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In recent years, enzymatic methodology has become a standard technique for the synthesis
of a wide variety of enantiomerically pure precursors and target molecules. Reports on synthesis
of nucleosides involving glycosyl transferring enzymes (covering literature up to October 1998)
are summarized and discussed in this review. q 1999 Academic Press

INTRODUCTION

Nucleosides and their derivatives form the major components of natural products
and are involved in many different kinds of biochemical processes, notably the storage
and transfer of genetic information. Recently, several nucleosides have been found
to possess antiviral activity against HIV-I (1–5), herpes viruses, and influenza A and
B viruses. Indeed, the importance of this class of compounds is indicated by the fact
that among the eight synthetic clinically approved anti-HIV drugs, seven are nucleoside
analogs (1). In addition to the antiviral activity of nucleosides, the emergence of
antisense and antigene oligonucleotides as potential and selective inhibitors of gene
expression (6–9) has stimulated much interest in this class of compounds. Though
the number of publications dealing with the synthesis of nucleosides and their analogs
is extensive and growing at a rapid rate, two basic problems have been emphasized,
i.e., manipulation of the multiple functionalities and the absence of stereocontrol
when condensing a 2-deoxy carbohydrate with a nucleobase (10). Enzymes have been
widely used in synthetic manipulations on carbohydrates (11), but these reagents have
not much been exploited in carrying out similar manipulations for stereocontrolled
synthesis of nucleosides (12). A brief review on enzyme-mediated synthesis of nucleo-
sides has appeared as part of a general review on “Enzyme Catalysis in Synthetic
Carbohydrate Chemistry” in 1991 (11). Again, an overview on the use of enzymatic
methods for the synthesis of antiviral nucleosides has been published by Hutchinson
(4) in 1990. No exclusive, updated review has thus far been published covering all
the aspects of glycosyl-transferring enzyme-mediated synthesis of nucleosides, which
has encouraged us to write this review. This review covering literature reports up to
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October 1998 focuses mainly on the synthesis of nucleosides mediated by glycosyl
transferring enzymes, together with interesting examples of nucleoside modifications
and resolution of enantiomeric mixtures of biologically active carbocyclic nucleo-
side analogs.

GLYCOSYL TRANSFER REACTIONS

Synthesis of nucleosides has been achieved by various chemical methods (13,14).
However, chemical synthesis often involves difficult and time-consuming multistep
processes, i.e., suitable protecting groups are often required on the heterocyclic base
and/or on the sugar residue to allow modification of naturally occurring nucleosides.
These protecting groups must be removed at a later stage resulting in an overall lower
yield. Other problems often faced during nucleoside synthesis include control of
configuration at the anomeric center and the regioselective glycoside formation at
one of several possible nucleophilic positions in the heterocyclic bases. The enzymatic
syntheses of both natural and unnatural nucleosides reported in recent years offer
advantages over the chemical methods, as protecting groups are not usually required
and highly stereospecific reactions occur. Two main classes of enzymes, nucleoside
phosphorylases and N-deoxyribosyltransferases, have mainly been used in the synthe-
sis of nucleosides by mediating the transfer of glycosyl residues to acceptor bases.
In addition, an immobilized enzyme from thymine-dependent Escherichia coli mutant
cells and phosphopentomutase coupled with nucleoside phosphorylase have proven
successful.

Glycosyl Transfer Reactions Catalyzed by Nucleoside Phosphorylases

Nucleoside phosphorylases catalyze the reversible phosphorolysis of ribo- and
deoxyribonucleosides leading to a-D-ribose- or deoxyribose-1-phosphate (R-1-P) with
the release of a nucleobase (15). The presence of another nucleobase results in the
formation of a new nucleoside; both pyrimidine and purine nucleoside phosphorylases
are known. The overall result of nucleoside phosphorylase catalysis is the transfer of
the ribose or the deoxyribose moiety of a readily available nucleoside to different
purine or pyrimidine nucleobases or analogs thereof through the intermediacy of R-
1-P. These transformations have either been accomplished by employing isolated
enzymes (16) or whole cells of microorganisms containing high percentages of the
required enzyme (17–21). The deleterious effect of the other enzymes present in
whole cells can be neutralized by conducting the reactions at 608C, a temperature at
which the nucleoside phosphorylases maintain more than 70% of their activities
(22,23).

Two basic procedures have generally been employed to carry out the glycosyl
transfer reactions in the presence of nucleoside phosphorylase:(a) isolation of R-1-P
and its subsequent use as a glycosyl donor to acceptor nucleobases (Scheme 1)
(24,25), and (b) exchange of one nucleobase for another in one-pot procedures in the
presence of a catalytic amount of inorganic phosphate (Scheme 2). Sometimes, the
released nucleobase from the glycosyl donor binds more strongly with the enzyme
than the acceptor base, which results in competitive inhibition (26). The problem of
inhibition can be solved by using a coupled enzymatic system, e.g., pyrimidine and
purine nucleoside phosphorylase together with a pyrimidine nucleoside as the glycosyl
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SCHEME 1

donor and a purine base as the acceptor, since the released pyrimidine base does not
inhibit the purine nucleoside phosphorylase (Scheme 3) (27–30).

