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Enzymatic Properties of the Unnatural f-L-Enantiomers of
2',3'-Dideoxyadenosine and 2',3'-Didehydro-2',3'-dideoxyadenosine
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The g-L-enantiomers of 2',3'-dideoxyadenosine and 2',3'-didehydro-2',3'-dideoxyadenosine have
been stereospecifically synthesized. In an attempt to explain the previously reported antiviral
activities of these compounds, their enzymatic properties were studied with respect to adenosine
kinase, deoxycytidine kinase, adenosine deaminase, and purine nucleoside phosphorylase.
Adenosine deaminase was strictly enantioselective and favored -p-ddA and §-p-d,A, whereas
adenosine kinase and purine nucleoside phosphorylase had no apparent substrate properties
for the p- or L-enantiomers of g-ddA or g-d;A. Human deoxycytidine kinase showed a
remarkable inversion of the expected enantioselectivity, with -L-ddA and 3-L-d,A having better
substrate efficiencies than their corresponding §-p-enantiomers. Our results demonstrate the
potential of 5-L-adenosine analogues as antiviral agents and suggest that deoxycytidine kinase
has a strategic importance in their cellular activation.

Introduction

Until recently, it was generally assumed that enzymes
catalyzing the transformation of nucleoside analogues
are enantioselective and preferred natural p-enanti-
omers as substrates. Consequently, some of these
enzymes have been successfully used in synthetic
organic chemistry to Kinetically resolve racemic mix-
tures of carbocyclic nucleosides or other analogues. In
these cases, enzyme catalysis favors the corresponding
p-enantiomers.1=3 However, the enantioselectivity of
these enzymes has recently been questioned and rec-
ognized as an important factor for the antiviral activity
of several L-enantiomers of nucleoside analogues.* Thus,
p-L-2',3'-dideoxycytidine (L-ddC) and j-L-2',3'-dideoxy-
5-fluorocytidine (L-FddC) are potent inhibitors of human
immunodeficiency virus (HIV) and hepatitis B virus
(HBV) replication, L-FddC being even more active and
more selective than its corresponding p-enantiomer.>~7
Two other cytidine analogues, (2R,5S)-1-[2-(hydroxy-
methyl)-1,3-oxathiolan-5-yl]cytosine (3TC) and (2R,5S)-
5-fluoro-1-[2-(hydroxymethyl)-1,3-oxathiolan-5-yl]cyto-
sine (FTC), have potent inhibition properties against
both HIV and HBV replication. 3TC has the further
advantage of being less cytotoxic than the corresponding
D-enantiomer, whereas FTC and its b-enantiomer have
similar cytotoxicities.* Unnatural enantiomers of uri-
dine analogues, 5-iodo-2'-deoxyuridine and (E)-5-(2-
bromovinyl)-2'-deoxyuridine, have been reported to be
active against herpes simplex virus type 1 (HSV-1), less
active but also less toxic than the p-enantiomers.8

To explain the observed anti-HIV activity of j-L-
nucleoside analogues, the enantioselectivity of the target
enzyme HIV-1 reverse transcriptase (RT) was first
studied. In most examined cases, the enzyme catalyzes
the incorporation of both b- and L-nucleotide analogues,
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although with markedly different rates.*® Of particular
significance was the finding that the pb- and L-enanti-
omers of ddCTP and FddCTP° have similar inhibitory
effects on HIV-1 RT, whereas 3TCTP is a stronger
inhibitor than its b-enantiomer.#* In contrast, the enan-
tioselectivities of other DNA polymerases are variable
depending on the nature of the substrate.#%11 The
enantioselectivity of the enzymes involved in the activa-
tion (mostly kinases) or deactivation (deaminases) of
nucleoside analogues has been examined in order to
obtain a complete assessment of their antiviral data.*
These enzymes apparently present strict enantio-
selectivities?2~14 except for the cellular deoxycytidine
kinase,%15 HSV-1 thymidine kinase,?1¢ and, to a certain
extent, some cellular nucleotide kinases and nucleoside
diphosphate kinases.*

