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Molecular dynamics and free energy simulations were performed to examine the binding of
(8R)-deoxycoformycin and (8R)-coformycin to adenosine deaminase. The two inhibitors differ
only at the 2' position of the sugar ring; the sugar moiety of conformycin is ribose, while it is
deoxyribose for deoxycoformycin. The 100 ps molecular dynamics trajectories reveal that Asp
19 and His 17 interact strongly with the 5" hydroxyl group of the sugar moiety of both inhibitors
and appear to play an important role in binding the sugar. The 2’ and 3' groups of the sugars
are near the protein—water interface and can be stabilized by either protein residues or water.
The flexibility of the residues at the opening of the active site helps to explain the modest
difference in binding of the two inhibitors and how substrates/inhibitors can enter an otherwise

inaccessible binding site.

Introduction

Adenosine deaminase (ADA) is of great interest to the
medical community because of its role in certain lym-
phomas, leukemias, and diseases of the immune system,
particularly, severe combined immunodeficiency dis-
ease.! Inhibition of this enzyme has been shown to be
an effective treatment for some of these immunological
disorders.2 ADA hydrolytically deaminates adenosine
to form inosine and ammonia and can hydrolyze the
substituent of the 6 position of a variety of substituted
purine nucleosides. The enzyme’s hydrolytic capabili-
ties have been exploited to convert lipophilic 6-substi-
tuted purine nucleosides to products which show anti-
HIV (human immunodeficiency virus) activity.34 The
lipophilic nature of the substrates could allow them to
cross the blood—brain barrier and treat the HIV virus
in the central nervous system.3+

Understanding the interaction of ADA with its inhibi-
tors and its substrates at the molecular level will be
important in the development of the next generation of
pharmaceutical agents that act as inhibitors or sub-
strates. Computer simulations can examine these
interactions at the molecular level and describe features
important for ADA—substrate and ADA—inhibitor rec-
ognition. In this paper we describe the simulation of
(8R)-coformycin and (8R)-deoxycoformycin (referred to
as coformycin and deoxycoformycin throughout the rest
of the paper), which are potent inhibitors of ADA with
Kjvalues of 1 x 107 and 2.5 x 10712 M, respectively.5¢
The two molecules differ only at the 2' position of the
sugar ring; the sugar moiety of coformycin is ribose,
while it is deoxyribose for deoxycoformycin. A schematic
diagram of these inhibitors is shown in Figure 1. The
sugar could play an important role in the binding
process for transition state analogues such as coformy-
cin and deoxycoformycin. Experimental studies show
that the binding affinity of 1,6-dihydro-6-(hydroxym-
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Figure 1. Schematic diagram of the ADA inhibitors (8R)-
deoxycoformycin (X = H) and (8R)-coformycin (X = OH).

ethyl)purine ribonucleoside, a transition state analogue,
is reduced by orders of magnitude when the ribose is
replaced with a hydrogen as the 9 substituent.”
Recently, the structure of ADA with deoxycoformycin
bound in the active site has been solved by Wilson and
Quiocho,® and a stereoview of active site residues is
shown in Figure 2. The zinc is coordinated by the ¢
nitrogens (Ne2) of the His 15, His 17, and His 214, by a
carboxylate oxygen (0062) of Asp 295, and the hydroxyl
oxygen (8-OH) of the deoxycoformycin inhibitor. This
structure is very similar to the structure published by
Wilson et al., with 6-hydroxypurine riboside (HDPR)
bound in the active site. The HDPR structure by Wilson
et al.® was the first structure solved for ADA and the
first to demonstrate the existence of a zinc ion in the
active site. The zinc ion in the HDPR structure is
coordinated by the aforementioned aspartate and his-
tidines as well as by the 6-OH from the HDPR.
Molecular dynamics (MD) and free energy simulations
of coformycin and deoxycoformycin and their complexes
with ADA can be used to obtain structural and dynamic
insights into the behavior of these molecules and to help
understand the differences in the strength of binding
of these inhibitors. In particular, free energy simula-
tions can provide the relative free energy of binding of
inhibitors. In order to investigate the binding properties
of these inhibitors using MD and free energy techniques,
a theoretical model was developed for the enzyme and
the inhibitors. Thus, the parametrization of the models
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Figure 2. Stereoview of the zinc and its ligands in the active site of the ADA/deoxycoformycin crystal structure.