Hennen and Wong (31) have used activated purine derivatives, prepared by alkyl-
ation at N-7 as the glycosyl donor to carry out direct purine to purine exchange
reactions without isolation of R-1-P, particularly suitable alkylated nucleosides are
methyl nucleosides. The liberated N-7-methyl purines precipitate out of the solution
and the reaction is almost irreversible. The effectiveness of this approach was demon-
strated by a one-pot synthesis of virazole, a broad spectrum antiviral agent using 7-
methylguanosine as glycosyl donor and 1,2,4-triazole-3-carboxamide (TCA) as an
acceptor base (31).

SCHEME 2
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SCHEME 3

Nucleoside phosphorylases have been found to accept a wide range of nucleoside
analogs as substrates with modifications in both the base and the glycosyl components.
Table 1 summarizes the synthesis of nucleosides with natural and modified purine
and pyrimidine bases, while Table 2 gives the synthesis of nucleosides with modified
glycosyl moieties. Most of these reactions have been carried out in one-pot without
isolation of the intermediate sugar phosphate, although involvment of the sugar
phosphate intermediate has been shown (22,32). The use of unnatural nucleobases
has met with much success and a variety of 3-deazapurine nucleosides have been
synthesized by transfer of the pentosyl moiety from appropriate pyrimidine nucleoside
in the presence of a coupled enzymatic system (27). With most of the 3-deazapurines,
the products obtained were pentosylated exclusively at the 1-position. Some of the
nucleobases containing an azido group at the 4-position afforded 1- and 3-glycosylated
isomers (27). 3-Methylguanine does not act as a substrate for purine nucleoside
phosphorylase (33).

Mikhailopulo et al. (34) have used whole cells (E. coli BMT-1D/1A) which contain
a highly active purine nucleoside phosphorylase for transferring the pentosyl moiety
from guanosine or 28-deoxyguanosine to 1- and 3-deaza and 1,3-dideazapurines and
proved that N-1 or N-3 are not essential for transglycosylation. Whole cells of various
bacteria (including Enterobacter aerogenes, Escherichia coli, Erwinia herbicola, and
Aeromonas salmonicida), containing high percentage of nucleoside phosphorylase are
capable of transferring the arabinofuranosyl moiety from arabinofuranosyluracil to
adenine (17). Kalinichenko et al. (35) have used a suspension of glutaraldehyde
treated E. coli BM-11 cells in potassium phosphate solution for the synthesis of an
anti-herpes drug, brivudin [(E )-5-(2-bromovinyl)-28-deoxyuridine] using 28-deoxy-
guanosine or thymidine as glycosyl donor and (E )-5-(2-bromovinyl)uracil as the
acceptor. Of the 424 strains of microorganisms belonging to 39 genera examined,
Bacillus megaterium AJ 3284 was identified as the best candidate for transferring
the ribosyl moiety from adenosine to 1,2,4-triazole-3-carboxamide for the synthesis
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TABLE 1

Nucleoside Phosphorylase Catalysed Glycosylation of Various Heterocycles
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TABLE 2

Nucleoside Phosphorylase Catalysed Synthesis of Sugar Modified Nucleosides
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of ribavirin/virazole (1-b-D-ribofuranosyl-1,2,4-triazole-3-carboxamide) (36). In addi-
tion to nucleosides, nucleotides can also act as pentosyl donors and various purine
ribo- and deoxyribonucleotides have been synthesized by transferring the pentosyl
moiety from ribo- and deoxyribonucleotides to purine bases in the presence of washed
cells of Aerobacter aerogens and Escherichia coli var. communior (37).

The synthesis of sugar modified nucleosides has been carried out by the use of
modified glycosyl donors. Arabino- (17,20) and 28-amino-28-deoxyribonucleosides
(38,39) have been obtained enzymatically in good yields, although the synthesis of
38-amino-28,38-dideoxy-5-halouridine from 38-amino-28,38-dideoxythymidine and the
corresponding 5-halouracil in the presence of thymidine phosphorylase afforded very
low yield (40). Zaitseva et al. (41) have synthesized 38-amino-28,38-dideoxyadenosine
and 38-amino-28,38-dideoxyguanosine from the corresponding thymidine or uracil as
glycosyl donor and adenine or guanine, respectively, as acceptor in the presence of
glutaraldehyde-treated cells of E. coli BM-11 in acceptable yields. The low yields
obtained in all these reactions involving the synthesis of 38-amino-28, 38-dideoxyribo-
nucleosides may be due to the absence of the 38-hydroxy group which is important
in the binding of substrates to the enzyme (42). Various 28, 38-dideoxy-3-fluororibo-
nucleosides of purines have been synthesised in good yields by glycosyl transfer from
28,38-dideoxy-38-fluorouridine to different 2-, 6-, and 8-substituted purines in the
presence of purified purine nucleoside phosphorylase and thymidine phosphorylase
(43). Recently, Fathi et al. (44) have used nucleoside phosphorylase for the synthesis
of a wide range of 28,58-dideoxynucleosides, including 6-substituted purine, pyra-
zolo[3,4-d] pyrimidine and 1-deazapurine derivatives and have evaluated their
specificity toward cleavage by bacterial versus mammalian purine nucleoside
phosphorylases.

