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BIOCATALYTIC PREPARATION OF NUCLEOSIDES

THIS INVENTION relates to nucleosides. It relates in particular to a process for
manipulating a nucleoside, to a catalytic enzyme, and to a biocatalyst for use in

the process.

Modified nucleosides and nucleotides can be used as antiviral therapeutic agents,
or as precursors for such agents. An example of an important nucleoside of this
kind is R-thymidine. R-thymidine can be obtained from 5-methyluridine which is,
however, a relatively expensive intermediate so that the cost of producing the
antiretrovirals AZT and stavudine therefrom is correspondingly high. It is thus an
object of this invention to provide a means whereby 5-methyluridine can be

produced more cost effectively.

According to a first aspect of the invention, there is provided a method for
manipulating a nucleoside, which includes converting guanosine to 5-
methyluridine by means of biocatalytic transglycosylation, with the biocatalyst
comprising a combination of a purine nucleoside phosphorylase from Bacillus
halodurans, PNPase (BH1531) of sequence ID No 1, or a protein with at least
90% sequence similarity thereto, and a pyrimidine nucleoside phosphorylase
(PyNPase).

In one embodiment of the invention, the pyrimidine nucleoside phosphorylase
may be from Escherichia coli, particularly E. coli UPase of sequence ID No 2, or a

protein with at least 90% sequence similarity thereto.
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In another embodiment of the invention, the pyrimidine nucleoside phosphorylase
may be from Bacillus halodurans, particularly B.halodurans PyNPase (BH1533) of

sequence ID No 3, or a protein with at least 90% sequence similarity thereto.

The conversion thus involves the transfer of ribose-1-phosphate from the
guanosine to a first nitrogenous base, thereby to obtain the 5-methyluridine and a
second nitrogenous base. In general, the biocatalytic transglycosylation reaction
occurs by the transfer of a ribose-1-phosphate from a nucleoside to a purine or
pyrimidine base in the presence of phosphate ions. The first nitrogenous base
may typically be thymine, while the second nitrogenous base may typically be

guanine.

The biocatalyst is thus a combination of a purine nucleoside phosphorylase
(PNPase), B. halodurans PNPase (BH1531), of sequence ID No 1 (associated
nucleotide sequence given as sequence ID No. 4), or a protein with at least 90%
sequence similarity thereto, and a pyrimidine nucleoside phosphorylase
(PyNPase), E. coli uridine phosphorylase (UPase), of sequence ID No 2
(associated nucleotide sequence given as sequence ID No. 5), or B. halodurans
BH1533 of sequence ID 3 (associated nucleotide sequence given as sequence ID

No. 6) or a protein with at least 90% sequence similarity to either of these.

The enzymes may be isolated and over-expressed in an E. coli protein

expression system.

The B. halodurans may be a strain of gram positive B. halodurans Alk36 bacteria
deposited under accession number NCIMB41348 on 23 November 2005 at
NCIMB Ltd of Ferguson Building, Craibstone Estate, Buchsburn, Aberdeen AB21
9YA. Due to the high sequence identity between the genomes of B. halodurans
Alk36 and B. halodurans C-125, primers for the cloning of the purine and
pyrimidine nucleoside phosphorylase genes were designed according to the
sequenced genome of B. halodurans C-125 which is published in the DNA Data
Bank of Japan (htip://www.ddbj.nig.ac.jp). The genes annotated BH1531 and
BH1533, according to GenBank, encode a purine nucleoside phosphorylase and

a pyrimidine nucleoside phosphorylase respectively.
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The purine nucleoside phosphorylase and pyrimidine nucleoside phosphorylase
may be heterologously expressed in a suitable host organism such as E. coli. For
example, expression of PNPase and UPase in E. coli BL21 (DE3) [pMS1531] and
E. coli BL21 (DE3) [pETUP] respectively can be performed. Production may be
achieved by culturing the host organism by fermentation either in batch, fed batch

or in continuous mode.

Generally, the biocatalyst may be the purified enzymes, active cell lysates, cell

pastes, whole cells or immobilised forms of each of these.

In one embodiment, the biocatalyst may be in the form of a free suspension.
However, in another embodiment, the biocatalyst may be immobilized on a
backbone. Thus, the biocatalyst can be in the form of an enzyme structure or
particle, such as that described in WO 2005/080561, or in the form of an
emulsion-derived particle as described in ZA 2007/09300 and in which the
enzymes are bonded to lattices of the particles. WO 2005/080561 and ZA
2007/09300 are incorporated herein by reference thereto. This will permit the
biocatalyst to be recovered and recycled after completion of the

transglycosylation.

The transglycosylation may be performed at between 30°C and 70°C, preferably
at between 40°C and 70°C, typically at 55°C to 65°C.

The transglycosylation may be effected over a pH range of 6 to 11, preferably at a
pH of between 7 to 8.5. The reaction may be carried out using phosphate buffer,
as a reaction medium. The phosphate buffer may be at a concentration of 20 -
250 mM, but preferably 25 - 50 mM.