In the present study, we have evaluated the proper-
ties of the L-enantiomers of two nucleoside analogues
whose p-enantiomers are known to display some anti-
viral activity: p-L-2',3'-dideoxyadenosine (2, f-L-ddA)
and p-.-2',3'-didehydro-2',3'-dideoxyadenosine (4, §-L-
d4A) (Chart 1). The enantioselectivities of adenosine
kinase, deoxycytidine kinase, adenosine deaminase, and
purine nucleoside phosphorylase, which may be impor-
tant in their metabolism and for their antiviral ef-
ficiency, were examined with respect to these nucleoside
analogues, and the enzymatic properties of the com-
pounds were compared to their antiviral activities.

Chemistry and Biological Evaluation

The synthetic strategy developed for the preparation
of f-L-ddA and fg-L-d4A is similar to that previously
mentioned in our preliminary communication.’” The
physicochemical properties of -L-ddA, 2, prepared by
our procedure were in accordance with those of samples
obtained following nonstereospecific routes.’819 Also,
the physicochemical data of g-L-d4A, 4, independent of
enantiomerism, were in agreement with those published
for its corresponding 5-p-enantiomer.18:19

The anti-HIV and anti-HBYV activities and the cyto-
toxicities of the unnatural enantiomers g-L-ddA, 2, and
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B-L-d4A, 4, as well as those of the corresponding b-
enantiomers have been previously reported.l”-2 S-p-
ddA was more active against HIV than its L-enantiomer
at least by 1 order of magnitude in all assays. In
contrast, 8-b- and -L-d4A exhibited similar and signifi-
cant anti-HIV activities as well as comparable toxicity
profiles.t”

In anti-HBV assays, 8-pD-ddA was inactive.2® Under
the same conditions, 5-L-ddA, 2, had a moderate inhibit-
ing effect with an ECsg close to 5.5 uM.2° Neither -p-
ddA or g-L-ddA exhibited cytotoxicity effects against
noninfected cells.172° On the other hand, B-L-d4A, 4, was
found to exert a more pronounced inhibition of HIV and
HBYV replications but with some concomitant cytotox-
icity.17.20

Enzymology

The antiviral activity or inactivity of L-enantiomers
of nucleoside analogues depends, at least in part, on the
enantioselectivity of cellular enzymes. To assess the
enantioselectivity of critical enzymes related to adenos-
ine derivatives, the substrate and inhibitory properties
of the b- and L-enantiomers of ddA and dsA have been
studied with respect to adenosine kinase (AK), deoxy-
cytidine kinase (dCK), adenosine deaminase (ADA), and
purine nucleoside phosphorylase (PNP). Adenosine
kinase was purified to homogeneity from bovine liver.2!
Human deoxycytidine kinase has been cloned, expressed
in Escherichia coli, and purified to functional homoge-
neity.2223 The other enzymes were from commercial
sources.

The results obtained in our substrate and inhibitory
studies with the enzymes have been summarized in
Table 1. As previously shown, -p-ddA is an extremely
poor substrate of adenosine kinase from human T
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lymphoid cells.?* Using purified bovine liver adenosine
kinase, no phosphorylation of either 3-p- or -L-ddA was
detected even at high concentration of enzyme or
substrate (up to 1 and 100 uM, respectively). Under the
same conditions, the treatment of the acid-sensitive §-b-
or B-L-d4A led only to partial depurination as expected
from previously published results,?> without apparent
formation of the corresponding monophosphates. How-
ever, the stability of d4A (T1, = 3.1 days) was sufficient
to rule out any substrate property of this compound with
respect to adenosine kinase. Finally, the 5'-phospho-
rylation of adenosine catalyzed by AK was not influ-
enced by the presence of 5-p-ddA, 5-L-ddA, §-b-d4A, and
B-L-d4A, suggesting that none of these compounds is an
inhibitor of the enzyme under the experimental condi-
tions.

