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Abstract

Microbial transglycosylation is useful as a green alternative in the preparation of purine nucleosides and analogues, espe-
cially for those that display pharmacological activities. In a search for new transglycosylation biocatalysts, two Aeromonas
hydrophila strains were selected. The substrate specificity of both micro-organisms was studied and, as a result, several
nucleoside analogues have been prepared. Among them, ribavirin, a broad spectrum antiviral, and the well-known anti
HIV didanosine, were prepared, in 77 and 62% yield using A. hydrophila CECT 4226 and A. hydrophila CECT 4221,
respectively. In order to scale-up the processes, the reaction conditions, product purification and biocatalyst preparation

were analyzed and optimized.
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Introduction

Nucleoside analogues have proved to be useful in the
treatment of viral infections and cancer (De Clercq
2005). Biocatalytic strategies that have previously
been applied for the synthesis of these molecules
include transglycosylation reactions carried out by
microbial nucleoside phosphorylases (NPs), enzymes
belonging to the transferase class (Lewkowicz &
Iribarren 2006).

In one of the earliest papers, Imada and Igarasi
(1967) reported the nucleoside phosphorylase
activity of some bacterial cell-free extracts, almost
all from Enterobacteriaceae. Nowadays, it is known
that NPs are widespread in nature due to their
essential role in purine and pyrimidine salvage
pathways.

In a typical transglycosylation, NPs used
sequentially catalyze ribosyl transfer from a pyrim-
idine nucleoside to a purine base. Several nucleo-
side analogues have been synthesized using this
reaction (Utagawa 1999; Medici et al. 2006;
Li et al. 2010) and new sources of NPs are con-
tinually being sought in order to further improve

biocatalyst performance. In this context, we have
previously reported the transglycosylation activity
of whole cells of Aeromonas hydrophila CECT 4226
for synthesis of benzimidazole riboside (Bentancor
et al. 2004).

A. hydrophila is an ubiquitous, oxidase positive,
facultative anaerobic, glucose fermenting, gram-
negative bacteria found in brackish, fresh, estuarine,
marine, chlorinated and non-chlorinated water sup-
plies worldwide (Agarwal et al. 2007). As far as we
are aware, the only previous report dealing with the
biocatalytic activity of this micro-organism used a
crude enzyme derived from A. hydrophila to produce
D-glucosamine and N-acetyl D-glucosamine from
chitin (Sashiwa et al. 2002).

In this work we have studied the substrate speci-
ficities of NPs from A. hydrophila CECT 4221
and A. hydrophila CECT 4226. The synthesis of
biologically active nucleosides like ribavirin (1-B-D-
ribofuranosyl-1,2,4-triazole-3-carboxamide) and did-
anosine (2’,3’-dideoxyinosine, DDI) was catalyzed by
these bacteria (Scheme 1) and, therefore, the optimi-
zation of these reactions was also assessed.
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Scheme 1. Synthesis of (a) didanosine; (b) ribavirin, by transglycosylation. DDI: 2°,3’-dideoxyinosine; DDU: 2’,3’-dideoxyuridine;

Hyp: hypoxanthine; TCA: 1,2,4-triazole-3-carboxamide.

Materials and methods
Chemicals and micro-organisms

Nucleosides and bases were purchased from Sigma-
Aldrich (St Louis, MO) or ICN (Ohio). The culture
media components were obtained from Merck
(Darmstadt, Germany) and Difco (Sparks, MD).
HPLC grade methanol and acetonitrile were from
Carlo Erba (Rodano, Italy) or Sintorgan (Buenos
Aires, Argentina). Aeromonas hydrophila strains were
supplied by the Coleccion Espaiiola de Cultivos Tipo
(CECT), Universidad de Valencia (Spain).

Growth conditions

Aeromonas hydrophila strains were cultured for 1 day
at 30°C in Luria Broth medium (NaCl 10 g L1,
tryptone 10 g L1, yeast extract 5 g L™1). Growth was
measured by determining the optical density at 600 nm
(equivalence: 0.4 DO units: 2 X 108 cells mL1). The
resulting cultures were centrifuged at 12 000 g
for 10 min and the resulting cell pellets used as
biocatalysts.