Recently, nucleoside phosphorylases have been used for the synthesis of nucleosides
with modifications, both in the sugar and base moieties by using sugar modified
glycosyl donors and modified nucleobases as acceptors. Thus, Chae et al. (45) have
synthesized 28,58-dideoxy-6-thioguanosine and 58-deoxy-6-thioguanosine using 28,58-
dideoxythymidine and 58-deoxyadenosine as glycosyl donors and 6-thioguanine as
acceptor base in the presence of purine and pyrimidine nucleoside phosphorylases.
They have also synthesized 28,58-dideoxy-6-mercaptopurine riboside and 58-deoxy-
6-mercaptopurine riboside by using 6-mercaptopurine nucleobase instead of 6-thiogua-
nine as the acceptor base.

Glycosyl Transfer Reactions Catalyzed by N-Deoxyribosyltransferases

N-Deoxyribosyltransferases present in some organisms have been employed in the
syntheses of deoxyribonucleosides and their analogs. Two types of N-deoxyribosyl-
transferases have been identified: type I enzymes catalyze the transfer of 2-deoxyribose
between two purine bases and type II catalyze the transfer of 2-deoxyribose between
pyrimidine or purine bases (46). N-Deoxyribosyltransferases provide an alternative
to the nucleoside phosphorylases and are highly regioselective (N-1 glycosylation in
pyrimidines and N-9 in purines), as well as stereoselective (b-anomers are exclu-
sively formed).
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Both purified and crude extracts of N-deoxyribosyltransferases have been employed
for nucleoside synthesis and a reasonable amount of variation in the donor nucleoside
and acceptor heterocyclic base is tolerated (Table 3). Holguin-Hueso and Cardinaud
(47) have synthesized 9-(28-deoxy-b-D-ribosyl) xanthine in 80% yield for the first
time by using thymidine as the glycosyl donor and xanthine as acceptor in the presence
of N-deoxyribosyltransferase extracted from Lactobacillus helveticus. A crude enzyme
preparation from L. leichmanii has been used for the transfer of 2-deoxyribose from
thymidine to 1-deazapurine (48) and 4(5)-imidazolecarboxamide (49) leading to 9-
(28-deoxy-b-D-ribofuranosyl)-1-deazapurine in 76% yield and 1-(28-deoxy-b-D-ribo-
furanosyl)imidazole-4-carboxamide in 56% yield, respectively.

A series of 38-azidopurine nucleosides have been synthesised by glycosyl transfer
from 38-azido-38-deoxythymidine (AZT) to various substituted purines in the presence
of a cell free extract of E. coli (50). Syntheses of 28,38-dideoxynucleosides have been
carried out with the N-deoxyribosyltransferase either from L. helveticus or from L.
leichmanii. Both purine and pyrimidine 28,38-dideoxynucleosides are substrates for
the enzyme and a variety of substituted purines have been used as acceptors for
the synthesis of 28,38-dideoxynucleosides (51–53). Carson and Wasson (51) have
demonstrated that N-deoxyribosyltransferase is stable at 508C for at least 2 h and the
transfer reaction from 28,38-dideoxyribosyl nucleoside as a donor proceeded faster at
this temperature than at 378C. It has also been noticed that 28,38-dideoxyribosyl
transfer proceeds faster than 28-deoxyribosyl transfer under comparable conditions
(51). A series of 38-azido-28,38-dideoxyribonucleosides containing 2-amino-6-substi-
tuted purines have been synthesized by transfer of the 3-azido-2,3-dideoxyribosyl
moiety from AZT to a series of 2-amino-6-substituted purine bases in the presence
of N-deoxyribosyltransferase expressed in E. coli (54). These results are in contrast
to those of Carson and Wasson (51) who failed to isolate any product by using AZT
as deoxyribosyl donor and adenine as acceptor in the presence of N-deoxyribosyltransf-
erase purified from L. helveticus. Recently, Koszalka et al. (55) have extended the
scope of the use of the N-deoxyribosyltransferase for the synthesis of nucleosides
bearing thiosugars. Thus, a series of virucidal nucleosides have been synthesized by
thioglycosyl transfer from 28-deoxy-48-thiouridine to 6-substituted 2-aminopurines in
the presence of N-deoxyribosyltransferase. The preparation of nucleosides by the
deoxyribosyltransferase method is well suited for the preparation of radiolabeled
compounds and a crude enzyme preparation from L. helveticus has been used to
synthesize 2-[14C]-28-deoxyribofuranosyl-5-trifluoromethyluracil (56) and [28,38-3H]-
28,38-dideoxyribofuranosylpurines (51). Smar et al. (57) found that D-ribal serves as
a substrate for N-deoxyribosyltransferase and incubation with adenine or other purines
or pyrimidines led to the formation of the corresponding 28-deoxyribonucleosides
(Scheme 4). In the absence of nucleobases, the enzyme caused hydration of D-ribal
leading to the formation of 2-deoxyribose. It has been found that the 28-deoxyribosyl-
transferase (EC 2.4.2.6 transferase) has tolerance for the base 1,2,4-triazole-3-carboxa-
mide and the glycosyl donor, 28-deoxy-28-fluorouridine, thus providing an efficient
synthetic route to the preparation of analogs of ribavirin, i.e., 28-deoxy-28-fluororibavi-
rin (58) (Table 3). This enzyme may find applications in the synthesis of various
analogs of ribavirin for the evaluation of their antiviral activity.
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TABLE 3