used to represent this system will be discussed first.
Next, the computational procedure will be described
followed by a discussion of the energetic and structural
results from the simulations. Finally, conclusions will
be drawn from the simulation results.

Parametrization

Point charges for the zinc-centered active site of ADA
were determined from high-level ab initio calculations
using the Gaussian92 series of programs.1® A reduced
model for the acitve site was chosen so that the
calculation was tractable. This model included imida-
zoles in place of the three histidines (His 15, 17, and
214), an acetate for the aspartate (Asp 295), and
deoxycoformycin without the 2'-deoxyribose ring. A
double-¢ basis set!! was used for all atoms of the zinc
ligands. This was augmented with a set of d-functions
on the non-hydrogen centers to help represent the
polarization of the electron clouds due to the presence
of the zinc ion. A Hay—Wadt effective core potential
was used for the 18 core electrons in zinc along with
the appropriate double-¢ basis set for the valence
electrons.’2 A single-point energy calculation was per-
formed, with the atoms in the locations specified by the
crystal structure, to obtain a high-level wave function.
The CHELPG?!® fitting procedure was used within
Gaussian92 to obtain a set of atom-centered charges for
the model of the ADA active site; a radius of 1.25 A was
used for the zinc ion. Charges for the purine analogue
ring, used in free energy simulations of the free inhibitor
in solution, were obtained from a 6-31G* single-point
energy calculation in Gaussian921° using the CHELPG?*3
fitting procedure.

The Lennard—Jones terms for the zinc-bound amino
acid residues were taken from the OPLS force field for
amino acids, while the Lennard—Jones parameters for
zinc were taken from the Hoops et al. force field for
human carbonic anhydrase 11.1* The bond, angle, and
dihedral parameters involving the zinc and its ligands
were adapted from the Hoops et al.l* force field with
some modifications and are presented as supporting
information. Appropriate Lennard—Jones terms were
extracted from the BOSS 3115 parameter file to describe
the deoxycoformycin ring. The nonbonded parameters
(charges and Lennard—Jones terms) for the ribose and
2'-deoxyribose were taken from the BOSS 315 param-
eter file. OPLS'® nonbonded terms and AMBER?’

Table 1. Calculated lonization States for Residues of ADA
That Differ from Predicted lonization States of the Free Amino
Acids at pH 7.0

residue ionization state
His 105 +1
His 197 +1
His 210 +1
His 238 +1
His 241 +1

bonded terms were used to describe the rest of the
protein. The deoxycoformycin (DCF) and coformycin
(CF) molecules were all-atom models in the simulations.
The active site residue side chains and Phe and Tyr side
chains were also represented as all-atom models,8 while
the rest of the protein residues were represented as
united atom models. Phe and Tyr are represented as
all-atom because Phe and Tyr residues were near the
point of perturbation, and it was desired to represent
the detailed charge distributions of these aromatic side
chains. The 1—4 scaling factor for the Lennard—Jones
interactions was increased from /g to 1 for polar pairs
to avoid tight 1-5 intramolecular hydrogen bonds.2® The
1—4 scaling factor for the Lennard—Jones interactions
remained /g for all other 1—4 pairs, and the electrostatic
scaling factor remained %/, for all 1-4 pairs. The
ionization states were calculated via the method of
Antosiowicz et al.?% using UHBD.?! The ionization
states of the residues of ADA that differ from the
predicted ionization states of the free amino acids at
pH 7.0 are given in Table 1.

Computational Methods

The relative free energy of binding can be determined via
the thermodynamic cycle below:??