Recent reports indicate that deoxycytidine kinase
catalyzes the 5'-phosphorylation of both enantiomers of
several antiviral analogues of dideoxycytidine.*615> More-
over, conflicting reports concerning the ability of this
enzyme to catalyze the phosphorylation of 5-b-ddA have
been published.26 We have therefore investigated the
enantioselectivity of dCK, and by using pure recombi-
nant human dCK, we have found that each enantiomer
of ddA or d4A is a substrate of the enzyme, albeit with
marked differences in the phosphorylation rates. Under
the assumption that the kinetics follow the Michaelis—
Menten equation, Ky, and V, parameters were mea-
sured (Figure 1) in an appropriate range of substrate
concentrations and in the presence of a relatively high
concentration of dCK owing to the fact that these
compounds are relatively inefficient substrates. The K,
constants for the two enantiomers of ddA are practically
equivalent, but the maximum rates Vy, are distinctly
different giving the S-L-enantiomer a higher substrate
efficiency than the $-p one [(Vm/Km)l/(Vi/Km)p = 8.3]
(Figure 1A and Table 1). The enantiomers of d;A
display poorer substrate properties with dCK than S-b-
and S-L-ddA (Figure 1B and Table 1). The K, values
of B-L- and S-p-d4A are higher and the substrate ef-
ficiencies 2- and 5-fold lower than for the corresponding
enantiomers of ddA. Human deoxycytidine kinase
favors the -L-enantiomer over the p-enantiomer in the
case of d4A even more than in the case of ddA since the
ratio of the substrate efficiencies of the L- to p-enanti-
omer is 24.

f-p-2',3'-Dideoxyadenosine has long been known as
a relatively good substrate of adenosine deaminase, thus
explaining the importance of the in vivo activation
process of -p-ddA to 5-b-ddAMP via g-p-ddl and S-b-
ddIMP.2728 |n contrast, we have found the unnatural
enantiomer -L-ddA, 6, to be a much poorer substrate
for calf intestine ADA than the 5-p-enantiomer. Under
our conditions, S-b-ddA (50 uM) was entirely deami-

Table 1. Substrate and Inhibition Properties of the Studied Nucleoside Analogues?

compd AK dCK ADA PNP

p-p-ddA, 1 NS, NI/Ado Km =195 uM Km =38 uM NS, NI/Ino

p-L-ddA, 2 NS, NI/Ado Km =220 uM Sb NS, NI/Ino
Ki/Ado = 120 uM

p-p—d4A, 3 NS, NI/Ado Km = 4400 uM Km = 30 uM53 NS, NI/Ino
1/Ado

B-L—d4A, 4 NS, NI/Ado Km = 620 uM Sb NS, NI/Ino
15/Ado

a S, substrate; NS, nonsubstrate; I, inhibitor; NI, noninhibitor (under the conditions reported in the Experimental Section). ? Very
weak substrate or inhibitor, precluding the determination of kinetic parameters.
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Figure 1. Substrate properties of 3-p- and -L-2',3'-dideoxy-
adenosine (A) and $-b- and -L-2',3'-didehydro-2',3'-dideoxy-
adenosine (B) with respect to human deoxycytidine kinase.

Experiments were performed as described in the Experimental
Section using a 265 ug-mL~! concentration of enzyme.

nated after 5 min, whereas -L-ddA underwent a 20%
deamination only after 3 h and with an enzyme con-
centration increased 100-fold. Similarly, g-p-dsA was
a much better substrate of ADA than the L-enantiomer.
Under the conditions reported, -p-d4A was almost
totally converted after 1 h and 3-L-d4A was deaminated
to the extent of only 5% with ADA concentration
increased 200-fold. Inhibition studies using adenosine
as the substrate showed that both -b- and g-L-ddA, or
pB-D- and B-L-d4A, are weak inhibitors of ADA, and a
relatively high inhibition constant (120 uM) was deter-
mined for S-L-ddA from the Lineweaver—Burk equation
for competitive inhibition.

Finally, the 5-p- and -L-enantiomers of ddA and dsA
were tested for their substrate or inhibitory properties
with respect to purine nucleoside phosphorylases (PNPs)
from human blood or calf spleen. Under the conditions
reported in the Experimental Section, 5-b- and 3-L-ddA
and pg-b- and p-L-dsA were neither substrates nor
inhibitors of these PNPs.

