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Eight adenosine analogs, 3-deaza-adenosine (DZA), 3-
deaza-(±)aristeromycin (DZAri), 2¢,3¢-dideoxy-adenosine
(ddAdo), 2¢,3¢-dideoxy-3-deaza-adenosine (ddDZA), 2¢,3¢-
dideoxy-3-deaza-(±)aristeromycin (ddDZAri), 3-deaza-5¢-
(±)noraristeromycin (DZNAri), 3-deaza-neplanocin A
(DZNep), and neplanocin A (NepA), were tested as inhibi-
tors of human placenta S-adenosylhomocysteine (AdoHcy)
hydrolase. The order of potency for the inhibition of
human placental AdoHcy hydrolase was: DZNep �
NepA >> DZAri � DZNAri > DZA >> ddAdo �
ddDZA � ddDZAri. These same analogs were examined
for their anti-HIV-1 activities measured by the reduction
in p24 antigen produced by 3¢-azido-3¢-deoxythymidine
(AZT)-sensitive HIV-1 isolates, A012 and A018, in phyto-
hemagglutinin-stimulated peripheral blood mononuclear
(PBMCs) cells. Interestingly, DZNAri and the 2¢,3¢-dideoxy
3-deaza-nucleosides (ddAdo, ddDZAri, and ddDZA) were
onlymarginal inhibitors of p24 antigen production inHIV-1
infected PBMC. DZNAri is unique because it is the only

DZA analog with a deleted methylene group that precludes
anabolic phosphorylation. In contrast, the other analogs
were potent inhibitors of p24 antigen production by both
HIV-1 isolates. Thus it was postulated that these nucleoside
analogs could exert their antiviral effect via a combination of
anabolically generated nucleotides (with the exception of
DZNAri), which could inhibit reverse transcriptase or other
viral enzymes, and the inhibition of viral or cellular methy-
lation reactions. Additionally, QSAR-like models based on
the molecular mechanics (MM) were developed to predict
the order of potency of eight adenosine analogs for the
inhibition of human AdoHcy hydrolase. In view of the
potent antiviral activities of theDZA analogs, this approach
provides a promising tool for designing and screening of
more potent AdoHcy hydrolase inhibitors and antiviral
agents.
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The 3-deaza-nucleoside analogs of adenosine (Fig. 1),
3-deaza-adenosine (DZA), 3-deaza-(±)aristeromycin
(DZAri), and 3-deaza-neplanocin A (DZNep) are potent
inhibitors of S-adenosylhomocysteine hydrolase (AdoHcy
hydrolase) [1,2]. These analogs can exert a variety of
biological effects including remarkable antiviral activities
[3–6]. Inhibition of AdoHcy hydrolase results in the inhibi-
tion of S-adenosylmethionine (AdoMet)-dependent methy-
lation reactions, including DNA, RNA, protein, and lipid
methylation. Evidence supporting the potential inhibition of
AdoMet-dependent methylation reactions in the antiviral
activity of the DZA analogs include correlations of viral
reduction with AdoHcy hydrolase inhibition, markedly
elevated levels of AdoHcy and to a lesser extent AdoMet,
and the formation of nucleoside congeners, e.g. 3-deaza-
adenosylhomocysteine or 3-deaza-adenosylmethionine from
DZA. Therefore, a methylation hypothesis for the antiviral
activity encompasses the blocking of AdoHcy hydrolase by
the inhibitors, giving rise to the intracellular level ofAdoHcy,
and by feedback inhibition decreases AdoMet-dependent
methylation reactions within cells. It is this mode of action
that is attributed to the suppression in virus replication and/
or viral methylation-dependent processes [1,7].
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An alternative, but not mutually exclusive, antiviral
mechanism for the DZA analogs is their anabolism to the
mono-, di-, and tri-phosphate forms [8,9]. Nucleoside anti-
HIV-1 agents such as 3¢-azido-3¢-deoxythymidine (AZT)
have a commonmode of action. First, the nucleoside agents
are metabolically converted to their triphosphate nucleotide
analogs, which then selectively inhibit viral nucleic acid
polymerase. The current hypothesis is that AZT-triphos-
phate competes with deoxythymidine 5¢-triphosphate for
the viral reverse transcriptase, and, additionally, AZT-
triphosphate acts as a chain terminator after incorporation
into the nascent 3¢-terminus.

Recently, we demonstrated that the DZA analogs caused
a marked reduction in p24 antigen production in the
phytohemagglutinin (PHA)-stimulated human peripheral
bloodmononuclear cells (PBMC) andH9 cells infected with
HIV-1. Also, the 3-deaza-nucleosides might undergo intra-
cellular phosporylation to be metabolized to their respective
triphosphate nucleotides in diverse cell types [10–12].
However, the anabolic pathway(s) involved in the conver-
sion has not been completely elucidated [11,13,14]. This
missing information precludes the enzymatic synthesis of
the 3-deaza-nucleotide analogs for a direct examination of
its effect on HIV-1 enzymes. Furthermore, a chemical
synthetic route needs to be elucidated.