Standard biotransformation

A standard reaction mixture, comprised of wet cell
paste containing 1 X 1019 cells mL."!, 10 mM purine

base, 30 mM pyrimidine nucleoside and 30 mM
potassium phosphate buffer pH 7 (final volume
0.5 mL), was shaken at 200 rpm and 60°C or
45°C. Aliquots taken at 0.5, 1, 2, 4, 8, 12, 24, 48
and 72 h were centrifuged at 10 000 g for 30 s
and the supernatants analyzed by HPLC. The
products were further characterized by MS.

Analytical methods

HPLC analyses were performed in a modular Gilson
instrument (321Pump, 156 UV/VIS detector and
234 Autoinjector Series; Middleton, WI) with an
Alltech Apollo RP18 column (150 X 4.6 mm, 5 W)
(Deerfield, IL), at room temperature. Products
were eluted using water/acetonitrile or water/
methanol mixtures at a flow rate of 1 mL min™!
using authentic materials as reference standards,
when they were available.

MS analysis was carried out using a Thermo-
Finnigan LCQ Advantage Max spectrometer
(San Jose, CA) by direct injection, in positive
mode, after solid phase extraction (SPE). The
SPE was performed using a CI18 silica gel
cartridge (Phenomenex, Torrance, CA) and eluted
with 1% methanol/formic acid (70:30, v/v).
Satisfactory MS data were obtained for all
compounds.
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Synthesis of ribavirin

The reaction mixture comprised wet cell paste of
A. hydrophila CECT4226 containing 5 X 100 cells
mL™!, 30 mM 1,2,4-triazole-3-carboxamide (TCA,
13.4 mg), 30 mM uridine (29.3 mg) and 20 mM
potassium phosphate buffer pH 7 (4 mL) which was
stirred at 200 rpm and 60°C. After 26 h, the mixture
was centrifuged and the ribavirin conversion (77%)
in the supernatant was determined by HPLC using
as eluent (1) 4 min water/acetonitrile (99.4:0.6, v/v),
(2) 1 min gradient to water/acetonitrile (95:5, v/v) and
(3) 4 min water/acetonitrile (95:5, v/v) and setting the
detector at 4 = 235 nm; R, (min): uracil = 2.5; riba-
virin = 3.5; uridine = 4; TCA = 7. Finally, ribavirin
was obtained in 65% yield (14.2 mg, 99% purity
by HPLC) after purification from the supernatant
using first a variable volume column (10 X 200 mm,
Kontes Flex-Column, Vineland, NJ), containing C18
silica gel (10 g, Phenomenex, Torrance, CA) eluting
successively with five volumes of H,O, acetonitrile 5%
and 10%. The fractions containing TCA and ribavirin
were further purified by normal flash chromatography
with methanol:chloroform 20:80 v/v.

Synthesis of didanosine

The reaction mixture comprised wet cell paste of
A. hydrophila CECT4221 containing 3 X 100 cells
mL!, 10 mM hypoxanthine (6.8 mg), 30 mM dide-
oxyuridine (31.8 mg) and 30 mM pH 7 potassium
phosphate buffer (5 mL) which was stirred at 200
rpm and 45°C. After 16 h, the mixture was centri-
fuged and DDI conversion (62%) was determined
by HPLC using water/acetonitrile (92.5:7.5 v/v) as
eluent and setting the detector at A = 248 nm;
R (min): uracil = 1.8; dideoxyuridine = 2.2; hypox-
anthine = 4.8; didanosine = 6.3. Finally, DDI was
obtained in 58% yield (7.1 mg, 99% purity by
HPLC) after purification from the supernatant using
a variable volume column (10 X 200 mm, Kontes
Flex-Column), containing C18 silica gel (10 g, Phe-
nomenex) eluting successively with five volumes of
H, 0, acetonitrile 2%, 10% and 50%.