The results presented above show that the §-L- and
p-p-enantiomers of ddA are neither substrates nor
inhibitors of bovine liver AK or human blood and calf
spleen PNP. The very poor substrate property of 5-b-
ddA with regard to human AK has already been
established.?* In contrast, both -b- and S-L-ddA are
substrates for human dCK with the L-enantiomer hav-
ing a markedly higher substrate efficiency than the
pD-enantiomer. To our knowledge, this is a first dem-
onstration that the well-documented relaxation of the
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enantioselectivity of dCK toward cytidine derivatives*
can be extended also to the adenosine derivatives. In
fact, in this case, there seems to be a reversal of the
“normal” or expected enantioselectivity compared to
other metabolic enzymes which favor the natural -p-
enantiomers of nucleosides and their analogues. Both
enantiomers of ddA are poor substrates, especially 5-b-
ddA with an activity 3 orders of magnitude lower than
that of §-p-2'-deoxyadenosine under the same condi-
tions, thus explaining the conflicting reports concerning
the substrate properties of 8-D-ddA.26 The values of the
kinetic parameters suggest that both enantiomers of
ddA have about the same affinities for the enzyme and
thus that the bond-forming step is more efficient in the
case of the -L-enantiomer. Adenosine deaminase dis-
criminates -b- and fg-L-ddA, with the L-enantiomer
being a very poor substrate compared to the p-enanti-
omer. Therefore, an activation of 8-L-ddA to its mono-
phosphate via 5'-nucleotidase phosphorylation of the
corresponding inosine analogue as in the case of the
p-enantiomer?” appears unlikely. Moreover, the enzy-
matic properties of S-L-ddA with respect to dCK and
ADA are consistent with its fairly efficient conversion
to the monophosphate and its stability toward deami-
nation in cells. Preliminary results based on fluores-
cence spectroscopy demonstrate that g-L-ddATP is a
substrate of HIV-1 reverse transcriptase which catalyzes
its incorporation into DNA, albeit less efficiently than
B-D-ddATP.2® The relaxed enantioselectivities of the
viral polymerase and cellular deoxycytidine kinase with
respect to S-L-ddA are in agreement with the observed
anti-HIV activity of this compound in infected cells. This
lack of anti-HBV activities of g-pD-ddA may arise either
from an inefficient metabolism of the corresponding 5'-
monophosphate or from ineffective inhibition of the
polymerase induced by the related 5'-triphosphate
derivative.

The properties of 5-b- and -L-d4A with regard to the
studied enzymes follow the same patterns as those of
p-b- and g-L-ddA. Both enantiomers of d4A are sub-
strates of dCK and ADA, but not substrates of AK and
PNP. Our results suggest that 3-L-d4A phosphorylation
could be catalyzed by dCK in cells. In this regard, the
anti-HBV activity of S-L-d4A in infected cells!”?0 is
compatible with its substrate properties with regard to
dCK. We observed for the two enantiomers of d4A the
same tendency of dCK to favor the L-enantiomer as for
ddA, with an increased inversion of the expected enan-
tioselectivity from ddA to d4;A. The variation of dCK
enantioselectivity with respect to nucleoside analogues
appears to be a general fact and is probably related to
the particular 3-dimensional structure of the enzyme
which is not yet known. Comparative studies of the
substrate properties of the triphosphates of 5-p- and 3-L-
dsA with regard to HIV reverse transcriptase and HBV
DNA polymerase are being investigated, and these
investigations could allow the correlation of the enzy-
matic properties of g-b- and 5-L-d4A with their in vitro
antiviral activities. The very poor substrate properties
of B-L-d4A with respect to ADA make the activation of
this compound through deamination and subsequent
phosphorylation catalyzed by 5'-nucleotidase a very
unlikely process.
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Experimental Section

Chemistry. The chemical syntheses of 5-L-ddA, 2, and -L-
dsA, 4, have been reported previously in a preliminary
form.172° The compounds were characterized on the basis of
their physical properties [melting point and optical rotation:
for g-L-ddA, 2, mp 185-187 °C, [a]*’s +35.6 (c 0.9, DMSO);
for 5-L-d4A, 4, mp 189191 °C, [a]*’5 —0.24.0 (c 1.0, DMSO)]
and spectroscopic properties (UV, 'H NMR, and FAB-MS).
Their purities were ascertained by combustion analyses and
high-pressure liquid chromatography.