Traditionally, the biological effects of the DZA analogs
have been attributed to their potent inhibition of AdoHcy

hydrolase and the attendant inhibition of methylation
reactions [1,7,15,16]. However, the antiviral mechanism of
the DZA analogs remains unclear, i.e. whether it is due to
the inhibition of methylation, perturbation of viral enzymes
by 3-deaza-nucleotides, or a combination of both. To
preclude the cellular phosphorylation of the DZA analogs
to their nucleotides, 5¢-(±)noraristeromycin and 3-deaza-
5¢-(±)noraristeromycin (DZNAri) were synthesized
[17,18]. These compounds lack the phosphate accepting
5¢-hydroxyl moiety because it has been modified to a
secondary hydroxyl by the removal of a methylene group
(Fig. 1). Both compounds were found to have poor
antiviral activity. In contrast, both noraristeromycin and
DZNAri exhibited only a small reduction in their inhibi-
tion of AdoHcy hydrolase derived from mouse L929 cells.
These results suggest that AdoHcy hydrolase and cellular
methylation processes may not be the only pharmacologi-
cal targets of the 3-deaza-nucleosides as expressed by their
inhibition of HIV-1 [10]. Thus, the 3-deaza-nucleosides
may be anabolically converted to their respective 3-deaza-
nucleotides, which would then inhibit the HIV-1 reverse
transcriptase.

The present study was undertaken to elucidate the
contribution of these two mechanisms: (a) indirect inhibi-
tion of methylation via the direct inhibition of AdoHcy
hydrolase, and (b) intracellular phosphorylation of the
DZA analogs to become inhibitors of HIV-1 production
similar to the effect of AZT. Thus, the potency of the DZA
analogs (Fig. 1) to reduce HIV-1 p24 antigen production
was compared with the inhibition of human AdoHcy
hydrolase. In addition, simple QSAR-like theoretical meth-
odologies were developed for predicting the binding energies
of the DZA analogs to AdoHcy hydrolase. These models
overcome the limitations of more sophisticated approaches
for calculating the exact binding free energy, which are
computationally very intensive and limited in practical
applications. These molecular mechanics (MM)-based
models are ideal for the fast and effective screening of new
adenosine derivatives that are potential inhibitors of Ado-
Hcy hydrolase.

Recently, after these modeling studies had been comple-
ted, the experimental crystal structure of AdoHcy hydrolase
complexed with NepA and NAD molecules was reported
[19]. This enabled verification of our proposed 3Dmodel for
this ligand–protein complex and provided a very useful test
for validation of the applied theoretical methods and
modeling strategy.

Materials and methods

Chemical synthesis of 3-deaza-adenosine analogs

2¢,3¢-Dideoxy-adenosine (ddAdo), 2¢,3¢-dideoxy-3-deaza-
adenosine (ddDZA), and 2¢,3¢-dideoxy-3-deaza-(±)aristero-
mycin were prepared from adenosine, DZA, and DZAri,
respectively, by reacting the nucleoside with 2-acetoxyiso-
butanoyl bromide followed by catalytic reduction of the
resulting olefin and recrystallization of the final product
from methanol or ethanol [16,20,21]. 3-Deaza-5¢-(±)nor-
aristeromycin was prepared according to the method of
Siddiqi [18]. All compounds were characterized by NMR,
mass spectra, and elemental analysis.

Fig. 1. Chemical structures of the nucleosides used in this study.
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AdoHcy hydrolase assay

Human placental AdoHcy hydrolase was a kind gift from
Michael S. Hershfield (Duke University Medical Center,
Durham, NC 27710) and was purified as described and
stored at )80 �C [22]. Assay conditions for the hydrolase
followed previously describedmethods [23]. Prior to use, the
[8-14C]adenosine (43.2 mCiÆmmol)1) was checked for purity
using isocratic HPLC elution (C18 lBondaPak column from
Waters Associates, Milford, MA, USA, 60 mM triethyl-
ammonium acetate, adjusted to pH 4 with acetic acid).
The assay incubation mixture contained 0.4 IU of enzyme
in 50 lL. The metabolites were separated by thin-layer
chromatography (cellulose with fluorescent indicator:
2-propanol/concentrated ammonia/water, 7 : 1 : 2, v/v/v).
The radioactivity was quantitated by cutting the plastic
backed TLC plates and placing them in scintillation vials,
and counting in a Packard 2000 CA scintillation counter
(Packard Instruments, Chicago, IL, USA).

Inhibition of HIV-1 p24 antigen production in PBMCs

The HIV-1 strains used, A012 and A018, were obtained
from National Institutes of Health AIDS Research and
Reagent Reference Program. Inhibition of p24 antigen was
measured as described previously [10,24]. Briefly, PHA-
stimulated PBMCs were incubated with either HIV-1 strain
for 1 h at 37 �C at 200-fold the 50% tissue culture infectious
dose (TCID50) of the virus stock per 2 · 105 PBMC cells.
The TCID50 was defined as the amount of virus stock at
which 50% of the inoculated wells were positive. Cells were
then grown in microtiter plates with different drug concen-
trations at 2 · 105 cells per well. On day 4, cells were
resuspended and split 1 : 3 with fresh media and drugs.
Supernatant p24 antigen was determined on day 7 by
ELISA (Coulter). The views and opinions expressed herein
are those of the authors and do not reflect the official
position of the US Army or the Department of Defense.
Guidelines for human experimentation of the US Depart-
ment of Defense were followed in the conduct of the clinical
research. Informed consent was obtained in writing from
each subject.

Cell lines

H9 cells (American Type Culture Collection, Manassas,
VA, USA), an HIV-1 permissive human T-cell lymphoma,
were grown in suspension with RPMI 1640 supplemented
with 20% fetal bovine serum, 2 mM L-glutamine,
100 UÆmL)1 penicillin, and 100 lgÆmL)1 streptomycin,
and 5% CO2 at 36 �C. AA-2 cells (AK–, dCK–), which
lack adenosine kinase and deoxycytidine kinase, were
obtained through the AIDS Research and Reference
Reagent Program, NIH, and grown in suspension in H9
media containing 10% fetal bovine serum [25] V79 lung
fibroblasts containing thymidine kinase V79 (TK+) or
lacking thymidine kinase V79 (TK–) were provided by
J. Nyce (East Carolina University, Greenville, NC, USA)
and grown in DMEMwith the same additions as the AA-2
cells [26]. The AK–, dCK–, and TK– cells yielded back-
ground values for the expression of the respective enzymes
they were lacking (data not shown).