AA
ADA + DCF — ADA.DCF

JAV:E R L AA,

ADA + CF — ADA.CF
AAy

AAA = AA; - AA, = AA, - A4 (1)

Rather than calculate the horizontal processes of the
thermodynamic cycle at great computational expense, the
vertical processes can be calculated and used to determine the
relative free energies of binding. Here the parameters that
describe DCF are perturbed into the parameters that describe
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Figure 4. Stereoview of the active site after equilibration. All residues within 6 A of C2' or C3' are shown.

CF in both the enzyme and solution. This type of calculation
determines which inhibitor binds more tightly to the enzyme.
One method for doing this type of simulation is multiconfigu-
ration thermodynamic integration (MCTI1)?3 which is based on

eq 2:
AA= [ﬂ%—j‘)ﬁvﬂ dz @)

Here, A is the Helmholtz free energy, H is the Hamiltonian of
the system, and 1 is a parameter that describes the composi-
tion of the system. As one inhibitor (1 = 0) is perturbed into
another inhibitor (1 = 1), the ensemble average of the deriva-
tive is calculated and integrated over the perturbation.
Protein/Inhibitor. All simulations were performed with
the ARGOS? program. The initial coordinates for the ADA/
DCF complex and its 50 crystal waters were taken from the
crystal structure.® Missing polar hydrogens were added to the
structure. The complex was placed in a cubic box of SPC/E?®
water molecules with a box length of 85 A on each side. Water
molecules whose centers were closer than 2.5 A to a heavy
atom of the complex were deleted. Initially, all nonbonded
cutoffs were set to 5 A due to the large size of the system and
the use of periodic boundary conditions. The periodic bound-
ary conditions were combined with coupling to a pressure bath
to obtain the correct solvent density. All hydrogens on the
enzyme and inhibitor were relaxed for 250 steps of steepest
descent while the remainder of the system remained fixed. The
water was relaxed for 250 steps of steepest descent minimiza-
tion and then thermalized for 20 ps at 300 K via MD with a
time step of 2 fs, with velocity reassignment every 0.2 ps, while
the protein remained fixed. The protein was then relaxed for
250 steps of steepest descent while the water remained fixed.

At this point, a sphere was cut from the box with a 32 A radius
centered at the point of perturbation (C2' of the sugar), and
the periodic boundary conditions were removed. To continue
the equilibration, constraints were applied to the system such
that all protein charge groups at distances beyond 20 A from
the point of perturbation and all water molecules were fixed.
The nonbonded cutoff was increased to 9 A (short range) and
12 A (long range). The protein was then thermalized using
velocity reassignment with the following schedule: 5 ps at 100
K, 5 psat 200 K, and 5 ps at 300 K. Constraints were removed
from the water molecules within 20 A of the point of perturba-
tion. Thus all groups within the 20 A radius were uncon-
strained, and all groups outside the 20 A radius were fixed.
These constraints were kept throughout the remaining simu-
lations. The entire system was weakly coupled?® to an external
heat bath at 300 K with a coupling constant of 0.1 ps and
equilibrated for an additional 20 ps.

All the MD and MCTI simulations were then done at
constant volume at 300 K with the system coupled?® to a heat
bath. SHAKE? was also used with a 2 fs time step. The
MCT]I was done over 21 windows with 1000 steps of equilibra-
tion and 3000 steps of sampling in each window. The total
simulation time was 168 ps. A MD simulation of the ADA/
DCF complex was done for 100 ps after the equilibration phase.
Coordinates were collected every 50 MD steps. Coordinates
were also collected every 50 MD steps for 100 ps after the
perturbation, with CF bound in the active site.