A. hydrophila tmmobilization

The pellet, prepared as above described, was mixed
with previously sterilized agarose (3 mL, 2% (w/v)).
Then, the mixture was slowly added to stirred sun-
flower oil (10 mL) at 25°C for 5 min. The resulting
gel beads (mean diameter 3.5 mm) were cooled,
filtered, washed with hexane and then with physio-
logical solution, to obtain solvent-free beads. They
were used directly as the biocatalyst (catalyst load:
2.9 X 1010 cells g1).
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Results
Substrate specificity of A. hydrophila strains

Several natural and unnatural pyrimidine nucleosides
and purine bases were used as starting materials
for transglycosylation biocatalyzed by two previously
selected A. hydrophila strains (CECT 4226 and 4221)
(Tables I-IIT). All biotransformations were performed
using the standard methodology and the products
were characterized by HPLC when commercial
reference materials were available or by MS in the
case of non-commercial products (2’-deoxyribavirin
M/Z*!1 = 231.2; 2-fluoradenine-2’-deoxyriboside
M/Z*! = 270.1; 2-amino-6-chloropurine-2’-deoxy-
riboside M/Z*! = 302.2; 2-fluoradenine riboside
M/Z*1 = 286.1; 2-amino-6-methoxypurine riboside
M/Z*! = 298.5; 6-mercaptopurine riboside M/Z*!
= 285.2; 8-azaguanosine M/Z*! = 258.5; 6-iodopu-
rine riboside M/Z'! = 369.4; 6-methoxypurine
riboside M/Z*! = 286.3).

The base specificity in the synthesis of ribosides
was studied initially with A. hydrophila CECT 4226
using uridine and different purine bases as sub-
strates (Table I). The presence of substituents in the
purine ring was necessary for biocatalyst activity
since no transglycosylation was observed starting
from purine alone (Table I, entry 14). Unexpect-
edly, among the 6-substituted purines (Table I,
entries 1-6) adenine was not a substrate and the
best result was obtained starting with 6-iodopurine.
Incorporation of an amino group at the C-2 of the
purine ring (Table I, entries 7-10) dramatically
increased the yields, except when guanine was the
substrate, although the latter may be attributed
to the low solubility of this base (Medici et al.
2008). The presence of a 2-fluorine (Table I, entry
11) also improved the yield and the reaction time.
Since benzimidazole, a 1,3-deazapurine ring
(Bentancor et al. 2004) (Table I, entry 15) afforded
good conversions in the transglycosylation reac-
tions, other purine analogues with different nitrogen
contents were assessed. Thus, TCA, a triazole deriv-
ative (Table I, entry 16) was also a good substrate
whereas 7-deaza-adenine and 8-azaguanine (Table I,
entries 12 and 13) were poorly accepted. The trans-
glycosylation was not successful using bases con-
taining indol, imidazole or pyridine rings (Table I,
entries 17-19).

Table II shows the pyrimidine nucleoside accep-
tance by A. hydrophila CECT 4226. Nucleosides
containing different sugar residues and uracil or
thymine as bases were assessed for the synthesis of
benzimidazole nucleosides. This base was chosen
since it had already been demonstrated that benz-
imidazole displays good affinity for PNP but, in
contrast, the corresponding nucleosides are poor
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substrates for phosphorolysis due to the higher
stability of their glycosidic bonds (Bentancor et al.
2004). The experiments were performed at both
45 and 60°C to assess the activity of the different
enzymes involved. As expected, no reaction was
observed with uridine at 45°C or with thymidine at
60°C (Table II, entries 1 and 6). 2’-Deoxyuridine
was found to be the best substrate, giving benzimi-
dazole 2’-deoxynucleoside in a high yield in a short
reaction time at the two temperatures employed
(Table II, entries 3 and 4). Less than 10% yield
was obtained when DDU was used as substrate
(Table II, entries 7 and 8) and neither 3’-azido-3’-
deoxythymidine (AZT) nor arabinouridine were
accepted (Table II, entries 9-12).

Taking into consideration these results, other 2’-
deoxyribosides were prepared from 2’-deoxyuridine.
Among them, 2’-deoxyribavirin and 2-fluor-2’-
deoxyadenosine were produced in 1 h with 90 and
74% yield, respectively.

The behaviour of A. hydrophila CECT 4221 in
the transglycosylation reaction was also studied
(Table III). Adenine was accepted as the best
substrate to prepare ribo- and deoxyribonucleosides
from the corresponding uracil nucleosides (Table III,
entries 1 and 8). In contrast, non-natural purine
bases were poorly recognized, especially those with
2,6-disubstitutions or modified in the purine ring
(Table III, entries 2—7 and 9-11). Regarding the
sugar residue, DDU also afforded good yields in
the preparation of dideoxynucleosides (Table III,
entries 17-20), but only from natural bases. Thy-
midine and arabinouridine were not substrates for
these bacterial phosphorylases.