AdoMet and AdoHcy metabolites

Approximately2 · 108H9cellswere incubatedwith200 lCi
[35S]methionine for 60 min. The cells were resuspended with
appropriate drugs for up to 3 h.The reactionwas terminated
by centrifuging the cells (1000 g, 5 min, 4 �C), and then
adding cold 5% trichloroacetic acid. Sampleswere sonicated
for 15 s on ice. After neutralizing with Na2CO3 and concen-
trating the supernatant by lyophilization [12], AdoMet and
AdoHcy levels were determined by HPLC using a C18

column (WatersAssociates) and in-line radioactive detection
as previously described [10,27]. The elution times for
AdoMet and AdoHcy were� 7 and� 29 min, respectively.

Nucleotides of DZNep and DZAri

H9, AA-2, and the two V79 cloned cells in log phase
were incubated with 1 lM [3H]DZAri (14 CiÆmmol)1) or
[3H]DZNep (1.6 CiÆmmol)1) (Moravek Biochemicals, Brea,
CA) at about 1 · 106 cellsÆmL)1 for 18 h. As previously
described [10], the cells were washed, sonicated for 15 s on
ice, and the extracted nucleotides were analyzed by HPLC
with a Whatman Partisil 10 SAX anion exchange column
(Whatman, Hillsboro, OR, USA). The initial buffer was
5 mM NH4H2PO4 (pH 2.8), followed by a linear gradient
over 50 min to 750 mM NH4H2PO4 (pH 3.5) at a flow of
1.5 mLÆmin)1. Radioactive peaks of the 3-deaza-nucleotides
were monitored with a Flo-One\Beta with 4 mLÆmin)1 of
Flo-Scint III scintillator (Packard Instruments, Chicago, IL,
USA). The identification of the triphosphates was based
on retention times obtained previously and by hydrolysis
to the parent compound [10,12]: [3H]DZAri-triphosphate,
� 38 min; [3H]DZNep-triphosphate, � 39 min.

3D models of AdoHcy hydrolase–adenosine analogs
complexes

Assuming that strongly related ligands have similar binding
modes, 3D models for the inhibitor-NAD-AdoHcy hydro-
lase complexes were built based on available crystallo-
graphic structures of this protein complexed with
2¢-hydroxy,3¢-ketocyclopent-4¢-enyladenine [28] and adeno-
sine [29] by using the INSIGHTII program package (Accelrys
Inc., San Diego, CA, USA). The coordinates for human
AdoHcy hydrolase and NAD (nicotinamide adenine dinu-
cleotide) were derived from PDB accession no. 1A7A [28].
Adenosine analogs were modeled based on 2¢-hydroxy,
3¢-ketocyclopent-4¢-enyladenine for DZNep andNepA, and
adenosine for DZA, DZAri, DZNAri, ddAdo, ddDZA,
and ddDZAri using superimposed human (PDB accession
no. 1A7A) and rat (PDB accession no. 1D4F) AdoHcy
hydrolase Ca atoms [29].

MM-based minimization of 3D models

Allmodels were subjected to a series of energy optimizations
with the DISCOVER module of INSIGHTII until the r.m.s.
gradient was smaller than 0.1 kcalÆmol)1ÆÅ)2. All energy
optimizations were performed in a CFF97 forcefield [30,31]
with a distance-dependent dielectric constant of 4r, using the
steepest descent and conjugate gradient methods. Partial
charges for all the ligand molecules were calculated by the
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charge equilibration method [32] implemented in CERIUS2
(Accelrys Inc.). Main-chain atoms of the protein as well as
the heavy atoms of NAD were restrained by harmonic
forces and a force constant of 100 kcalÆmol)1ÆÅ)2. To avoid
uncontrolled global conformational changes of the protein,
optimizations were performed only for the active center
region. All atoms in residues further from the active center
than 10 Å were fixed. The energy of the complex (Emin

complex)
was obtained as the final energy after optimization of
the system. Protein and ligand structures were extracted
separately from theminimized complex, and their respective
energies (Emin

protein) and (Emin
inhibitor), were computed without

further minimization.

Calculation of binding energies

In this study a simple, QSAR-like approach, based on the
molecular mechanics is used. The binding constants for a set
of ligands are correlated with the binding energies obtained
from the constrained energy minimization. This approach is
related to the linear interaction energy model introduced by
Aqvist [33,34]. In the original linear interaction energy
model, binding energies are computed using time-averaged
electrostatic and van der Waals components of the total
energy obtained during molecular dynamics simulation of
the system in bound and nonbound state. In our approach,
time-averages of the component energies are replaced by the
energy of the optimal conformation of the complex in the
bound and nonbound state, respectively. This approach is
not universal, but in the case, where ligand binds in single,
well defined conformation in a tight binding pocket, it could
be expected that time average of the system energy is
connected with the minimum energy by the following
relation:

hEi ¼ Emin þ
NkBT

2
ð1Þ

where N is a number of degrees of freedom, kB is the
Boltzmann constant and T is temperature in Kelvin.
Therefore, after simple calculations it can be shown that
energy of the interaction is given by:

hEINTi ¼ Emin
complex þ

NcomplexkBT

2
� Emin

protein �
NproteinkBT

2

� Emin
ligand �

NligandkBT

2
ð2Þ

and as Ncomplex ¼ Nprotein+ Nligand,

hEINTi ¼ DE ¼ Emin
complex � Emin

protein � Emin
ligand ð3Þ

In contrast to the original linear interaction energymodel, in
this study solvent molecules were not explicitly included in
the system. Therefore no coefficients relating interaction
energy and the free energy of binding were used. Instead
linear, QSAR-like models based on correlation between free
energy of binding and interaction energy were proposed. In
contrast to QSAR, there are no fitted parameters and it is
assumed that all contributions to the free energy of binding
are correlated with the direct interaction energy between
protein and ligand.

