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Abstract—We searched for non-nucleoside inhibitors of adenosine deaminase by rational structure-based de novo design and suc-
ceeded in the discovery of 1-(1-hydroxy-4-phenyl-2-butyl)imidazole-4-carboxamide (FR221647: K;=5.9 uM to human ADA) as a
novel inhibitor with moderate activity and good pharmacokinetics compared with the known inhibitors pentostatin and EHNA.

© 2003 Elsevier Science Ltd. All rights reserved.

Adenosine deaminase (ADA, E.C. 3.5.4.4) is a key
enzyme in purine metabolism that catalyzes the irre-
versible deamination of adenosine and deoxy-
adenosine to inosine and deoxyinosine, respectively.
ADA plays a central role to maintain the immune
system, but the physiological role in different tissues
has not yet been fully clarified. Recently, it has been
shown that ADA is involved in T-cell activation,’
and it is well known that heritable ADA deficiency is
associated with severe combined immunodeficiency
disease (SCID),> and both enzyme-replacement ther-
apy and gene therapy have been wused to treat
patients of this rare disease. ADA abnormalities have
also been reported in a variety of other diseases such
as acquired immunodeficiency syndrome,? rheumatoid
arthritis,* anemia,> lymphomas and leukemia.® There-
fore, compounds that modulate ADA activity have
potential as medicines.

A number of ADA inhibitors have been reported to date,’
and they are classified into two types, ground-state inhibi-
tors and transition-state inhibitors. Erythro-9-(2-hydroxy-
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3-nonyl)adenine (EHNA)?® and 2’-deoxycoformycin (pen-
tostatin)’ are representative examples of ground-state
and transition-state inhibitors, respectively (Scheme 1).
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Scheme 1. Chemical structures of known ADA inhibitors.

While both compounds possess very potent inhibitory
activity toward ADA, they have a number of problems
as medicines such as severe toxicity,'® poor oral
absorption and rapid metabolism.'! Due to these pro-
blems, pentostatin is only used as a medicine for lym-
phoma and leukemia.

ADA inhibitors with reduced toxicity and improved
pharmacokinetics are eagerly desired, since they are
expected to have potential to be used for many other
clinical conditions, for example transplantation, rheu-
matism, nephritis, diabetes, hypertension, ischemic
injury and so on. The unfavorable properties of the
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known inhibitors are deemed to be derived from the
nucleoside framework of these compounds. Therefore,
we speculated that ADA inhibitors without a nucleoside
framework would improve these properties, hence we
have carried out a rational de novo design of non-
nucleoside inhibitors, employing the crystal structures
of ADA with several nucleoside inhibitors (see ref 12 for
the detailed process) as the basis of the design. In this
paper, we describe the successful discovery of a novel,
non-nucleoside ADA inhibitor.

Results and Discussion

In order to discover a first good candidate of ADA
inhibitor, it is necessary to obtain a good medicinal lead
compound. Therefore, we set the initial goal of this
research as creation of a lead compound efficiently
which has at least uM order activity and a structure
which is amenable to synthetic modification. An impor-
tant prerequisite to effective design of non-nucleoside
inhibitors of ADA is information leading to the identi-
fication of chemical structures that are different from
adenosine, but retaining the essential sites for interac-
tion with ADA, such as by hydrogen bonds. Judging
from the crystal structure of murine ADA with 1-dea-
zaadenosine (DAA) (PDB code: 1ADD),"? the hydro-
gen bond between ADA and the N3 of DAA is not
considered important, because the bonding distance for
this atom pair is longer than those of other hydrogen
bonds. Also, the environment occupied by the ribose
moiety is rather hydrophobic, whereas the 2’- and 3'-
hydroxyl groups are facing to a solvent accessible
region, forming hydrogen bonds with water molecules.
On the other hand, the 5'-hydroxyl group of the ribose
moiety locates at the bottom of the active site forming
tight hydrogen bonds with Asp-19 and His-17. These
hydrogen bonds are considered to be very important for
recognition of ligands and stabilization of complexes.
According to such a binding mode analysis, we designed
3, as shown in Scheme 2.!% Thus the 1-deazaadenine moi-
ety of DAA is converted to imidazole 4-carboxamide, the
ribose ring to a benzyl and the 5'-hydroxyl group to a
hydroxymethyl group. The binding mode of DAA and the
predicted binding mode of 3 to ADA are shown in Figure
1 (left) and (center), respectively. The N3 atom and the
hydroxyl group of 3 form hydrogen bonds to ADA as
expected, while the phenyl ring locates at the entrance
portion of the active site. This compound was shown to
inhibit human ADA with a K; value of 54 uM (Table 1).!°

1 n=0,R=Me 2 n=0,3
2, Et 2, FR221647
Scheme 2. Synthesis of 3 and FR221647. Reagents and conditions: (i)

(a) MsCl, EtsN, CH,Cl,, 0°C, 1 h; (b) 4-imidazolecarboxamide, NaH,
DMF, 60°C, 4h (38-42%); (i) NaBH,4, MeOH, rt, 30 min (82-100%).