N-Deoxyribosyltansferase Catalysed Synthesis of Nucleosides
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SCHEME 4

Glycosyl Transfer Reactions Catalyzed by Immobilized Enzymes

Holy and Votruba (59) have used immobilized bacterial cells (a thymine-dependent
mutant of E. coli encapsulated in permeable alginate gel) to carry out a transdeoxyribo-
sylation reaction. Several purine and pyrimidine nucleosides were prepared using 28-
deoxyuridine as glycosyl donor and substituted purine and pyrimidine bases as ac-
ceptors in 11–75% yield. The advantages of immobilization of bacterial cells are that
they can be stored in cold for several days without any apparent loss of catalytic-
activity and can be used repeatedly (3–4 times) for the same reaction. The biocatalyst
looses its regioselectivity when ethyl 5-amino-imidazole-4-carboxylate is used as
glycosyl acceptor and 28-deoxyuridine as donor leading to two isomers, i.e., ethyl 5-
amino-1-(2-deoxy-b-D-erythro-pentofuranosyl) imidazole-4-carboxylate (18%) and
ethyl 4-amino-1-(2-deoxy-b-D-erythro-pentofuranosyl) imidazole-5-carboxylate
(35%) (60). Additionally, the immobilized cells have also been used for the transfer
of 2,3-dideoxyribofuranosyl moiety of 28,38-dideoxyuridine to 6-methylpurine (61)
(Table 4).

Glycosyl Transfer Reactions Catalyzed by Phosphopentomutase Coupled with
Nucleoside Phosphorylase

A new route to enzymatic synthesis of nucleosides involves the coupling of nucleo-
side phosphorylase with phosphopentomutase (Scheme 5). This approach has the
advantage that the used pentose-5-phosphate (R-5-P) is easier to prepare and is more
stable than a-pentose-1-phosphate (R-1-P). R-1-P is generated in situ from R-5-P,
which then serves as a substrate for the nucleoside phosphorylase. The process,
however, is limited by the specificity of the mutase. Initial studies indicate that the
enzyme accepts D-ribose-5-phosphate and D-arabinose-5-phosphate as substrates in
addition to its natural substrate 2-deoxyribose-5-phosphate (62). Thus, synthesis of
a variety of ribo-, arabino-, and 28-deoxyribonucleosides have been achieved by the
use of phosphomutase coupled with thymidine or purine phosphorylase (62). Recently,
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TABLE 4

Nucleoside Synthesis Catalysed by Immobilised Bacterial Cells

SCHEME 5

Tolbert and Williamson (63) have synthesized different deuterated nucleoside mono-
phosphates, e.g., adenosine-, guanosine-, uridine-, and cytidine- 38,48,58,58-d4 58-
triphosphates, by coupling of 5-phospho-D-ribosyl-a-1-pyrophosphate (PRPP) with
corresponding nucleobases in the presence of nucleoside phosphoribosyltransferases.
The PRPP, in turn is synthesized from D-ribose-3,4,5,5-d4 by the mediacy of five
different enzymes, phosphoglycerate mutase, enolase, pyruvate kinase, myokinase, and
PRPP-synthetase. The developed strategy can successfully be used for the synthesis of
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deuterated nucleoside triphosphates in high yields which find application in 1H NMR
study of RNAs when introduced in RNA-sequence. Barai et al. (64) have prepared
natural ribonucleosides by hydrolysis of RNA using alkaline phosphatase present in
intact Spicaria violacea BM-105 D mycelium as a biocatalyst in the key step.

MISCELLANEOUS REACTIONS

In addition to the protecting group transformations and glycosyl transfer reactions,
enzymatic catalysis has also been used for the modification of base or sugar moieties
and for resolution of enantiomeric mixtures of biologically active nucleoside analogs.
Adenosine deaminase (ADA) catalyzes the conversion of adenosine into inosine and
is physiologically important in purine metabolism. Taking advantage of this natural
process, ADA has been applied in the syntheses of guanosine and inosine nucleosides
from the corresponding 2,6-diamino- or 6-aminopurine nucleosides, respectively
(Scheme 6) (65,66). The adenosine deaminase specifically catalyzes the oxidation of
a particular amino group present in the base moiety of the nucleoside leaving the
amino group of a 28-amino sugar moiety intact (67). ADA has also been used for
deamination of oxetanocin A (OXT-A, the first natural nucleoside having an oxetano-
syl-N-glycoside structure) to the corresponding hypoxanthine (OXT-H) analogue in
quantitative yield (68). The microorganism Nocardia interforma converts the oxeta-
nocin A to oxygenated oxetanocin A (OXT-X) via hypoxanthine analogue. The deami-
nation of 2-aminooxetanocin with ADA results in the formation of the guanine
analogue of oxetanocine A (OXT-G) (Scheme 6) (68). Margolin et al. (69) have
recently used adenylic acid deaminase (AMPDA) from Aspergillus niger in the synthe-
sis of 6-oxopurine nucleoside in quantitative yields. This enzyme possesses much
broader substrate specificity and has been used for the deamination of several deriva-
tives of adenosine, including phosphorylated, cyclic, carbocyclic, as well as acyclic
analogs on a preparative scale (Scheme 7). Along with deamination, AMPDA also
catalyzes dechlorination and demethylation of the purine ribosides and enantioselective
deamination of carbocyclic purine nucleosides to give the corresponding optically
active 6-oxopurine derivatives (69). Prodrugs, 6-substituted amino analogs of 9-(2,3-
dideoxy-2-fluoro-b-D-threo-pentofuranosyl)purines have been synthesized with the
objective of finding compounds which might be superior to existing drugs for the
treatment of HIV in the central nervous system because these compounds are intended
to be more lipophilic than the currently approved anti-HIV drugs for better blood
brain barrier penetration (70). Subsequent ADA-catalyzed hydrolysis of these prodrugs
in the brain is expected to produce the anti-HIV agent, 9-(2,3-dideoxy-2-fluoro-b-
D-threo-pentofuranosyl)hypoxanthine. This hypothesis is proved by in vitro ADA-
catalyzed hydrolysis of 6-substituted amino analogs at prodrug concentration (50
mM) (70).