Two models were used to compute the energy of binding
of 3-deaza-adenosine analogs in the active site of AdoHcy

hydrolase, which differed with their treatment of the solvent
effects. In the basic model, which completely neglects the
solvent effects, the binding energy was calculated using the
formula:

DE ¼ Emin
complex � Emin

protein � Emin
inhibitor ð4Þ

The term corresponding to the protein energy was an
average for all structures obtainedwith various ligands. This
approach has been successfully used to predict strength of
binding between anthracycline antibiotics and DNA [35],
nevertheless, binding energies predicted by this model are
unphysical (unrealistically large). In the extendedmodel, the
solvent effects were accounted for in an averagedmanner by
introducing a term proportional to the surface area (A):

Esurface ¼ ksA ð5Þ

where E surface is an energy term proportional to the surface
and ks is a proportionality constant. The program NACCESS

was used to compute the solvent accessible surface area for
the complex of protein and inhibitor [36]. The resulting
surface energy termwas added to the total energy. Thus, the
binding energy was modified in the following way:

DE ¼ Emin
complex � Emin

protein � Emin
inhibitor þ Esurface

complex

� Esurface
protein � Esurface

inhibitor ð6Þ

The coefficient ks was chosen to reduce binding
energies to a more realistic range. In both models,
the total energy of a protein molecule was assigned
either as the energy of a protein in complex with a
given compound or as an averaged energy obtained for
all the compounds. The averaged protein energy was
introduced to reflect the conformational freedom of the
protein in the apo state.

Results

Inhibition of human AdoHcy hydrolase
by the DZA analogs

Among all theDZA analogs tested (Table 1), NepAwas the
most potent inhibitor of the human placental AdoHcy

Table 1. IC50 values for the inhibition of p24 antigen in PBMC infected

with HIV-1 isolates and Ki values for the inhibition of human placenta

S-adenosylhomocysteine hydrolase. Replicates were n ‡ 2 for IC50 and

n ‡ 3 for Ki values. All values are shown as mean ± SD.

Compound

IC50 (lM)
Ki (lM) AdoHcy

hydrolaseA012 isolate A018 isolate

NepA 0.011 ± 0.005a 0.018 ± 0.009a 0.007 ± 0.002

DZNep 0.010 ± 0.001a 0.016 ± 0.005a 0.023 ± 0.008

DZAri 0.14 ± 0.06a 0.22 ± 0.02a 0.24 ± 0.04

DZNAri 3.48 ± 0.3 2.84 ± 0.3 0.83 ± 0.15

DZA 0.15 ± 0.06a 0.20 ± 0.02a 3.9 ± 0.7

ddAdo 6.3 ± 0.4 4.8 ± 0.2 28.0 ± 4.1

ddDZA 4.8 ± 0.3 2.5 ± 0.3 30.1 ± 3.0

ddDZAri 3.7 ± 0.3 2.0 ± 0.2 50.5 ± 7.3

a The IC50 values from Mayers et al. [10].
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hydrolase with a Ki of 0.007 lM. Next in potency was
DZNep, yielding a Ki of 0.023 lM, � threefold less potent
than NepA. Whereas DZAri showed a Ki of 0.24 lM, its
congener DZNAri was � threefold less potent, with a Ki of
0.83 lM. DZA itself was almost fivefold less potent than
DZNAri. The least potent inhibitors were the dideoxy
analogs, and as a groupwere at least 10-fold less potent than
DZA.

Inhibition of AdoHcy hydrolase: effect
on the AdoMet/AdoHcy ratio

In H9 cells prelabeled with [35S]methionine, significant
elevations in AdoHcy levels were observed after treatment
with 100 lM DZNAri or 1 lM DZNep over 3 h (Fig. 2,
top). Note that DZNep was a more potent inhibitor of
humanAdoHcy hydrolase, about 40-foldmore potent, than
DZNAri (Table 1), and resulted in higher AdoHcy levels
than observed for DZNAri. While the incorporation of
[35S]methionine into AdoHcy increased with time, the
untreated cells displayed a slight decline in the overall
amount of [35S]AdoHcy.

In contrast to the AdoHcy results, cells treated with either
DZNAri or DZNep showed no significant difference in
the level of [35S]AdoMet over 3 h. However, about 10-fold

more [35S]methionine was incorporated into AdoMet than
AdoHcy (Fig. 2, bottom). This was not surprising as
significant rises in the level of AdoHcy accompanied by
minute changes in AdoMet have also been observed with
other DZA analogs [3].

It is generally hypothesized that the extent of the
inhibition of methylation reactions is inversely correlated
with the AdoMet/AdoHcy ratio [1]. While it only required
1 lM DZNep to produce a pronounced decrease in the
AdoMet/AdoHcy ratio, a 100-fold higher concentration of
DZNAri (100 lM) was need to achieve a similar decrease in
this ratio (Fig. 3).