Inhibitor in Solution. The inhibitor was placed into a
box of SPC/E? water (30 A on each side). The initial
coordinates for the inhibitor were take from the crystal
structure of the ADA/DCF complex. Periodic boundary condi-
tions were employed during relaxation and equilibration. The
water was thermalized while the DCF remained fixed. The
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DCF was then relaxed and thermalized while the water
remained fixed. The DCF and water were weakly coupled to
an external heat and pressure bath of 300 K and 10° Pa with
coupling constants of 0.1 and 0.5 ps, respectively, and equili-
brated together for 20 ps. The MCTI simulation was done at
constant volume using 1000 steps of equilibration and 2000
steps of sampling in each window over 21 windows for a total
of 126 ps. The cutoffs were 9 and 12 A for the short and long
range cutoffs, respectively. The system was coupled? to a heat
bath using a 0.1 ps coupling constant.

Results and Discussion

The root-mean-square (rms) deviation of the zinc and
its bound ligands (His 15, His 17, His 214, Asp 295, and
the inhibitor ring) was calculated with respect to the
crystal structure at various times during the simulation.
The deviations were calculated after equilibration of
DCEF, after the 100 ps production run with DCF bound
in the active site, after the perturbation, and after the
100 ps production run with CF bound in the active site.
In each case, the rms deviation was <0.6 A, which
indicates that the model of the zinc and its ligands
retains the geometry observed in the crystal structure.

Figure 3 is a stereoview of the DCF molecule bound
in the active site of the crystal structure. Also shown
are all residues within 6 A of either C2' or C3' of the
sugar ring. There are several tight hydrogen bonds
between the sugar and other residues of ADA and water.
The zinc ligand His 17 is hydrogen bonded to the O5' of
the deoxyribose via the polar hydrogen (H61) of the 6
nitrogen (N61). The side chain of Asp 19 hydrogen
bonds the HO5' and the HO3' of the deoxyribose via O§2
and 001, respectively. A crystal water also interacts
favorably with the O3’ of the sugar.

Figure 4 is a stereoview of the active site after
equilibration but before the perturbation of DCF to CF.
All residues within 6 A of the C2' or C3' of the sugar
are shown. The zinc ligand His 17 remains hydrogen
bonded to the O5' of the deoxyribose. Asp 19 continues
to hydrogen bond with HO5' through its side chain;
however, it now hydrogen bonds with the HO3' through
its carbonyl oxygen. Also the water has moved from the
active site, and the O3’ site is now interacting with the
hydroxyl hydrogen (HH) of Tyr 68. The ribose ring is
near the opening of the active site; thus, the point of
perturbation is not within a deep pocket in the protein
but at the protein—water interface. Water can enter
or leave the opening to the binding site. This snapshot
illustrates the mobility of this region of the enzyme—
inhibitor complex, as is seen in the simulation.

A ribbon diagram of the ADA crystal structure is
shown in Figure 5a along with DCF and the zinc. This
orientation gives an overall view of where DCF binds
in the active site. Residues 58—67 (helix) and 183—188
(loop) are highlighted in this figure because Wilson et
al.® have suggested that these residues could possibly
serve as lids to the binding site. Motions of these groups
will be discussed later. Figure 5b shows the ribbon
diagram of the equilibrated structure in the same
orientation as the ribbon diagram of the crystal struc-
ture (Figure 5a). There is some disorder in residues 58—
67 and 183—188, and the inhibitor has moved slightly
closer to the helix 58—67. During equilibration, the
deoxyribose came into contact with the Phe 65 and Tyr
68, as the water observed in the crystal structure was
displaced. The hydroxyl group of the Tyr 68 moved in

Marrone et al.

Figure 5. Ribbon diagram (a, top) of the ADA crystal
structure and (b, bottom) after equilibration. The zinc and
deoxycoformycin are shown to present an overall view of the
inhibitor-binding pocket. Helix 58—67 and loop 183—188 are
in black.

Table 2. Free Energy Change

mutation free energy change (kcal/mol)
DCF — CF (in solution) —-128+0.3
DCF — (in ADA) -14.2+0.2
calculated AAA -14+04
experimental AAA 0.8

to satisfy the hydrogen bond contact with the HO3' that
was lost by the displacement of this water.