Recently, Wang et al. (71) have screened different esterases/lipases from thermo-
philic enzyme library CloneZyme (ESL-001) developed by Diversa Corp. (San Diego)
for the selective deacylation of one diastereomer of biologically active a-L-talo-
and b-D-allofuranosyluronamide uracil and a-L-talo- and b-D-allofuranosyluronamide
hypoxanthine derivatives. One of the thermophilic CloneZymes, i.e., ESL-001-02 has
been found to be highly diastereoselective. Thus, incubation of 1-(28,38-O-isopropyli-
dene-58-O-acetyl(a-L-talo- and b-D-allo)furanosyluronamide)uracil with CloneZyme
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SCHEME 6
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SCHEME 7
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ESL-001-02 in phosphate buffer at 608C afforded a-L-talofuranosyluronamide uracil
in quantitative yield and in 100% de leaving behind 58-O-acetyl-b-D-allofuranosyluro-
namide uracil of 100% de (Scheme 8). Similarly, 6-N-butyryl-9-(28,38-O-isopropyli-
dene-58-O-butyryl-(a-L-talo- and b-D-allo)furanosyluronamide)adenine have also
been resolved by CloneZyme ESL-001-02 (Scheme 8).

The classical synthetic methods for preparation of carbocyclic nucleosides or their
corresponding carbocyclic analogs resulted in the formation of racemic mixtures. It
is assumed that the biological activities reported for the nucleosides or carbocyclic
nucleosides are most likely due to the enantiomer that is analogous to the naturally
occurring b-D-nucleoside. Vince and Brownell (72) have used ADA for the preparation
of optical antipodes of carbocyclic 28,38-didehydro-28,38-dideoxyguanosine (carbovir),
a nucleoside analogue with potent anti-HIV activity. Thus, incubation of racemic 2,6-
diaminocarbovir with ADA at 258C produced levorotatory carbovir in good yield.
Treatment of the filtrate from the first reaction with additional adenosine deaminase
at 378C gave the dextrorotatory carbovir (Scheme 9). Subsequent evaluation of the
enantiomers against HIV type I revealed that the (2)-carbovir that is analogous to
the natural nucleoside (28,38-didehydro-28,38-dideoxyguanosine) showed anti-HIV
activity. The same methodology has been used for the resolution of racemic carbocyclic
inosine derivatives (73). Katagiri et al. (74) have reported that adenosine deaminase
is practically inactive when used for the deamination of carbocyclic 48,58-bis(hydroxy-
methyl)-28,38-didehydro-28,38-dideoxyadenine (BCA) at normal pressure. The deami-
nation remarkably enhanced at 4 kbar leading to the corresponding hypoxanthine
derivative in quantitative yields (Scheme 10).

Borthwick et al. (75) have synthesized racemic carbocyclic-9-(2-deoxy-2-fluoroara-
binofuranosyl)guanine and resolved the two enantiomers enzymatically to evaluate
their activity against Herpes simplex viruses 1 and 2. The racemic nucleoside was
phosphorylated using ATP and thymidine kinase isolated from Herpes simplex virus.
The racemic mixture of 58-monophosphate was hydrolysed with 58-nucleotidase iso-
lated from Crotalus atrox venom to afford the dextrorotatory nucleoside (Scheme
11). The recovered monophosphate was hydrolyzed with alkaline phosphatase to
give the levorotatory isomer. The dextrorotatory carbocyclic nucleoside, assumed to
correspond to naturally occurring guanosine was found to be approximately twice as
potent as the racemate, while the levorotatory isomer was at least two orders of
magnitude less active. Merlo et al. (76) have used a lipase from Pseudomonas cepacia
for the separation of the two enantiomers of a precursor of 58-noraristeromycin, a
potent antiviral compound. Lipases from Candida antarctica B and Pseudomonas
species have also been used for the kinetic resolution of (6)-cis-N-(benzylcarbamoyl)-
4-aminocyclopent-2-enol and its corresponding acetate by enzymatic acetylation and
deacetylation, respectively, the enantiomerically pure cyclopentane precursor was
further used for the preparation of carbocyclic nucleosides (77). The enzymes, nucleo-
side oxidase purified from Pseudomonas maltophilia LB-86 and a cell free extract
of Streptomyces citricolor have been used to carry out oxidation (78) and reduction
(79), respectively, in the sugar moiety of carbocyclic nucleosides. Liu and Wong (80)
have developed a new synthetic approach to nucleoside analogs based on enzyme-
catalyzed aldol condensation.
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SCHEME 8