Triphosphates of DZAri and DZNep

The cellular phosphorylation pathway for DZNep or
DZAri to their respective nucleotides has not been elucida-
ted, despite the report of the existence of the nucleotides of
NepA, DZNep, and DZAri [10–12]. To further explore the
mechanism by which these DZA analogs act as anti-HIV-1
agents, the possible formation of 3-deaza-nucleotides of
DZNep and DZAri was examined in cells designed to be
deficient in specific kinases. Both H9 and V79 (TK+) cells
express the full complement of phosphorylating enzymes,
while the AA-2 cells (AK–, dCK–) lack adenosine and
deoxycytidine kinase [25] and V79 (TK–) cells lack thymi-
dine kinase [26]. These kinases have been shown to be able
to phosphorylate a variety of nucleosides. As shown in
Table 2, the lack of adenosine and deoxycytidine kinase or
thymidine kinase did not alter the amount of [3H]triphos-
phates of DZNep or DZAri formed. However, based on the

Fig. 2. AdoHcy (top), and AdoMet (bottom) levels in DZNAri (100 lM)
and DZNep (1 lM) treated H9 cells. Cells were prelabelled with

[35S]methionine and then treated with drug; AdoMet and AdoHcy

levels were determined as described in Materials and methods.

Fig. 3. Ratio of AdoMet/AdoHcy in H9 cells treated with DZNAri

(100 lM) or DZNep (1 lM).

Table 2. Triphosphates of DZAri and DZNep in cells. Cells were

incubated with [3H]DZAri or [3H]DZNep as described in Materials

and methods for 18 h; n ¼ 2 for all cells except H9 cells, where n ¼ 3.

Values are given mean ± SD in 106 pmol.

Cell type [3H]DZAri-TP [3H]DZNep-TP

H9 0.64 ± 0.07 0.25 ± 0.03

AA-2 (AK–, dCK–) 0.59 ± 0.09 0.28 ± 0.02

V79 (TK+) 3.4 ± 0.27 1.0 ± 0.05

V79 (TK–) 2.6 ± 0.10 1.4 ± 0.06
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amount of 3-deaza-nucleotides formed (Table 2), the cells
could be ranked for their efficiency in anabolically phos-
phorylating the 3-deaza-nucleosides: V79 (TK+) �V79
(TK–) > H9 �AA-2. Although DZA has been shown to
be phosphorylated by liver 5¢-nucleotidase [14], no phos-
phorylated [3H]DZNep was detected when the DZNep was
incubated with partially purified liver 5¢-nucleotidase (data
not shown). These results indicated that adenosine kinase,
deoxycytidine kinase, and thymidine kinase were not
important enzymes for the phosphorylation of DZNep or
DZAri. To synthesize the nucleotides of DZNep or DZAri
for direct testing on viral enzymes, the enzyme(s) responsible
for phosphorylating these analogs need to be elucidated
since no chemical synthesis is available.

Anti-HIV-1 activity of the DZA analogs

The anti-HIV-1 effects of the DZA analogs and NepA
were compared by their inhibition of HIV-1 p24 antigen
production in PBMCs infected with HIV-1 strains A012
and A018 [37,38], both of which were obtained from
AZT-naive individuals (Table 1). For the purpose of
comparison, the reported IC50 values for AZT were 0.02
and 0.03 lM for the A012 and A018 strains, respectively
[10]. With respect to the A018 strain, DZNep and NepA
were the most potent inhibitors of HIV-1 p24 antigen
production, yielding IC50 values of 0.016 and 0.018 lM,
respectively. DZAri and DZA showed similar IC50 values
of 0.22 and 0.20 lM, respectively. DZNAri, modified
from DZAri and theoretically not able to be phosphor-
ylated because of the missing 5¢-hydroxyl group, was 25-
and 13-fold less potent than the parent compound
DZAri for the two strains. The dideoxy analogs, ddDZA
and ddDZAri, were almost equal in their activity, but
were about 10-fold less potent than their respective
parent dioxy-compounds (Table 1). ddAdo was twofold
less potent than the two other dideoxy 3-deaza analogs
(IC50 ¼ 4.8 lM), and similar IC50 values were observed
for the A012 strain.

Correlation of anti-HIV-1 activity and inhibition
of AdoHcy hydrolase

Figure 4 shows the correlation of the log of the IC50 values
for the inhibition of p24 antigen in PBMC (y-axis) infected
with HIV-1 strains A012 and A018 and the log of the Ki

values for the inhibition of the placental AdoHcy hydrolase
(x-axis). Linear regression analysis yielded an r2 value of 0.8
for both strains of HIV-1. In comparison, when DZNAri
was omitted from the analysis, the r2 value became 0.9 for
both strains. The 95% confidence limits for all the DZA
analogs are shown by the dotted lines. Only DZNAri was
outside of the 95% confidence limits of the regression line.
Therefore, the deletion of the methylene group fromDZAri
to yield DZNAri, now containing a secondary hydroxyl
group, led to a threefold reduction in the Ki for the
inhibition of AdoHcy hydrolase and a corresponding
25- and 13-fold decrease in the inhibition of HIV-1 A012
and A018 p24 antigen in PBMC, respectively. These results
indicated that the inhibition of AdoHcy hydrolase alone
was not enough to fully account for the anti-HIV activity of
the DZA analogs.

MM-based models for AdoHcy hydrolase inhibition:
correlation of theoretical binding energies
and experimental Ki values

To generate a QSAR-like model for the potency of
inhibition of human AdoHcy hydrolase by the DZA
analogs, the energy of binding between the analogs and
the enzyme were calculated using the MM-based approach
[35]. Each analog was docked in the AdoHcy hydrolase
active-site; the initial 3Dmodels were based on the available
crystallographic structures [28,29]. Figure 5 illustrates the
3Dmodel for the complex of NepA bound to the active site
of AdoHcy. The side-chains of AdoHcy participating in
hydrogen bonding (violet dashed lines) with NepA are
represented as sticks. With the exception of the dideoxy
deaza analogs, this hydrogen bond pattern is common for
all of the potent DZA analogs. The extensive hydrogen
bonding with the 2¢-OH and 3¢-OH of the ribose moiety can
explain the loss of activity of the dideoxy DZA analogs as
observed in Fig. 4. Thus, the difference in the potency of the
DZA analogs probably involves other factors including
hydrophobic contacts and extent of the contact surface area.
More sophisticated techniques will have to be applied to
determine their individual contribution to the strength of
binding. In addition, some analogs differ in their sugar
conformation in comparison to adenosine (Fig. 1).