Biotransformation optimization

Among the nucleosides obtained using A. hydrophila
strains, ribavirine and DDI were of particular inter-
est due to their use in anti-viral therapies. Different
experimental conditions were studied in order to
achieve the highest yields of these target nucleosides.
The standard temperature (60°C) was used to prepare
ribavirin, but 45°C was better for obtaining DDI
since the enzymes involved in the phosphorolysis of
pyrimidine substrates are different (Lewkowicz &
Iribarren 2006). For HPLC analysis of the reaction
mixtures, the wavelengths of the UV-detector were
set at 235 nm and 248 nm for ribavirin and DDI,
respectively. The best culture growth time for each
A. hydrophila strain was evaluated by taking aliquots
containing 1 X 100 cells mL™! at different growth
stages and performing the biotransformations. The
maximum activity of both biocatalysts was observed
at 48 h, corresponding to later stationary phase.

Phosphate buffer concentrations of 10, 20 and
30 mM were assessed as reaction media. When 10 mM
buffer was employed, the final yields were reduced
to almost 50%. Ribavirin yields were similar using
either 20 or 30 mM buffers, so 20 mM was used
thereafter. For DDI synthesis, the best yield was
achieved using 30 mM buffer.

The amounts of biocatalyst and reagents were also
analyzed. The results are shown in Table IV. Improve-
ments were observed by moving from the standard
3:1 uridine: T'CA ratio to carrying out the biotransfor-
mation with a 1:1 ratio of 30 mM substrate (Table IV,
entries 1 and 2). As a consequence, the final amount
of ribavirin was higher despite the yield being slightly

Table I. Purine ribosides and analogues synthesized by transglycosylation from uridine and catalyzed by A. hydrophila CECT 4226.

Entry Base Purine nucleoside Yield?® (%) Time® (h)
1 6-Chloropurine 6-Chloropurine riboside 18 2
2 6-Iodopurine 6-Iodopurine riboside 72 8
3 6-Methoxypurine 6-Methoxypurine riboside 21 1
4 6-Mercaptopurine 6-Mercaptopurine riboside 11 4
5 Adenine Adenosine — —
6 Hypoxanthine Inosine 26 48
7 2-Amino-6-chloropurine 2-Amino-6-chloropurine riboside 69 2
8 2-Amino-6-methoxypurine 2-Amino-6-methoxypurine riboside 94 8
9 2-Amino-6-mercaptopurine 2-Amino-6-mercaptopurine riboside 80 1

10 Guanine Guanosine —

11 2-Fluoradenine 2-Fluoradenosine 82 0.5

12 7-Deazaadenine 7-Deazaadenosine 5

13 8-Azaguanine 8-Azaguanosine 13 1

14 Purine Purine riboside — —

15 Benzimidazole Benzimidazole riboside 88 24

16 1,2,4-triazole-3-carboxamide Ribavirin 77 26

17 Aminoimidazolecarboxamide Aminoimidazolecarboxamide riboside — —

18 Nicotinamide Nicotinamide riboside —

19 Tryptophan Tryptophan riboside — —

2% yield = [nucleoside]exp.loz/ [nucleoside],,. .

bsee Materials and methods for conditions, Standard biotransformation section. All reactions were performed at 60°C.
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Table II. Benzimidazole nucleosides synthesized by transgly-
cosylation using A. hydrophila CECT 4226 as biocatalyst.

Pyrimidine Temperature?® Yield® Time
Entry nucleoside °C) (%) (h)
1 Uridine 45 — —
2 Uridine 60 88 24
3 Deoxyuridine 45 92 2
4 Deoxyuridine 60 92 2
5 Thymidine 45 61 24
6 Thymidine 60 — —
7 DDU 45 6 1
8 DDU 60 5 1
9 AZT 45 — —
10 AZT 60 — —
11 Arabinouridine 45 — —
12 Arabinouridine 60 — —

DDU, 2°,3’-Dideoxyuridine; AZT, 3’-azido-3’-deoxythymidine.
asee conditions in Materials and methods, Standard biotrans-
formation section.