A REVIEW ON ENZYME-ASSISTED NUCLEOSIDE SYNTHESIS 151

SCHEME 9

SCHEME 10

SCHEME 11
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CONCLUSION

During the past decade, glycosyl transferring enzymes have widely been used for
the synthesis of nucleosides and nucleoside analogs with modifications in both the
glycosyl and the base components. In particular, the biocatalysts offer the opportunity
to carry out highly stereoselective and regioselective synthesis of nucleosides which
could not be carried out by classical chemical techniques. However, the majority of
investigations have been carried out either with isolated enzymes or with the aid of
microorganisms containing high percentage of desired enzymes. It is believed that
more effective synthetic strategies based on the use of immobilized biocatalysts or
coupled enzymatic systems will have to be developed to cater to the growing needs
of nucleosides with antiviral activity. The applications of enzymatic methods are
most suitable for the resolution of racemic nucleosides and their analogs/carbocyclic
nucleosides to get the more active enantiomers.

ACKNOWLEDGMENTS
Our ongoing research in the field of carbohydrate modifications and nucleoside synthesis has originated

from collaborative interactions with Professor Dr. Jesper Wengel, Department of Chemistry, University
of Copenhagen, Denmark. We thank him and the Danish International Development Agency (DANIDA,
Denmark) for sponsoring our research programme involving enzymatic reactions in nucleoside synthesis/
modifications. S.T. thanks the CSIR (New Delhi, India), for financial anistance.

REFERENCES
1. Nasr, M., Litterst, C., and McGowan, J. (1990) Antivir. Res. 14, 125–148.
2. DeClercq, E. (1992) AIDS Res. Human Retroviruses 8, 119–134.
3. Schinazi, R. F., Mead, J. R., and Feorino, P. M. (1992) AIDS Res. Human Retroviruses 8, 963–990.
4. Hutchinson, D. W. (1990) Trends Biotechnol. 8, 348–353.
5. Manldin, S. C., Poget, C. J., Jones, C. D., Colacino, J. M., Baxter, A. J., Staschke, K. A., Johansson,

N. G., and Vrang, L. (1998) Bioorg. Med. Chem. 6, 577–586.
6. Uhlmann, E., and Peyman, A. (1990) Chem. Rev. 90, 543–584.
7. Wagner, R. W. (1994) Nature 372, 333–335.
8. De Mesmaeker, A., Häner, R., Martin, P., and Moser, H. E. (1995) Acc. Chem. Res. 28, 366–374.
9. Veal, G. J., Agrawal, S., and Byrn, R. A. (1998) Antivir. Res. 38, 63–70.

10. Dueholm, K. L., and Pedersen, E. B. (1992) Synthesis 1–22.
11. Drueckhammer, D. G., Hennen, W. J., Pederson, R. L., Barbas, III, C. F., Gautheron, C. M., Krach,

T., and Wong, C.-H. (1991) Synthesis 499–525.
12. Prasad, A. K., and Wengel, J. (1996) Nucleosides Nucleotides 15, 1347–1359.
13. Townsend, L. B., and Tipson, R. S. (Eds.) (1986) Nucleic Acid Chemistry, Part 3, Section 2, Wiley,

New York.
14. Walker, R. T., DeClercq, E., and Eckstein, F. (Eds.) (1979) Nucleoside Analogues: Chemistry, Biology

and Medicinal Applications, Vol. 26, NATO Advanced Studies Institutes Series, Plenum, New York.
15. Bzowska, A., Kulikowska, E., and Shugar, D. Z. (1990) Naturforsch. 45C, 59–70.
16. Krenitsky, T. A., Koszalka, G. W., Tuttle, J. V., Rideout, J. L., and Elion, G. B. (1981) Carbohydr.

Res. 97, 139–146.
17. Utagawa, T., Morisawa, H., Yoshinaga, F., Yamazaki, A., Mitsugi, K., and Hirose, Y. (1985) Agric.

Biol. Chem. 49, 1053–1058.
18. Morisawa, H., Utagawa, T., Miyoshi, T., Yoshinaga, F., Yamazaki, A., and Mitsugi, K. (1980)

Tetrahedron Lett. 21, 479–482.
19. Utagawa, T., Morisawa, H., Miyoshi, T., Yoshinaga, F., Yamazaki, A., and Mitsugi, K. (1980) FEBS

Lett. 109, 261–264.
20. Utagawa, T., Morisawa, H., Yamanaka, S., Yamazaki, A., Yoshinaga, F., and Hirose, Y. (1985) Agric.

Biol. Chem. 49, 2167–2171.