Two simplemodels, a basic and extended, were developed
for calculating the energy of binding for the DZA analogs.

Basic model. For the basic model, which lacks the solvent
effects, a good linear correlation was found between the
calculated binding energies (kcalÆmol)1) and the log of theKi

values for hydrolase inhibition (Fig. 6, bottom). A
regression coefficient of r2 ¼ 0.93 was obtained for
AdoHcy hydrolase inhibition. When the protein energy

Fig. 4. Correlation between the Ki values for the inhibition of human

placental AdoHcy hydrolase and the log of the IC50 values (Table 1) for

the inhibition of p24 antigen by HIV-1 isolates A012 and A018 in PHA-

stimulated PBMC. Dashed lines denote the 95% confidence limit.
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was averaged for all the compounds, an r2 ¼ 0.93 was
obtained. In comparison, an r2 ¼ 0.89 was found for a
single molecule protein energy. In the latter case, DZA was
a clear outlier (not shown). However, it should be noted that
the AdoHcy hydrolase–DZA cocrystal structure was used
as a template to build the 3D models of complexes with the
remaining DZA analogs. Therefore, it was likely that the
interactions with DZA were particularly favorable, biasing
results in a direction of improved DZA binding. This effect
could be partially offset by averaging the protein energy,
which might account for the slightly better results of the
averaged model. When the correlation analysis excluded
DZA, the correlation coefficient for the averaged model
remained unchanged (r2 ¼ 0.93), whereas the correlation
for the single molecule protein energy model was
surprisingly high (r2 ¼ 0.99, data not shown).

Extended model. In the extendedmodel, the surface energy
term containing the proportionality coefficient ks ¼ )0.09
kcalÆmol)1ÆA)2 was used to account for the averaged
interactions with solvent. By this approach, the correlation
between the log Ki values of the DZA inhibitors and the
predicted binding energy decreased. When the protein
energy was averaged over all the compounds, an r2 ¼ 0.51
was obtained (not shown), while an r2 ¼ 0.86 was obtained
for a single molecule protein energy. However, the predicted
binding energies decreased dramatically from in the range
)64 to )52 kcalÆmol)1 for the basic model (Fig. 6, bottom)
to a more reasonable range of )14 to )2 kcalÆmol)1 for the
extendedmodel (Fig. 6, top), which incorporates the surface
term.

Computation of the energy of binding in the basic model
takes about 15 min for each compound on the SGI O2
workstation; an additional 2 min are required for compu-
ting the surface. Calculation of the free energy of binding,
with the free energy perturbation or thermodynamical
integration methods, would require long molecular dynam-
ics simulations, that would take at least two orders of
magnitude longer.

Discussion

The present investigations elaborate on the mechanism of
action of theDZA analogs as anti-HIV-1 agents. First, eight
adenosine analogs (Fig. 1) were examined for their inhibi-
tory effect on human placental AdoHcy hydrolase. The
ability of this and similar compounds to block both RNA
and DNA viruses has been attributed to the inhibition of
cellular S-adenosylhomocysteine hydrolase because the
enzyme is not expressed by the virus [1,9,10,18]. The order
of potency was NepA� DZNep>>DZAri� DZNAri >
DZA >> ddAdo � ddDZA � ddDZAri (Table 1). The
ddDZA and ddDZAri analogs were among the least potent
human hydrolase inhibitors. A similar rank order of
potency for NepA, DZNep, DZAri and DZA as observed
here was also found for the inhibition of AdoHcy hydrolase
from liver [27].

The same DZA analogs were then tested for their anti-
HIV-1 activities. With the exception of DZNAri, the only
compound with a secondary hydroxyl group that precludes
phosphorylation [17], NepA, DZNep, DZAri, and DZA
were all potent inhibitors of p24 antigen production by the

Fig. 6. Linear correlation between the theoretical binding energy and the

log Ki for basic model with averaged protein energy (bottom), and

extended model with single molecule protein energy (top). Dashed lines

denote the 95% confidence limit.

Fig. 5. 3D model for NepA–NAD–AdoHcy hydrolase complex. The

side-chains of AdoHcy participating in hydrogen bonding (violet

dashed lines) with NepA are represented as sticks.
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AZT-sensitive HIV-1 strains, A012 and A018 (Table 1).
The poor efficacy of DZNAri was in agreement with a
report that it was ineffective in inhibiting HIV-1 strain IIIB
in CEM cell cultures [18]. The three dideoxy compounds
also displayed poor anti-HIV-1 potency. In contrast to the
potent anti-HIV-1 activity of other types of dideoxy
nucleosides, the conversion of the DZA analogs to their
dideoxy derivatives, ddDZAand ddDZAri, did not improve
upon the anti-HIV activity of DZA or DZAri. Indeed,
ddDZA and ddDZAri were markedly less potent than their
parent compounds. The order of potency for the inhibition
of p24 antigen for either of the A012 or A018 isolates was:
DZNep � NepA >> DZAri � DZA >> ddDZAri �
ddDZA � DZNAri � ddAdo.