% yield = [nucleoside]cxp.loz/ [nucleoside] ;...

lower. Additional advantages were lower uridine wast-
age and easier purification. Regarding the biocatalyst,
increasing the number of cells mainly reduced the
reaction time (Table IV, entries 3-5). Thus, with
5 X 1019 A. hydrophila CECT 4226 cells per millilitre,
77% conversion was obtained in 26 h.

In the case of DDI preparation, a 30:10 mM ratio
between DDU and hypoxanthine afforded the best
results (Table IV, entries 6-8) and increasing the bio-
catalyst amount also reduced the reaction time
(Table 1V, entries 6, 9 and 10). The best condition
for DDI preparation was 3 X 10'° A. hydrophila

Transglycosylation by A. hydrophila 399

CECT4221 cells per milliliter, allowing 62% of con-
version in 14 h.

Isolation and purificarion of reaction products

The isolation of transglycosylation reaction products
is tricky due to the presence of phosphate buffer and
the poor solubility of nucleosides and bases formed.
A preliminary purification approach was carried out
following traditional procedures that involve an initial
step of adsorption chromatography employing Amber-
lite XAD 1180 in order to remove the phosphate
(Murakami et al. 1991). Nucleosides and bases were
eluted using acetonitrile-water mixtures and the elu-
ate was applied to a silica column in normal or reverse
phase depending on the expected nucleoside.

Subsequently, a one step purification procedure
using reverse phase silica gel C18 flash chromatog-
raphy was successfully applied. The purification of
DDI was performed in a variable volume column in
95% purification yield. From 5 mL of reaction mix-
ture 7.1 mg DDI was isolated. However, a second
step using a normal phase silica gel column was
necessary to separate ribavirin and uridine. From 4
mL of reaction mixture 14.2 mg of ribavirin was
obtained (purification yield: 84%).

Biocatalyst immobilization

Whole cells of A. hydrophila strains were immobilized
by entrapment in agarose, as previously optimized

Table III. Transglycosylations biocatalyzed by A. hydrophila CECT 4221.

Pyrimidine Yield?  Time®  Temperature
Entry nucleoside Base Purine nucleoside (%) (h) °C)
1 Uridine Adenine Adenosine 62 4 60
2 Uridine 6-Mercaptopurine 6-Mercaptopurine riboside 11 4 60
3 Uridine 6-Methoxypurine 6-Methoxypurine riboside 21 1 60
4 Uridine 6-Chloropurine 6-Chloropurine riboside 10 1 60
5 Uridina 2-Amino-6-chloropurine 2-Amino-6-chloropurine riboside — — 60
6 Uridine Benzimidazole Benzimidazole riboside 6 3 60
7 Uridine TCA®? Ribavirin — — 60
8 Deoxyuridine Adenine Deoxyadenosine 89 4 60
9 Deoxyuridine Hypoxanthine Deoxyinosine 4 1 60
10 Deoxyuridine 6-Chloropurine 6-Chloropurine deoxyriboside — — 60
11 Deoxyuridine 2-Amino-6-chloropurine 2-Amino-6-chloropurine deoxyriboside — 60
12 Thymidine Adenine Deoxyadenosine — — 45
13 Thymidine Hypoxanthine Deoxyinosine 4 1 45
14 Thymidine 6-Chloropurine 6-Chloropurine deoxyriboside — — 45
15 Thymidine 2-Amino-6-chloropurine 2-Amino-6-chloropurine deoxyriboside — — 45
16 Arabinouridine Adenine Arabinoadenosine — — 60
17 DDU Adenine DDA-“ 59 48 45
18 DDU Hypoxanthine DDId 62 14 45
19 DDU 6-Chloropurine 6-Chloropurine dideoxyriboside — — 45
20 DDU 2-Amino-6-chloropurine 2-Amino-6-chloropurine dideoxyriboside — — 45

TCA, 1,2,4-triazole-3-carboxamide; DDU, 2’,3’-dideoxyuridine; DDA, 2’,3’-dideoxyadenosine; DDI, 2°,3’-dideoxyinosine.
2% yield = [nucleoside]exp.loz/ [nucleoside],,. .

b

see conditions in Materials and methods, Standard biotransformation section.
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Table IV. Experimental conditions optimization.