A REVIEW ON ENZYME-ASSISTED NUCLEOSIDE SYNTHESIS 153

21. Pal, S., and Nair, V. (1997) Biocat. Biotransform. 15, 147–158.
22. Utagawa, T., Morisawa, H., Yamanaka, S., Yamazaki, A., Yoshinaga, F., and Hirose, Y. (1985) Agric.

Biol. Chem. 49, 2711–2717.
23. Utagawa, T., Morisawa, H., Yamanaka, S., Yamazaki, A., Yoshinaga, F., and Hirose, Y. (1985) Agric.

Biol. Chem. 49, 3239–3246.
24. Anderson, J. D., Cottam, H. B., Larson, S. B., Dee Nord, L., Revankar, G. R., and Robins, R. K.

(1990) J. Heterocyclic Chem. 27, 439–453.
25. Ehlhardt, W. J., Wheeler, W. J., Breau, A. P., Chay, S. H., and Birch, G. M. (1993) Drug Metab.

Dispos. 21, 162–170 (Chem. Abstr. 118, 204639).
26. Utagawa, T., Morisawa, H., Yamanaka, S., Yamazaki, A., and Hirose, Y. (1986) Agric. Biol. Chem.

50, 121–126.
27. Krenitsky, T. A., Rideout, J. L., Chao, E. Y., Koszalka, G. W., Gurney, F., Crouch, R. C., Cohn, N.

K., Wolberg, G., and Vinegar, R. (1986) J. Med. Chem. 29, 138–143.
28. Krenitsky, T. A., Koszalka, G. W., and Tuttle, J. V. (1981) Biochemistry 20, 3615–3621.
29. Krenitsky, T. A., Rideout, J. L., Koszalka, G. W., Inmon, R. B., Chao, E. Y., Elion, G. B., Latter,

V. S., and Williams, R. B. (1982) J. Med. Chem. 25, 32–35.
30. Rideout, J. L., Krenitsky, T. A., Koszalka, G. W., Cohn, N. K., Chao, E. Y., Elion, G. B., Latter, V.

S., and Williams, R. B. (1982) J. Med. Chem. 25, 1040–1044.
31. Hennen, W. J., and Wong, C.-H. (1989) J. Org. Chem. 54, 4692–4695.
32. Utagawa, T., Morisawa, H., Yamanaka, S., Yamazaki, A., Yoshinaga, F., and Hirose, Y. (1985) Agric.

Biol. Chem. 49, 2425–2430.
33. Boryski, J., Ostrowski, T., and Golankiewicz, B. (1989) Nucleosides Nucleotides 8, 1271–1280.
34. Mikhailopulo, I. A., Zinchenko, A. I., Bokut, S. B., Dudchik, N. V., Barai, V. N., Kalinichenko, E.

N., Rosemeyer, H., and Seela, F. (1992) Biotechnol. Lett. 14, 885–890.
35. Kalinichenko, E. N., Barai, V. N., Bokut, S. B., Romanova, V. V., Zinchenko, A. I., Hermann, G.,

and Mikhailopulo, I. A. (1989) Biotechnol. Lett. 11, 621–626.
36. Shirae, H., Yokozeki, K., and Kubota, K. (1991) Agric. Biol. Chem. 55, 605–607.
37. Imada, A., Nogami, I., and Igarasi, S. (1966) Ann. Rept. Takeda Res. Lab. 25, 55–64 (Chem. Abstr.

66, 62801).
38. Utagawa, T., Morisawa, H., Nakamatsu, A., Yamazaki, A., and Yamanaka, S. (1980) EFBS Lett.

119, 101–104.
39. Morisawa, H., Utagawa, T., Yamanaka, S., and Yamazaki, A. (1981) Chem. Pharm. Bull. 29, 3191–

3195.
40. Krenitsky, T. A., Freeman, G. A., Shaver, S. R., Beacham III, L. M., Hurlbert, S., Cohn, N. K.,

Elwell, L. P., and Selway, J. W. T. (1983) J. Med. Chem. 26, 891–895.
41. Zaitseva, G. V., Kvasyuk, E. I., Vaaks, E. V., Barai, V. N., Bokut, S. B., Zinchenko, A. I., and

Mikhailopulo, I. A. (1994) Nucleosides Nucleotides 13, 819–834.
42. Stoeckler, J. D., Ealick, S. E., Bugg, C. E., and Parks, R. E. Jr. (1986) Fed. Proc. 45, 2773–2778

(Chem. Abstr. 106, 112975).
43. Burns, C. L., Koszalka, G. W., and Krenitsky, T. A. (1994) Chem. Abstr. 120, P29465.
44. Fathi, R., Nawoschik, K. J., Zavoda, M., and Cook, A. F. (1997) Nucleosides Nucleotides 16, 1907–

1920.
45. Chae, W.-G., Chan, T. C. K., and Chang, C.-J. (1998) Tetrahedron 54, 8661–8670.
46. Holguin-Hueso, J., and Cardinaud, R. (1975) Eur. J. Biochem. 54, 505–514.
47. Holguin-Hueso, J., and Cardinaud, R. (1972) FEBS Lett. 20, 171–173.
48. Betbeder, D., Hutchinson, D. W., and Richards, A. O’L. (1989) Nucleic Acids Res. 17, 4217–4222.
49. Pochet, S., Dugue, L., Meier, A., and Marliere, P. (1995) Bioorg. Med. Chem. Lett. 5, 1679–1684.
50. Rideout, J. L., Freeman, G. A., Short, S. A., Almond, M. R., and Collins, J. L. (1992) Chem. Abstr.