A linear correlation was established between the log
IC50 values for inhibition of p24 antigen production by
both HIV-1 A012 and A018 isolates in PBMC and the
log Ki values for inhibition of human placental AdoHcy
hydrolase (Fig. 4). The coefficient of correlation (r2) was
0.9 for both A012 and A018 strains when DZNAri was
excluded from the analysis. In comparison, the r2 value
was reduced to 0.8 when DZNAri was included in the
linear regression analysis. DZNAri was the only com-
pound to fall outside the 95% confidence limit for each
HIV-1 strain, and the only compound unlikely to be
phosphorylated in vitro. Thus, this result suggests an
additional requirement of the DZA analogs to exhibit
potent antiviral activity against HIV-1: there must be a
cellular processing of the DZA nucleoside analog to form
the phosphorylated analog.

AdoHcy is the most important regulator of methylation-
dependent events [1,4,39]. As the AdoMet/AdoHcy ratio
decreases (Figs 2 and 3), the inhibition of methylation
processes presumably increases. In H9 cells treated with
DZNep andDZNAri, theAdoMet/AdoHcy ratiomarkedly
decreased compared to untreated cells (Figs 2 and 3),
indicating a possible inhibition of cellular methylation(s).
Also, DZNep was more potent than DZNAri both in
inhibiting AdoHcy hydrolase (Table 1) and in decreas-
ing the AdoMet/AdoHcy ratio. In another cell system,
the AdoMet/AdoHcy ratio for DZAri has been reported to
fall between DZNep and DZNAri [3], and DZAri is
intermediate in potency in the hydrolase inhibition assay
(Table 1).

Most likely, several mechanisms contribute to the unique
antiviral activity of theDZAanalogs. AsAdoHcy hydrolase
inhibitors, DZA and DZAri have been shown to decrease
the AdoMet/AdoHcy ratio and inhibit methylation of
DNA, RNA, protein, lipid, and small molecules, and affect
cell gene activation [40–44]. The replication of influenza
virus was affected differentially by NepA and DZA; NepA
apparently perturbed viral transcription by a mechanism
not involving an accumulation of AdoHcy [45].

The difference in the anti-HIV-1 efficacy of DZAri and
DZNAri can be explained, at least partly, by a difference in
their metabolism. DZNAri should be resistant to adenosine
deaminase because it also contains the 3-deaza-adenine
moiety [1]. Unlike DZAri or DZNep, which undergoes
phosphorylation at the 5¢ position [10], DZNAri contains a
secondary hydroxyl group and is not a substrate for cellular
kinases [17]. It has been shown that several DZA analogs
could be converted to their nucleotide derivatives

[5,10,12,14], although the cellular kinases involved have
not been completely elucidated. It has been reported that
DZA is capable of being phosphorylated by rat liver
5¢-nucleotidase [14]. Although nucleotides of [3H]DZNep
incubated similarly with this partially purified enzyme were
not detected in our studies, H9 cell supernatants yielded the
DZNep nucleotides (not shown). Also, it was reported that
the RBR-1 CHO cell line, deficient only in adenosine kinase,
failed to phosphorylate NepA [11]. Our results (Table 2)
demonstrated that AA-2 cells, verified to be deficient in
adenosine kinase, exhibited no decrease in the phosphory-
lation of either [3H]DZNep or [3H]DZAri. Therefore, part
of the mode of action of these analogs might be similar to
that of AZT, which is converted by cellular kinases to AZT
triphosphate, and then suppresses HIV-1 replication by
inhibiting viral reverse transcriptase, inducing chain ter-
mination, and perhaps by interacting with other viral
enzymes such as integrase or perturbing host metabolism.
The cytotoxic effects of these nucleosides have been
suggested to be a result of nucleotides formed by cellular
kinase(s) [15], and also functional AdoHcy hydrolase is
necessary for survival, as demonstrated by mouse embryo
death after deletion of the AdoHcy hydrolase gene [46]. We
have shown that DZAri and DZNep could undergo
anabolic phosphorylation in cells that are TK, or AK and
dCK deficient (Table 2). As the kinases that phosphorylate
the deaza- compounds (i.e. the sequence of mono-, di-, and
finally tri-phosphate) remain to be elucidated, it is also not
known whether the different rates of anabolic phosphory-
lation of each deaza-analog contribute to their anti-HIV
activity. Indeed, the ratio of DZAri nucleotides (mono/di/
tri) were not equimolar to those observed for DZNep (not
shown).

Our results presented here implicate a dual mechanism by
which the deaza-analogs, with the exception of DZNAri,
inhibit p24 antigen production. For instance, both DZA
and DZAri exhibit similar anti-HIV potency (Table 1), but
DZAri is a more potent hydrolase inhibitor. These results
may reflect the efficiency of the phosphorylation process in
different cells, the potency of the respective phosphorylated
analogs, the direct inhibition of AdoHcy hydrolase by
DZAri or DZA, and the inhibition of AdoMet-dependent
methyltransferases by DZAHcy formed by conjugation
with cellular homocysteine, which may not occur to the
same extent with DZAri. While some of the DZA
compounds are potent AdoHcy hydrolase inhibitors
(Table 1), they are also phosphorylated to nucleotides in
cells (with the significant exception of DZNAri). However,
there has been no evaluation of the effect of the phosphate
analogs of DZA-nucleotides as substrate or inhibitors of
ATP:L-methionine-S-adenosyltransferase (AdoMet synthe-
tase). It can not be predicted whether deaza-nucleotides
would alter AdoMet synthetase activity based on the
potency of ATP and ADP derivatives to act as substrates
or inhibitors of AdoMet synthetase [47], and that adenine
and ribose moieties have minor contacts compared to the
phosphate groups with the enzyme active site [48,49]. As
DZAri has been shown to inhibit AdoMet decarboxylase in
HeLa cell extracts [50], it is likely that other DZA analogs
also affect the AdoMet decarboxylase. This enzyme pro-
vides decarboxylated AdoMet, an essential precursor to
all polyamine biosynthesis. Finally, monophosphates have
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been reported to bind to and inactivate S-adenosylhomo-
cysteine hydrolase, although the potency was significantly
decreased over that of the parent nucleoside [51]. Thus,
there could be a more complex synergistic interaction (than
proposed here) between a DZA analog, its nucleotide(s),
methionine-S-adenosyltransferase, AdoHcy hydrolase, and
other AdoMet related cycles such as polyamine biosynthe-
sis. It is possible that all these interactions contribute to the
antiviral potency of the deaza-analogs.

