The positional re-
straining force constant was 300 kJ /mol nm? A
typical 20 ps integration run took 15 h clock time
on an Alliant FX-2800 computer, when some of
the most time consuming parts of the program
were run in parallel over four processors.

For the L to D conversion in water we took
the value zero for the free energy change AG,,.
To check the integration procedure, we did run a
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Fig. 3. Average free energy variation with lambda during the thermodynamic integration of 20 ps run in the case of normal charges
during (a) L = D and (b) D - L conversions and 30% higher charges during (¢) L — D and (d) D — L conversion.
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Table 2

Free energy differences from the simulations

Normal charges 30% higher charges

final {AAG) final (AAG)
conformations  kJ /mol conformations  kJ /mol
qa20(D) +6.19 pa2(XD) -1.20
gb20(L) +6.10 pb20(L) +8.12
qc20(D) -3.26 pc20(D) —4.05
qd20(L) +2.77 pd20(L) +9.19
ge20(D) +4.89 pe20(D) —7.40
qf20(L) +0.50 pf2Ly +761
qal00(D)* —-1.40 pg20(D) -3.49
gbl0X(L) * +7.40 ph2(L) +7.61
Average of all

L-D +09+4.1 —4.0+22
D-L +49427 +8.140.7
Final average :

L-D ~20+18 -6.0+038

2 These two simulations are over 100 ps and all the others are
20 ps.

® The error has been estimated by dividing the rms fluctua-
tions with the square-root of the number of independent
simulations. '

couple of conversions of a system consisting of a
periodic box with SPC-water and one dissolved
phenylalanine. During the equilibration, the den-
sity was adjusted to give a pressure of about 1
atm. A series of 5 ps conversion runs gave a value
of AG,, that was less than 0.5 kJ/mol.

3. Results and discussion

The values of AG,, from 16 simulations ex-
tending in total over 480 ps are shown in Table 2.
Fig. 3 shows the free energy averaged over suc-
cessive picoseconds as a function of the integra-
tion parameter A during various 20 ps runs. It is
essential to note that there is a systematic differ-
ence between the runs in the two directions. This
hysteresis can be explained and predicted [15]
and is not a measure of the inaccuracy of the
method. For additional discussions of errors in
free energy integrations see [20-23]. Therefore,
the L to D and D to L integrations are averaged
separately (with a V5 times higher wheight the 5
times longer 100 ps runs). The errror in the final
estimate is found by dividing the standard devia-

tion between the four runs in each direction with
the square root of the number of independent
runs.

As a final estimate we take the averages over
the L to D and D to L runs with their appropri-
ate signs. We then get a AG,, value of —-2.0
kI /mol for the q series and —6.0 kJ / mol for the
p series with the signs for the L to D transition.
The non-systematic errors in these numbers are
then estimated to 1+1.8 kI/mol and +0.8 kI/
mol. In addition there is a systematic difference
between the L to D and D to L conversions
(hysteresis) of 2.9 and 2.0 kJ/ mol repectively.

In a separate article [15], we have modeled this
integration procedure by a Langevin equation
along the reaction coordinate. There, it is shown
that that we should expect a non-systematic error

{27,

and a hysteresis

4rCx2( C \?
T Xo( ) (6)
T \C+D

Here, T is the simulation time (20 ps), @ the
absolute temperature times the Boltzmann con-
stant (2.5 kI / mol), 7, the autocorrelation time of
the random force (0.05 ps), C the force constant
of Eq. (3) (340 kJ mol ~! rad~2) and D the force
constant of a harmonic mean force (Fig. 3 gives
about —100 kJmol ~! rad~2). These figures give
about 2.5 kJ/mol both for the non-systematic
errors and the hysteresis. This is in perfect agree-
ment with the simulations.

The experimental value, —2.8 kJ/mol falls
within the error limits of the final estimate for
the q series, while it is clearly different from the
result of the p series simulations. The simulations
with the higher charges (p series) show relatively
small fluctuations between different runs while
those with normal charges (q series) do differ
more. This indicates that the original charges give
a more correct description of this system. When
the charges are increased, we get a more precise
binding with less fluctuations, but this occurs at
the cost of more free energy to accommodate the
L-form compared to the D-form.
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Table 3
Average distances between the atoms of the phenylalanine
and the protein active site

Inhibitor—active site Distances (A)

q20-structures  p20-structures
C-alpha-Zn 74116 45104
C-His142(ring) 71+1.2 4.0+0.2
N-His142(ring) 6.2+21 6.2+0.3
C-His146(ring) 104411 54105
N-His146(ring) 94+1.4 7.340.6
Phe-ring-Val13¥CG:s)  55+0.6 varies *
Phe-ring-His231(ring) 193+ 1.7 varies 2
Phe-ring-Zn 6.8+0.5 59+0.7
8 See Fig. 5.