Three derivatives of the carboxamide group of 3, which
can easily be synthesized (methods not shown) and have
substituents which may form hydrogen bonds with
ADA, did not show inhibitory activities (Table 1). The
calculated interaction energies'? of these compounds
with ADA are also shown in Table 1. Generally speak-
ing, calculated interaction energies consider only non-
bonded energy terms, and do not reflect the affinities of
ligands because they do not take into account desolva-
tion energies and other entropic factors. In this study,
however, we adopted the interaction energy to evaluate
unfavorable intermolecular interactions such as large
inter-atomic clashes or electrostatic repulsions. From
this point of view, a negatively charged moiety is
unsuitable as a substituent in place of the carboxamide
group, because the E value for the deprotonated state of
4 is much higher than that for the protonated state.

As for a reason why only 3 has inhibitory activity,
hydrogen bonding mediated by water molecules can be
considered. According to the predicted binding mode of
3, Figure 1 (center), there is still a vacant space between
the R group (carboxamide in this case) and ADA. Sev-
eral water molecules should exist in this space, and the
carboxamide group may form hydrogen bonds with
ADA in a better manner than other compounds.

A detailed inspection of the binding mode of 3 indicates
that the entrance of the active site, the hydrophobic
space where the phenyl ring exists, is not fully buried by

Table 1. Simulated interaction energies and inhibition constants for
designed compounds with ADA

R\[:\>

©)\/OH

Compd R E(kcal/mol)* Ki(uM)®

3 CONH, —54.4 54

4° COOH —51.7 >100
COO~ —38.3

5 COOMe —54.5 > 100

6 CH,OH —52.4 >100

4Calculated interaction energies.

PK; values were measured with human ADA.

°Energies of 4 were calculated for both protonated and deprotonated
states of the carboxylate group.

Table 2. Simulated interaction energies for methylene-inserted ana-
logues of 3

NH,
N
o1
N
@\@)\/OH
n
n 0 1 2 3 4
E (kcal/mol)* —54.4 —55.6 —63.9 —61.6 —66.6

4Calculated interaction energies.



T. Terasaka et al. | Bioorg. Med. Chem. Lett. 13 (2003) 1115-1118 1117

Figure 1. Binding modes of 1-deazaadenosine (left), 3 (center) and FR221647 (right). The surface of the active site and the ligands are drawn by
mesh and ball-and-stick model, respectively. The proposed hydrogen bonds between ADA and the ligands are indicated by yellow lines. The front

part of protein atoms is omitted for clarify.

the inhibitor molecule. Moreover, the fit of 3 to the
active site is not so good, hence it was considered that a
flexible spacer introduced between the imidazole moiety
and the phenyl ring would improve the fit to the active
site. Compounds possessing methylene chains of vary-
ing lengths were thus designed. Table 2 shows the
simulated interaction energies of the designed com-
pounds. Clearly, a chain of two or more methylenes
results in lower energies, however, when the chain
length is longer than three, the phenyl ring would locate
outside the active site, i.e., in the solvent region. Com-
putational simulation can not determine the exact posi-
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Figure 2. Pharmacokinetic parameters of pentostatin, EHNA and
FR221647 after ip or po administration to mice (32 mg/kg, n=2-3).

Table 3. Pharmacokinetic parameters of pentostatin, EHNA and
FR221647 after ip or po administration to mice (32 mg/kg, n=2-3)

Compd ]<ia Cmux (Hg/mL) AUCO*Sh (Hg h/l’l’lL)
Pentostatin (ip) 33pM 12.2 9.5
EHNA (ip) 3.7nM 5.9 2.2
EHNA (po) 1.1 1.0
FR221647 (ip) 5.9uM 25.2 29.6
FR221647 (po) 15.2 29.9

aK; values were measured with human ADA.

tion of the phenyl ring of these compounds, because
conformational freedom derived from the flexibility of
the methylene chain is largely increased and there are
many local energy minima for these compounds. In the
case of a chain length of one methylene, it was impos-
sible to locate the phenyl ring in the hydrophobic region
while retaining the imidazole moiety in a position where
N3 of the imidazole ring and hydroxyl group can form
hydrogen bonds. This appears to be reflected in the
lower simulated interaction energy. Therefore, we selec-
ted a chain length of two and only FR221647 was syn-
thesized. The ADA inhibitory activity of this compound
was 5.9 uM. Thus, by introducing a suitable number of
spacer atoms, a 10-fold increase of potency has been
achieved relative to 3. The predicted binding mode of
FR221647 is shown in Figure 1 (right). This compound
fits well to the active site from the entrance through to
the bottom of the active site. The pharmacokinetic
parameters'® of FR221647 are shown in Figure 2 and
Table 3, in comparison to those of pentostatin and
EHNA. Both the oral absorption and the AUC in
plasma of FR221647 are drastically improved. Further-
more FR221647 was not cell-toxic to the concentration
of 100 uM.

In conclusion, we have succeeded in the de novo design
of a non-nucleoside type of ADA inhibitor using the
three dimensional structure of ADA complexed with
known nucleoside inhibitors. Simultaneously, the unde-
sirable properties of the nucleoside-type inhibitors were
also improved. We believe that FR221647 is a good lead
compound for further modification studies in respect to
both inhibitory activity and pharmacokinetic properties.
For efficient design of superior compounds, crystal-
lographic analyses are now in progress.
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