Biological Methods. The data concerning the anti-HIV
and anti-HBV assays on cell culture have been previously
reported.1”?0

Enzymology. 1. Enzymes. Bovine liver adenosine kinase
was purified to homogeneity using a method described previ-
ously.?r Human recombinant deoxycytidine kinase has been
produced and purified as reported.??2® Other enzymes were
purchased from Sigma: adenosine deaminase from calf intes-
tinal mucosa type VI11, purine nucleoside phosphorylases from
human blood and calf spleen, pyruvate kinase, and L-lactate
dehydrogenase. Standard conditions of enzymatic assays were
used.?2330  Kinetic and stability studies were based on
spectrometric or HPLC analysis, whereas inhibition studies
involved radiometric and spectrometric methods. Product
studies of the reaction medium with increased enzyme con-
centrations and reaction times were performed, especially with
weak substrates.

2. Kinetic Studies. Adenosine Kinase: Kinetic studies
were performed at 37 °C in a reaction medium containing Tris
HCI (100 mM, pH 7.4), KCI (100 mM), BSA (4.8 mg-mL™),
MgCl; (0.5 mM), ATP (1 mM), substrate, and AK (0.38—7.6
ug-mL™1). Kinetics were followed by HPLC analysis of the
reaction medium using a C-18 column. Elution was achieved
in 30 min with a gradient of phosphate buffer (50 mM, pH 6)
(A) and phosphate buffer (50 mM, pH 6) with 40% acetonitrile
(B) (flow rate: 1 mL-min~t). B-p-ddAMP as standard was
prepared by controlled degradation of (-b-ddATP (Sigma)
catalyzed by bovine alcaline phosphatase. HPLC analysis of
the reaction medium was performed assuming that the dif-
ferences in retention time between the nucleoside and its 5'-
monophosphate were similar in the case of ddA and dJA.
Inhibition studies were performed in the presence of adenosine
50 uM.

Deoxycytidine Kinase: Kinetic studies of the phospho-
rylation of g-b- and f$-.-ddA and fg-p- and f(-L-d.A were
performed at 37 °C using HPLC under the same conditions
as with adenosine kinase. The reaction medium contained Tris
HCI (50 mM, pH 7.5), DTT (1 mM), NaF (15 mM), MgCl, (5
mM), ATP (5 mM), an appropriate amount of dCK, and
substrate (in 20—200 uM concentrations).

Adenosine Deaminase: Assays were performed at 37 °C
in phosphate buffer (50 mM, pH 7.5) with substrate concentra-
tions in the range of 20—80 uM and with 0.01—1 unit of
enzyme depending on the substrate. HPLC analysis of the
reaction medium in the same conditions as described for
adenosine kinase was used in all cases to ensure that the sole
reaction product was the deaminated substrate. HPLC was
also used with poor substrates to detect minor quantities of
products. In inhibition studies using UV spectrometry, ad-
enosine concentration varied from 20 to 100 uM.

Purine Nucleoside Phosphorylase: Experiments were
performed at 37 °C in phosphate buffer (50 mM, pH 7.5) with
0.18 unit-mL~* enzyme from calf spleen (or 9 units-mL™*
human blood purine nucleoside phosphorylase) and the sub-
strate in 50 uM concentration. Inhibition studies were carried
out in the presence of inosine (40 xM) and inhibitor (100 uM).
The reaction medium was analyzed by HPLC in the same
conditions as described above for adenosine kinase.

Kinetic constants were measured from reciprocal plots
according to Lineweaver—Burk.
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