Pyrimidine Pyrimidine Base Aeromonas Biocatalyst amount Buffer Yield? Time

Entry nucleoside Base nucleoside (mM) (mM) hydrophila strain (cells mL™Y) (mM) (%) (h)
1 Uridine TCA 30 10 CECT4226 3.6 X 10° 20 88 72
2 Uridine TCA 30 30 CECT4226 3.6 X 10° 20 83 72
3 Uridine TCA 30 30 CECT4226 1 X 1010 20 71 72
4 Uridine TCA 30 30 CECT4226 3 X 1010 20 75 48
5 Uridine TCA 30 30 CECT4226 5 X 1010 20 77 26
6 DDU Hyp 30 10 CECT4221 1 X 1010 30 45 24
7 DDU Hyp 10 10 CECT4221 1 X 1010 30 24 24
8 DDU Hyp 30 30 CECT4221 1 X 1010 30 28 24
9 DDU Hyp 30 10 CECT4221 3 X 1010 30 62 14
10 DDU Hyp 30 10 CECT4221 5 X 1010 30 45 14
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DDU, 2°,3’-Dideoxyuridine; TCA, 1,2,4-triazole-3-carboxamide; Hyp, hypoxanthine.

2% yield = [nucleoside],, .10,/[nucleoside] ;.

exp”

(Trelles et al. 2004). Agarose beads containing
corresponding amounts of each biocatalyst were
added to 3 mL of the reaction mixtures. Similar
kinetic behaviour of free and immobilized A. Aydro-
phila strains for the syntheses of DDI and ribavirin
was observed (Figure 1). Additionally, the immobi-
lized biocatalysts were re-used three times without
loss of activity.

Discussion

In the transglycosylation reaction, two sequential
steps are necessary to biotransform a pyrimidine
nucleoside into a purine one. First, pyrimidine nucle-
oside is converted to a-ribose-1-phosphate (R1P) by
the action of a pyrimidine nucleoside phosphory-
lase (PyNP). In the second step, PNP catalyzes the
transfer reaction between R1P and a purine base to
afford the corresponding purine nucleoside. Uridine
phosphorylase (UP) is typically active up to 80°C.
while thymidine phosphorylase (TP), the enzyme
that catalyzes the phosphorolysis of pyrimidine
2’-deoxynucleosides, is only active below 50°C.
Therefore, it is necessary to set the temperature of
the reaction depending on the pyrimidine nucleoside
substrate (Lewkowicz & Iribarren 2006).

A previous study had shown that A. hydrophila
CECT 4226 was an efficient biocatalyst in the
preparation of benzimidazole, TCA and 2-amino-6-
substituted purine ribosides, but did not accept
adenine as a substrate, suggesting that its PNP
resembles the mammalian one (Lewkowicz & Iribar-
ren 2006). The PyNDPs also show a similar behaviour
to the corresponding mammalian enzymes since
only natural occurring pyrimidine nucleosides were
well recognized. In the case of A. hydrophila CECT
4221, adenine and hypoxanthine were accepted as
substrates while non-natural bases afforded poor
yields. In contrast, this strain was the best producer
of dideoxynucleosides.

Ribavirin and DDI produced in this study are
pharmacologically important. Ribavirin is a guanos-
ine analogue first synthesized by Witkowski et al.
(1972). It was reported to have broad spectrum
activity against a variety of DNA and RNA viruses
(Wu et al. 2005). The mechanism of action includes
inhibition of inosine monophosphate dehydroge-
nase, which is the key step in de novo guanosine
synthesis, a requirement for viral replication (Gish
2006). Shirae and Yokozeki (1991a; b) reported
ribavirin production from orotidine and 1,2,4-triaz-
ole-3-carboxamide (TCA) using Erwinia caratovora
as a biocatalyst as well as from guanosine or inosine
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Figure 1. Time course of (a) DDI and (b) ribavirin synthesis
catalyzed by (A) free and (o) immobilized cells of Aeromonas
hydrophila CECT 4221 and Aeromonas hydrophila CECT 4226,
respectively.
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employing Brevibacterium acerylhicum whole cells.
In all cases ~ 70% yield was obtained after 48 h.
Konstantinova et al. (2004) provided a technologi-
cal method, carrying out the transglycosylation reac-
tion in recombinant E. coli BL21 immobilized on
aminopropylated silochrome (68% yield). Previ-
ously, Iaskovich and Iakovleva (1999) had used
Xanthomonas campestris immobilized by adsorption
to prepare ribavirin with 50% yield from adenosine.