During the past 6 years, several structures of human and
rat AdoHcy hydrolase have been solved and a detailed
catalytic mechanism proposed [28,29,52–54]. Comparison
of AdoHcy hydrolase complexes with adenosine [29],
3¢-oxo-adenosine [54], 2¢-hydroxy,3¢-ketocyclopent-4¢-enyl-
adenine [28], and D-eritadenine [53] revealed the common,
single binding mode and showed that the active site is
relatively rigid in nature. Taking into account these
observations, the currently available AdoHcy hydrolase
structures provide a very good basis for modeling other
adenosine analog complexes.

To provide a tool for the fast and effective screening of
new adenosine derivatives for AdoHcy hydrolase inhibi-
tion, two theoretical, QSAR-like, models for predicting
binding energies were developed here, based on the linear
interaction energy approach. Both models allowed for
reasonably accurate estimations of potency of inhibition
for experimentally tested adenosine analogs, notwithstand-
ing the small differences between the ligands. In compar-
ison to the more sophisticated and accurate free energy
methods that are computationally very intensive, our
approach is very fast, and practical applications are not
limited by computational costs. To even further simplify
this methodology and reducing the most computationally
demanding step of this procedure, a charge equilibration
estimation was used instead of computing electrostatic
potential charges with quantum-mechanical methods. The
excellent correlation of the calculated binding energies
with the experimental data suggests that these models can
be used for effective screening of new adenosine analogs
with similar binding modes. Thus, more potent AdoHcy
hydrolase inhibitors could be predicted. In the basic
model, all solvent effects were neglected; nevertheless, this
approach gave excellent correlations with experimental
AdoHcy hydrolase inhibition. However, the estimated
binding energies are nonphysically large when comparing
to realistic free energy values. There are two major
sources for this discrepancy. One can be related to the
neglected interactions of the molecular system with the
solvent, another to lack of the scaling applied in the linear
interaction energy model, where the resulting energies are
scaled between 0.144 and 0.5, depending on the model
variant and type of interactions. The extended model was
introduced to find out if addition of the term, propor-
tional to the surface, that mimics interactions with the
solvent, could improve the results. In this model predicted
binding energies improved significantly, but the correla-
tion between the Ki for AdoHcy hydrolase inhibition and
the binding energy was reduced in the averaged model.
Therefore, it can be concluded that discrepancies between
a realistic energy scale and results obtained with the basic
model are due to the lack of the scaling and interactions
with the solvent. Nevertheless, the basic model, which

does not contain any adjustable parameters, can be used
for predicting relative binding affinities for a series of
compounds.

Recently, the crystal structure of AdoHcy hydrolase
complexed with NepA andNADmolecules was solved [19],
enabling a rigorous verification of our modeling approach.
As assumed in our study that analyzed adenosine analogs
bind in a single, well defined conformation, the binding of
NepA [19] and 2¢-hydroxy,3¢-ketocyclopent-4¢-enyladenine
[28] in a tight binding pocket of AdoHcy hydrolase are
virtually identical. The superposition of all Ca atoms of the
modeled and the experimental structure of NepA–NAD–
AdoHcy hydrolase complexes results in rms deviation of
0.37 Å and in NepA molecules fitting almost perfectly
(Fig. 7). The active site side-chain rotamers are predicted
correctly to allow reproducing all the protein–ligand
interactions. The main difference comes from the position
of O5¢ of NepA that in the modeled structure makes a
relatively weaker hydrogen bond with the Asp131 side chain
than in the crystal structure. Confirmation of the correctness
of our molecular mechanics based model for the enzyme–
NepA complex by the crystallographic studies makes it
reasonable to expect that the remaining AdoHcy hydrolase-
adenosine analog complexes were also modeled correctly.

In conclusion, the DZA analogs could exert their anti-
HIV-1 effect via a combination, at the very least, of 3-deaza-
nucleotides, that might inhibit reverse transcriptase or
integrase, and the inhibition of viral or cellular methylation
reactions. Elucidation of the cellular phosphorylation
pathway could result in the enzymatic synthesis of the
nucleotides, allowing direct testing of the 3-deaza-nucleo-
tides on viral and cellular enzymes. Taking into account the
importance of AdoHcy hydrolase inhibition for viral
therapy, application of our theoretical approach for the
fast and effective screening of new adenosine analogs that

Fig. 7. Comparison of 3D model and recently solved crystal structure of

NepA–NAD–AdoHcy hydrolase complex (1LI4). Active site residues

within 4 Å from NepA as well as part of NAD molecule are shown

only. AdoHcy hydrolase is colored in violet and blue, NAD in yellow

and green, NepA in red and white for the 3D model and experimental

structure, respectively.
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can be metabolically converted to their respective nucleo-
tides could result in predicting more potent antiviral agents.
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