Table 2 shows the MCTI results for the perturbation
of DCF to CF in solution and in the enzyme. The errors
reported represent the statistical errors in the indi-
vidual simulations. Difficulties in obtaining a precise



ADA Inhibition by Coformycin and Deoxycoformycin

Journal of Medicinal Chemistry, 1996, Vol. 39, No. 1 281

relative free energy of binding can partly be attributed
to the high degree of flexibility of the enzyme—inhibitor
complex and the free inhibitor, which require sampling
over a large number of conformations. The calculated
and experimental relative free energies of binding differ
in sign. More importantly, however, both are close to
zero, showing that the enzyme binds these two inhibi-
tors with similar affinities. Comparison of the dynamic
structures of the complexes with the two inhibitors
provides insight into the origin of the similarity.
Figure 6 shows a stereoview of the residues within 6
A of C2' and C3' after the perturbation from DCF to
CF. Here, 061 of Asp 19 hydrogen bonds with the
amide of the backbone of Ser 103 and the hydroxyl
hydrogen (Hy) of the Ser 103 side chain. Asp 19 042
hydrogen bonds with the HO5' of CF. The hydrogen
bond between His 17 and O5' lengthens but remains
intact during the perturbation. The HA1 of His 17 also
interacts with Asp 19 O62. During the perturbation,
Tyr 68 has moved away from the 2’ position of the sugar
to form an interaction with the backbone carbonyl of
Asp 19. This backbone carbonyl also forms a hydrogen
bond to the HO2'. An intramolecular hydrogen bond is
formed between the HO3' and the O2' of the CF. A
water molecule has moved in to form a long hydrogen
bond with O3'. Phe 65 has moved in and is able to form
an interaction between its x cloud (represented by the
partial charges of the all-atom model for the ring) and
the HO3' of the sugar. Comparing the equilibrated DCF
structure in Figure 4 to the perturbed structure in
Figure 6, both structures show several schemes of
hydrogen bonding. However, the tight bonding between
the HA1 and His 17 and the O5' of the sugar ring and
between the Asp 19 062 and the HOS' of the sugar ring
remains constant in both structures. Figure 7 shows a
ribbon diagram of ADA and CF bound in the active site
after perturbation. This representation shows that
ribose has moved away from the residues 58—67, which
allows water to interact near the point of perturbation.
The 100 ps trajectories with DCF or CF bound to the
enzyme were analyzed to provide additional information
on the modes of binding. In particular, the distances
between O2' and O3' and other residues such as Phe
65 and Tyr 68 were calculated over the trajectories since
these interactions are important in the stabilization of
the 2' and 3" hydroxyl groups. Also the distance
between the Ho1 of His 17 and the O5' of the sugar was
calculated as well as several distances involving groups
near the 5" hydroxyl group of the sugar. The minimum
distances, the maximum distances, and the average

Figure 7. Ribbon diagram of ADA after the mutation. The
zinc and coformycin are shown to present an overall view of
the inhibitor-binding pocket. Helix 58—67 and loop 183—188
are shown in black.
distance over the 100 ps trajectories of several interac-
tions are summarized in Table 3. From Table 3, it can
be seen that there is a strong interaction between Asp
19 and HO5' with DCF bound in the active site over
100 ps. These interactions are slightly longer during
the CF simulation. Phe 65 is in close range of H2'2, a
hydrogen of the C2' group, during the DCF simulation
and close to HO3' during the CF simulation. The
average distance between the Ho1 of His 17 and the
O5' of the sugar is ca. 1 A longer during the CF
simulation than the DCF simulation. Upon close ex-
amination of the trajectories, the interaction is lost for
a few picoseconds during the CF simulation. At that
point the His 17 interacted closely with Asp 19 and the
5" hydroxyl interacted closely with the side chain of Ser
103. However, the O5' and the HJ1 of His 17 moved
back into close proximity for the remainder of the
simulation. This suggests that the O5' group of CF is
not bound as tightly by His 17 as the O5' group of DCF
and can interact with other protein residues.