We now turn to a description of the structural
changes that occur during the runs. For that we
use distances between some important residues in
thermolysin and the atoms in the phenylalanine.
These are shown in Table 3. Further, the orienta-
tion of the backbone and the dihedral angle x'

(N-C*-CB-C") are important quantities to be
discussed later.

In the structures from the runs with the higher
charges (p series), the backbone of the phenylala-
nine stays fixed with the C* close to the zinc and
the carboxy group close to two of the zinc ligands,
His142 and His146. The variation in these dis-
tances between the different p structures is only
about 0.5 A. The ring of the phenylalanine, on
the contrary, changes its position during the simu-
lations (Figs. 4 and 5). In the first two structures
it remains in the hydrophobic pocket close to
Val139 and Leul33. In the following simulations,
it moves out of the pocket and over to the other
side of the active site to the vicinity of His231.
There, the ring only moves slightly back and forth
during the following integration runs.

With normal charges, the backbone of the
phenylalanine is less rigidly attached to the re-
gion of zinc, His142 and His146. This is seen in
Table 3 as the distances to these residues are a
couple of A bigger than the corresponding dis-
tances in the p series of runs. Further, the fluctu-

Fig. 4. A pictorial view of the important residues (Val-139, His-142 and His-231 in thin lines and zinc as a circle) of the active site
of Thermolysin and the inhibitor (F322 (L or D) in thick lines with circles on the atoms). The final structures from all the
thermodynamics integration runs for (a) normal charge ie. g-series and (b) 30% higher charge i.e. p-series, are shown as
superimpositions. A newly developed graphics program MOGRA [24] has been used.
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ations in these distalolccs between different struc-
tures are now 1-2 A compared to 0.2-0.6 A in
the p series. This is a consequence of the weaker
electrostatic interactions in the system with nor-
mal charges. The phenylalanine ring remains in
this case in the hydrophobic pocket close to
Val139 (Fig. 4a).

To describe the orientation of the phenylala-
nine backbone in the active site we may use two
vectors, one connecting the carboxy- carbon and
the nitrogen and the other one perpendicular to
the backbone plane, C-C*-N (Fig. 6). To com-
pare the orientation in a series of structures we
define two “order parameters” §, and Sy associ-

Fig. 6. A schematic representation of the vectors and the
order parameters to define the orientation of the inhibitor at
the active site. S, = |En; /ml, Sg=|En, /m|, where m is
the number of structures and n, and n, are the vectors.

ated with these vectors in the following way. The
vectors are first normalized and then averaged
over the series of structures. The length of the
average vectors obtained in this way are taken as
these order parameters. If the orientation of the
phenylalanine is exactly the same in all struc-
tures, the order parameters will become 1. The
more different the orientations of the phenylala-
nine ring are in the different structures, the closer
will the order parameters be to 0.

From Table 4 it is seen that order parameter
S, is fairly close to one both for the q and p
structures. This means that the C-N vector does

Table 4

The order parameters S, and Sg (as described in the text)
calculated for normal and higher charged structures

Structures Sa Sg
qa20...qf20 0.78 0.29
qa20, qc20, qe20 - 082 0.66
(only D structures)

qb20, qd20, qf20 0.73 0.79
(only L structures)

p<20...ph20 0.83 0.67
pc20, pe20, pg20 0.79 0.89
(only D structures)

pd20, pf20, ph20 0.97 095

(only L structures)
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not change orientation much during the integra-
tion runs. The Sy order parameter is much
smaller, especially for the g structures. This indi-
cates that the backbone plane has quite different
orientation in the different structures. However,
if Sy is calculated separately for the L- and
D-conformations, we get values that are closer to
one. This suggests that the sterecisomerization
takes place by rotating the backbone plane 70° (as
the L to D conversion is done by changing the
improper dihedral angle from +35° to —35°
around the C-N vector. This means that the
conversion occurs with the ring fixed in the hy-
drophobic pocket and without switching the car-
boxy- and amino-groups. Therefore, the free en-
ergy difference is small. Apparently, this mecha-
nism faces difficulties when the charges are in-
creased. The picture then becomes more compli-
cated and the free energy difference increases.
The x! dihedral angle (N-C°-CP-CY) is
shown in Table 5 for the different structures. It
lies close to the values at one of the minima of
the dihedral potential at +60° or 180° for all the
structures. If the changes of this dihedral during
the isomerizations are considered, one may see
that the mechanism suggested previously is not
sufficient to explain the phenomena. If the ring is
kept fixed and the backbone is rotated 70° around
the C-N vector to achieve the isomerization, the
dihedral ! will change with +60° for the L to D
conversion and —60° for the opposite transition.
This can be calculated by the three-dimensional
geometry or more easily be seen from a molecu-
lar model. That rotation will bring the dihedral
from a potential minimum up on the top of a