116, P84108.
51. Carson, D. A., and Wasson, D. B. (1988) Biochem. Biophys. Res. Commun. 155, 829–834.
52. Vasiloiu, R. (1991) Chem. Abstr. 115, P227097.
53. Haertle, T., Carrera, C. J., Wasson, D. B., Sowers, L. C., Richman, D. D., and Carson, D. A. (1988)

J. Biol. Chem. 263, 5870–5875.
54. Freeman, G. A., Shaver, S. R., Rideout, J. L., and Short, S. A. (1995) Bioorg. Med. Chem. 3, 447–458.



154 PRASAD, TRIKHA, AND PARMAR

55. Koszalka, G. W., Van Draanen, N. A., Freeman, G. A., and Short, S. A. (1995) Chem. Abstr.
122, P106398.

56. Heidelberger, C., Parsons, D. G., and Remy, D. C. (1964) J. Med. Chem. 7, 1–5.
57. Smar, M., Short, S. A., and Wolfenden, R. (1991) Biochemistry 30, 7908–7912.
58. Slater, M. J., Gowrie, C., Freeman, G. A., and Short, S. A. (1996) Bioorg. Med. Chem. Lett.

6, 2787–2790.
59. Holy, A., and Votruba, I. (1987) Nucleic Acids Symp. Ser. 18, 69–72 (Chem. Abstr. 107, 196438).
60. Ewing, D. F., Holy, A., Votruba, I., Humble, R. W., Mackenzie, G., Hewedi, F., and Shaw, G. (1991)

Carbohydr. Res. 216, 109–118.
61. Votruba, I., Holy, A., Dvorakova, H., Gunter, J., Hockova, D., Hrebabecky, H., Cihlar, T., and

Masojidkova, M. (1994) Collect. Czech. Chem. Commun. 59, 2303–2330 (Chem. Abstr. 123, 170044).
62. Barbas III, C. F., and Wong, C.-H. (1991) Bioorg. Chem. 19, 261–269.
63. Tolbert, T. J., and Williamson, J. R. (1996) J. Am. Chem. Soc. 118, 7929–7940.
64. Barai, V. N., Kukharskaya, T. A., and Zinchenko, A. I. (1997) Prikl. Biokhim. Mikrobiol. 33, 314–316

(Chem. Abstr. 127, 187819).
65. Kakefuda, A., Shuto, S., Nagahata, T., Seki, J-I., Sasaki, T., and Matsuda, A. (1994) Tetrahedron

50, 10167–10182.
66. Seela, F., and Kaiser, K. (1988) Chem. Pharm. Bull. 36, 4153–4156.
67. Robins, M. J., Zon, R., Hansske, F., and Wnuk, S. F. (1997) Can. J. Chem. 75, 762–767.
68. Shimada, N., Hasegawa, S., Saito, S., Nishikiori, T., Fujii, A., and Takita, T. (1987) J. Antibiotics

40, 1788–1790.
69. Margolin, A. L., Borcherding, D. R., Wolf-Kugel, D., and Margolin, N. (1994) J. Org. Chem.

59, 7214–7218.
70. Driscoll, J. S., Siddiqui, M. A., Ford, H. Jr., Kelley, J. A., Roth, J. S., Mitsuya, H., Tanaka, M., and

Marquez, V. E. (1996) J. Med. Chem. 39, 1619–1625.
71. Wang, J. -Q., Archer, C., Li, J., Bott, S. G., and Wang, P. G. (1998) J. Org. Chem. 63, 4850–4853.
72. Vince, R., and Brownell, J. (1990) Biochem. Biophys. Res. Commun. 168, 912–916.
73. Secrist III, J. A., Montgomery, J. A., Shealy, Y. F., O’Dell, C. A., and Clayton, S. J. (1987) J. Med.

Chem. 30, 746–749.
74. Katagiri, N., Shiraishi, T., Toyota, A., Sato, H., Kaneko, C., and Aikawa, T. (1993) Chem. Pharm.

Bull. 41, 1027–1029.
75. Borthwick, A. D., Butt, S., Biggadike, K., Exall, A. M., Roberts, S. M., Youds, P. M., Kirk, B. E.,

Booth, B. R., Cameron, J. M., Cox, S. W., Marr, C. L. P., and Shill, M. D. (1988) J. Chem. Soc.,
Chem. Commun. 656–658.

76. Merlo, V., Reece, F., Roberts, S. M., Gregson, M., and Storer, R. (1993) J. Chem. Soc., Perkin Trans.
1, 1717–1718.

77. Mulvihill, M. J., Gage, J. L., and Miller, M. J. (1998) J. Org. Chem. 63, 3357–3363.
78. Isono, Y., Sudo, T., and Hoshino, M. (1989) Agric. Biol. Chem. 53, 1663–1669.
79. Parry, R. J., and Jiang, Y. (1994) Tetrahedron Lett. 35, 9665–9668.
80. Liu, K. K.-C., and Wong, C.-H. (1992) J. Org. Chem. 57, 4789–4791.