Figure 8a,b shows the water hydrogen and water
oxygen coordination numbers for the 3' hydroxyl group
of CF averaged over various times during the 100 ps
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Table 3. Distances between Active Site Groups during the
Deoxycoformycin and Coformycin 100 ps Trajectories

deoxycoformycin coformycin

min  max av min max av

atom pair A A A A A A

Ser 103 (HN)-Asp 19 (061) 1.7 3.0 23 20 50 35
Ser 103 (HN)-Asp 19 (062) 1.4 24 18 13 35 20
Ser 103 (Hy)-Asp 19 (061) 16 39 22 15 46 29
Ser 103 (Hy)-Asp 19 (062) 19 47 32 15 45 27

Ho5'—Ser 103 (Oy) 24 44 31 16 39 3.0
05'—His 17 (Ho1) 15 23 18 16 50 3.0
HOS5'—Asp 19 (051) 14 22 16 14 38 17
HO5'—Asp 19 (082) 30 42 36 22 45 3.0
HO3'—Asp 19 (081) 35 53 44 42 67 5.1
HO3'—Asp 19 (052) 49 67 58 44 72 57
HO3'—Asp 19 (O) 14 21 17 32 59 42
HO3'—H2'2/02' 29 38 34 15 33 19
HO3'—Phe 65 (Cy) 39 60 50 24 46 34
HO3'—Phe 65 (Cd1) 40 67 53 23 42 31
HO3'—Phe 65 (Co2) 40 61 51 23 54 35
HO3'—Phe 65 (Cel) 43 71 58 20 48 30
HO3'—Phe 65 (Ce2) 44 65 56 24 55 35
HO3'—Phe 65 (Cf) 46 69 59 22 48 3.3
HO3'~Tyr 68 (OH) 28 39 33 34 65 50
H2'2/02'—Asp 19 (061) 64 76 70 36 63 46
H2'2/02'—Asp 19 (052) 75 94 86 45 72 57
H2'2/02'—Phe 65 (Cy) 28 61 37 33 71 43
H2'2/02'—Phe 65 (C51) 27 69 39 33 62 44
H2'2/02'—Phe 65 (C52) 24 49 31 31 63 38
H2'2/02'—Phe 65 (Cel) 26 67 37 29 62 41
H2'2/02'—Phe 65 (Ce2) 23 47 29 28 61 35
H2'2/02'—Phe 65 (C?) 23 55 32 28 52 36
HO2'—Asp 19 (061) 29 58 43
HO2'—Asp 19 (062) 40 67 53
HO2'—Asp 19 (O) 16 47 21
HO2'—03' 1.5 36 31
HO2'—Phe 65 (Cy) 34 56 45
HO2'—Phe 65 (Co1) 34 60 49
HO2'—Phe 65 (Co2) 30 51 40
HO2'—Phe 65 (Cel) 2.8 62 48
HO2'—Phe 65 (Ce2) 28 54 39
HO2'—Phe 65 (CE) 25 55 43
HO2'—Tyr 68 (OH) 22 52 39
03'—Tyr 68 (HH) 15 27 18 39 7.1 55
02'—Tyr 68 (HH) 29 59 41

Tyr 68 (HH)—Asp 19 (O) 28 44 37 16 43 25

trajectory, respectively. Between the times of 20 and
40 ps during the 100 ps simulation, one water is within
hydrogen-bonding distance of the 3' hydroxyl group. At
other times, there is on average less than one water
within hydrogen-bonding distance. This indicates that
water moves in and out of hydrogen-bonding distance
of the 3' group during the simulation. In particular,
water can more closely approach O3' than the HO3' of
the hydroxyl group because the HO3' is engaged in a
close interaction with O2'. However, no waters were
within hydrogen-bonding distance of the 2" group of CF
or the 3’ group of DCF; thus corresponding plots are not
shown for these groups.