Table 5

Dihedral angle (in deg) x! (N-C®~CP-C") from the simulations

barrier, which is clearly unfavorable. Therefore,
the dihedral either remains in the initial well or
makes an additional 60° rotation over to the next
one. This is also what is seen from Table 5. For
the L to D conversions we have Ax! approxi-
mately 0 or +120° while the change is 0 or —120°
for the opposite transition. There is one excep-
tion, the pg20 to ph20 (D to L) conversion in
which the dihedral changes with +126°. Then,
the phenylalanine ring changes orientation con-
siderably as seen from Fig. 4b.

4. Conclusions

Using molecular dynamics simulations with a
standard force field, we have shown that the ring
of both sterecisomers of phenylalanine may bind
to thermolysin in the hydrophobic pocket contain-
ing Val139 and Leul33. The L- and D-forms of
the amino acid are accommodated into this posi-
tion having the backbones oriented differently.
From eight separate thermodynamic integration
runs, we deduce a difference in free energy of
binding between the two stereoisomers of 2.0 +
1.8 kJ/mol in favor of the D-form. This agrees
with the experimental value 2.8 kJ /mol.

This change of backbone orientation does not
alter the interactions very much, especially since
there are some flexibility of the amino acids in
the active site of thermolysin. Therefore, we get a
very small free energy difference between the
stereoisomers. However, when larger molecules
as dipeptides like Gly-Phe bind, such a differ-
ence in backbone orientation would have a more

Structure Normal charges Conversion Structure 30% higher charges
x! Ax' x! ax!

qa20(D) 62 pa20(D) 160

gb20(L) 39 -23 (D-L) pb20(L) 61 -9

gc20(D) 179 140 (L->D) pc20(D) 160 9

qd20(L) 64 =115 D-1L) pd20(L) 52 —-108

qe20(D) -163 133 (L-D) pe20(D) 74 22

qf20(L) -178 -15 (D-L) pf20(L) 65 -9
L-D) pg20(D) 74 9
(D-1) ph20(L) -160 126
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dramatic effect. Therefore, these molecules also
have larger difference in free energy of binding
(in favor of the D-form) than the single amino
acids [2].

We also investigated a model in which the
fractional charges of the force field were in-
creased by 30%. The idea behind this was to bind
the phenylalanine better in the active site close to
the zinc-atom and His142 and reduce fluctuations
in positions as well as free energies. We did
achieve this objective. The phenylalanine back-
bone moved 2-3 A closer into the active site, thg
positional fluctuations were reduced from 1-2 A
to less than 0.5 A and the fluctuations in free
energies were reduced by a factor 2. However,
the difference in free energy of binding became
6.0 + 0.8 k] / mol clearly in disagreement with the
experimental value. We did also get a motion of
the ring away from the hydrophobic pocket into
the vicinity of His231. This did, however, not
affect the free energies.

Our conclusion is that the rather weak charges
in the GROMOS model with the metal atoms
treated as covalently linked at the active site
estimates relative free energy of conversion of the
inhibitors correctly. They allow a loose binding
with fairly big fluctuations in positions as well as
energies. This is necessary to accommodate both
the L- and D-forms of the amino acid into the
same position in the active site and still have a
fairly small difference in free energy in agree-
ment with experimental inhibition constants.

One could argue about how the electrostatics
in the active site should be modeled. Certainly, a
model with full charges on the metal atoms and
the acidic and basic amino acids gives the wrong
results. Then, not even the X-ray structure of the
protein is stable. We have here taken the extreme
opposite view, having no Coulomb interactions,
just dipole/dipole interactions. Apparently this
gives a weak enough binding of the inhibitor to
reproduce the small free energy differences be-
tween the L- and D-forms. The trial with 30%
higher charges on the dipoles indicates that one
has to be careful with electrostatic interactions
and that even slightly too big charges may result
in wrong results. Apparently a modeling of the
metal atoms without net charges, just stabilizing

the protein with coordination bonds is sufficient
to give a reasonable free encrgy difference for
the binding of the two stercoisomers. To get
correct absolute binding energies and a more
accurate free energy difference between the
stereoisomers, one would certainly have to use a
more elaborate charge distribution in the active
site region, Our results here indicate, however,
that these charges have to be quite small. The
general picture suggested here, with the aromatic
ring bound in the hydrophobic pocket and the
amino and carboxy ends of the amino acid point-
ing in approximately the same direction for the L-
and D-form of the amino acid, may should hope-
fully still hold with such a more elaborate charge
distribution. The difference between the steroiso-
mers then lies in the orientation of the backbone
plane and in the value of the first side chain
dihedral.
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