Didanosine is an effective HBV and HIV inhibitor
(Kitos & Tyrrell 1995) acting, after phosphorylation,
as a chain terminator during reverse transcription
(De Clercq 2002). It was obtained from 2°,3’-
dideoxyuridine (DDU), by transglycosylation, using
isolated deoxyribosyltransferases from Lactobacillus
helveticus or leichmanii (Prasad et al. 1999) as well as
whole cells of E. coli (Shiragami et al. 2001) (25 and
45% yield, respectively).

Based on these previous results, some experi-
mental variables were optimized in order to improve
the production of these compounds by A. hydrophila
strains. The optimal temperatures for the transglyco-
sylations were 60°C for ribavirin and 45°C in the
case of DDI. This is in accordance with the stability
of the respective enzymes (UP for uridine and TP
for dideoxyuridine). The highest transglycosylation
activity was observed when the micro-organisms
were harvested in late stationary phase. This accords
with the fact that the salvage paths, where the NPs
play their natural action, display maximum activity
at this stage in order to facilitate nucleic acid turn-
over (Yorgey & Kolter 1993).

The use of 20 mM buffer phosphate was pre-
ferred to 30 mM to synthesize ribavirin, since similar
yields were obtained using both concentrations and
a 30:30 nucleoside:base concentration ratio was
selected to facilitate purification procedures. In
contrast, a 30:10 ratio was preferred for DDI pre-
paration since a high concentration of nucleoside
substrates seems to be necessary for A. hydrophila
CECT 4221 PNP.

Increasing the cells number increased the reaction
rate. Ribavirin synthesis reached the highest yields
when 5 X 1010 cells mL! were used, while 3 X 1010
cells mL™! was selected in the case of DDI.

A rapid isolation of purine nucleosides was devel-
oped, using reverse phase flash chromatography.
The produced pyrimidine and residual purine bases
remained adsorbed in the support, while nucleosides
were selectively eluted using methanol:water or
acetonitrile:water mixtures affording high purification
yields. This methodology could be suitable for scale-
up processes since the stationary phase can be
reused.

A. hydrophila was efficiently immobilized on aga-
rose beads and surprisingly both free and immobilized
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forms showed similar kinetic behaviour. This result,
together with the fact that the immobilized biocatalyst
maintains its activity after at least three reuses, makes
A. hydrophila appealing for industrial biocatalysis.

The performance of A. hydrophila species reported
in this work suggests that a careful screening must
be always carried out in the search of appropriate
biocatalysts, since different strains of the same genus
and species may afford diverse results.

Acknowledgements

AMI and ESL are research members of CONICET,
Argentina.

Declaration of interest: This work was supported
by Universidad Nacional de Quilmes and Secretaria
de Ciencia y Técnica de la Nacion, Argentina The
authors report no conflicts of interest. The authors
alone are responsible for the content and writing of
the paper.

References

Agarwal S, Gopal K, Upadhyaya T, Dixit A. 2007. Biochemical
and functional characterization of UDP-galactose 4-epimerase
from Aeromonas hydrophila. Biochim Biophys Acta 1774:
828-837.

Bentancor L, Trelles J, Nobile M, Lewkowicz ES, Iribarren Al
2004. Benzimidazole as deazapurine analogue for microbial
transglycosylation. ] Mol Catal B: Enzym 29:3-7.

» De Clercq E. 2002. New developments in anti-HIV chemother-
apy. Biochim Biophys Acta 1587:258-275.

»De Clercq E. 2005. Antiviral drug discovery and develop-
ment: where chemistry meets with biomedicine. Antivir Res
67:56-75.

P Gish RG. 2006. Treating HCV with ribavirin analogues and
ribavirin-like molecules. ] Antimicrob Chemoth 57:8-13.

Taskovich GA, Iakovleva EP. 1999. Microbiological synthesis of
virazole by immobilized cells. Prikl Biokhim Mikrobiol 35:
146-149.