Figures 9 and 10 show stereoviews of the final
structures after the 100 ps trajectory of DCF and the
100 ps trajectory of CF. Again, residues within 6 A of
C2' or C3' are shown. During the simulation with DCF
bound to ADA, water moved in to hydrogen bond with
the O1' of the sugar. The hydrogen bond network at
the 5' position is similar to the network of the equili-
brated structure in Figure 4. During the CF simulation,
a water came into hydrogen-bonding distance of the
ribose O3'. However, no water is within hydrogen-
bonding distance of the 2' hydroxyl group. The proton
of the HO3' group of ribose interacts favorably with the
7 cloud of Phe 65. Asp 19 is part of an intricate array
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a Water Coordination of HO3' and O3' of Coformycin
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Figure 8. (a) Water hydrogen and (b) water oxygen coordina-
tion of the coformycin 3' hydroxyl group averaged over 20 ps
blocks of time during the 100 ps trajectory.

of hydrogen bonding and close contacts with Ser 103,
His 17, and the 5' sugar hydroxyl as is also seen in
Figure 5.

Although a much more extensive simulation would
need to be done to examine flexibility of the loops of the
enzyme, rms deviations from the crystal structure were
measured for all atoms at the end point conformations
of the 100 ps trajectories. The rms deviations were
obtained by translating and rotating the entire protein
(without the inhibitor) to give the best overall fit. The
rms deviations from the crystal structure with DCF
bound in the active site range from 1.0 to 3.4 A for
residues 58—67 and 0.5 to 2.5 A for residues 183—188,
which may serve as lids® to the binding pocket. The
rms deviations from the crystal structure with CF bound
in the active site range from 1.2 to 3.2 A for residues
58—67 and 0.5 to 2.5 A for residues 183—188. The
rather modest difference in the free energy of binding
of the two inhibitors is in part due to the fact the 2" and
3' hydroxyl groups are not tightly sequestered within
the protein environment. The solvent molecules and
loop residues can rearrange fairly easily to have favor-
able interactions with the sugar 2' and 3' hydroxyl
groups.

Conclusions

A force field model was developed to describe the ADA
active site. Although this bonded model is not designed
to describe perturbations at the zinc center itself, it has
the flexibility necessary to allow for structural changes
associated with the perturbation of DCF to CF. Since
DCF and CF differ by a hydroxyl group, one might
imagine that the relative free energy of binding would
be larger than 1 kcal/mol if the 2' position were
sequestered in a hydrophobic pocket. However, the 2’
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Figure 9. Stereoview of all residues within 6 A of C2' or C3' of deoxycoformycin at the end point of the 100 ps trajectory.
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Figure 10. Stereoview of all residues within 6 A of C2' or C3' of coformycin at the end point of the 100 ps trajectory.

position is at the opening of the active site, which allows
for facile water penetration and interaction of the
inhibitors with a variety of residues at the opening. This
flexibility accounts for the ability of the enzyme to
accommodate either inhibitor. It also makes it difficult
to define the relative free energy of binding very
precisely, due to the need to average over a large
number of configurations of the inhibitor—enzyme com-
plex.

The MD simulation of CF bound in the active site
showed a favorable interaction of the Phe 65 ring with
the 3' hydroxyl group. This is interesting because it is
an example of an aromatic behaving as a weak hydrogen
bond acceptor.226 Asp 19 has been shown to be a key
residue in the sequestering of the sugar in the pocket
by forming intricate hydrogen-bonding networks with
the sugar hydroxyl groups in both simulations. His 17
was also shown to be a tight binder of the 5 hydroxyl
group in both simulations. Mutations at these protein
sites could have severe consequences on the binding of
CF or DCF. The 5' hydroxyl group is in a sequestered
environment compared to the environments of the 2' and
3" hydroxyl groups. Due to its strong interactions with
His 17 and Asp 19, removal of the 5' hydroxyl group of
the inhibitor could have profound effects on the binding
of these transition-state-like inhibitors.
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