Imada A, Igarasi S. 1967. Ribosyl and deoxyribosyl transfer by
bacterial enzyme systems. J bacteriol 94:1551-1559.

Kitos TE, Tyrrell DLJ. 1995. Intracellular metabolism of
2’,3’-dideoxynucleosides in duck hepatocyte primary cultures.
Biochem Pharmacol 49:1291-1302.

Konstantinova ID, Esipov RS, Muraveva T1, Taran SA, Verevkina
KN, Gurevich Al, Feofanov SA, Miroshnikov AI. 2004. Method
for preparing 1-f-D-ribofuranosyl-1,2,4-triazole-3-carboxamide
(ribavirin). Patent number RU2230118.

Lewkowicz ES, Iribarren AM. 2006. Nucleoside phosphorylases.
Curr Org Chem 10:1197-1215.

Li N, Smith TJ, Zong M-H. 2010. Biocatalytic transformation of
nucleoside derivatives. Biotechnol Adv 28:348-366.

Medici R, Lewkowicz E, Iribarren AM. 2006. Microbial synthesis
of 2,6-diaminopurine nucleosides. J] Mol Catal B: Enzym
39:40-44.

Medici R, Lewkowicz E, Iribarren AM. 2008. Arthrobacter oxy-
dans as biocatalyst for purine deamination. FEMS Microbiol
Lett 289:20-26.

RIGHTS LI N Kdx



Biocatal Biotransformation Downloaded from informahealthcare.com by 200.63.1.226 on 12/22/10

For personal use only.

402 M. Nobile et al.

Murakami K, Shirasaka T, Yoshioka H, Kojima E, Aoki S, Ford H,
Driscoll JS, Kelley JA, Mitsuya H. 1991. Escherichia coli mediated
biosynthesis and # vitro anti-HIV activity of lipophilic 6-halo-
2’,3’-dideoxypurine nucleosides. ] Med Chem 34:1606-1612.

Prasad AK, Trikha S, Parmar VS. 1999. Nucleoside synthesis
mediated by glycosyl transferring enzymes. Bioorg Chem
27:135-154.

Sashiwa H, Fujishima S, Yaman N, Kawasaki N, Nakayama A,
Muraki E, Hiraga K, Oda K, Aiba S. 2002. Production of
N-acetyl-D-glucosamine from a-chitin by crude enzymes from
Aeromonas hydrophila H-2330. Carbohydr Res 337:761-763.

Shirae H,Yokozeki K. 1991a. Purifications and properties of orotidine-
phosphorolyzing enzyme and purine nucleoside phosphorylase
from Erwinia carotovora AJ 2992. Agric Biol Chem 55:1849-1857.

Shirae H, Yokozeki K. 1991b. Purification and properties of
purine nucleoside phosphorylase from Brevibacterium acetyli-
cum ATCC954. Agric Biol Chem 55:493-499.

Shiragami H, Irie Y, Yasuda N. 2001. Process for producing
and purifying 2’,3’-dideoxynucleosides, and process for

producing 2’,3’-dideoxy-2’,3’-didehydronucleosides. US Patent
6306647.

Trelles JA, Bentancor L, Schoijet A, Porro S, Lewkowicz ES,
Sinisterra JV, Iribarren AM. 2004. Immobilised Escherichia coli
BL21 as a catalyst for the synthesis of adenine and hypoxan-
thine nucleosides. Chem Biodiversity 1:380-388.

Utagawa T. 1999. Enzymatic preparation of nucleoside antibiot-
ics. ] Mol Catal B: Enzym 6:215-222.

»Witkowski J, Robins R, Sidwell R, Simon L. 1972. Design,
synthesis, and broad spectrum antiviral activity of 1-f-D-
ribofuranosyl-1,2,4-triazole-3-carboxamide and related nucleo-
sides. ] Med Chem 15:1150-1154.

Wu JZ, Larson G, Walker H, Shim JH, Hong Z. 2005. Phospho-
rylation of ribavirin and viramidine by adenosine kinase and
cytosolic 5’-nucleotidase II: implications for ribavirin meta-
bolism in erythrocytes. Antimicrob Agents Chemother 49:
2164-2171.

Yorgey P, Kolter R. 1993. A widely conserved developmental
sensor in bacteria? Trends Genet 9:374-375.

RIGHTS LI N Kdx