The initial concentration of the guanosine in the reaction medium, in which the
transglycosylation is carried out, may be from 1 to 19.5% m/m, preferably from 8

to 13% m/m.
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The initial concentration of the first nitrogenous base in the reaction medium may

be from 1 to 15% m/m, preferably from 4 to 6% m/m.

The transglycosylation reaction may be carried out using a first nitrogenous base
(thymine) to first nucleoside (guanosine) ratio from 2.3:1 to 1:1, preferably from
1:1to 1.15:1.

The molar yield of 5-methyluridine may be between 30 — 90%, and typically 80% -
90%.

The transglycosylation reaction productivity may be between 0.5 and 27 g/I/h, but
typically at 7 - 11 g/l/h.

The method may include recovering the 5-methyluridine. In particular, the
method may include recovering or separating the 5-methyluridine from the
second nitrogenous base (guanine) using solubility differences. Thus, when the
second nitrogenous base is guanine, the 5-methyluridine is largely soluble and
the guanine largely insoluble in the reaction medium at the temperatures
described above. This facilitates separation thereof. Using this method,
recoveries of 80 - 90% from the transglycosylation medium are achievable.
Together with the 5-methyluridine reaction yields of 80 - 90%, this gives isolated

yields of 5-methyluridine of between 64 — 80% from the biocatalytic reaction.

For the biocatalytic reaction, ie the transglycosylation reaction, a phosphate buffer
may first be introduced into a suitable reaction vessel or container, whereafter
guanosine, preferably in solid particulate form, and additional phosphate buffer,
may be added to the reaction vessel. Thymine may be pre-wetted using
phosphate buffer, before being transferred to the reaction vessel. The various
constituents introduced into the reaction vessel constitute a reaction medium for
the transglycosylation reaction. These substances, in phosphate buffer, may be
heated in the vessel to the reaction temperature as hereinbefore set out, and
maintained at the reaction temperature for a period of time, typically about 2

hours, before addition of the biocatalyst to the reaction vessel. The biocatalyst
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components (PNPase and PyNPase/UPase) may be pre-dissolved in phosphate

buffer prior to addition thereof to the reaction vessel.

The process may include chemically manipulating the 5-methyluridine to obtain
therefrom 3-thymidine. The chemical manipulation of the 5-methyluridine may be
effected without any purification thereof after it has been obtained by the

conversion of the guanosine.

The chemical manipulation of the 5-methyluridine may include reacting the 5-
methyluridine with hydrogen bromide or acetyl bromide in acetonitrile, as the first

step towards obtaining R-thymidine (C1oH14N20s).

The process of the invention is thus a process whereby R-thymidine can be
produced synthetically. The final yield of the R-thymidine over the chemical

manipulation steps may be 65 to 80%, typically 70 — 75%.

According to a second aspect of the invention, there is provided a catalytic
enzyme which comprises a purine nucleoside phosphorylase from B. halodurans,
PNPase (BH1531) of sequence ID No 1, or a protein with at least 90% sequence

similarity thereto.

The enzyme may be that obtained by over-expression thereof in an E. coli host.

According to a third aspect of the invention, there is provided a biocatalyst which
comprises the combination of a pyrimidine nucleoside phosphorylase (PyNPase),
and a purine nucleoside phosphorylase B. halodurans, PNPase (BH1531) of

sequence ID No 1, or a protein with at least 90% sequence similarity thereto.

As indicated hereinbefore, the pyrimidine nucleoside phosphorylase may, in one
embodiment of the invention, be from Escherichia coli, particularly E. coli UPase

of sequence ID No 2, or a protein with at least 90% sequence similarity thereto.
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In another embodiment of the invention, the pyrimidine nucleoside phosphorylase
may be from Bacillus halodurans, particularly B.halodurans PyNPase (BH1533) of

sequence ID No 3, or a protein with at least 90% sequence similarity thereto.

The invention will now be described in more detail, with reference to the
accompanying non-limiting examples and the accompanying drawings and

sequence listings.

In the drawings

FIGURE 1 shows the results obtained in Example 3, i.e. comparative
efficiencies of combinations of purine and pyrimidine nucleoside phosphorylases
in the production of 5-methyluridine (5-MU). Lane 1: PNP:rUP; Lane 2:
PNP:BH1533; Lane 3: PNP:KP PyNP; Lane 4: PNP:BL PyNP; Lane 5: XapA:rUP;
Lane 6: XapA:BH1533; Lane 7: XapA:BL PyNP; Lane 8: XapA:KP PyNP; Lane 9:
BH1531:rUP; Lane 10: BH1531:BH1533; Lane 11: BH1531:BL PyNP; Lane 12:
BH1531:KP PyNP.

FIGURE 2 shows (Example 4) overexpression of E. coli uridine
phosphorylase in E. coli BL21, and in which Lane 1: Marker; Lane 2: E. coli BL21
[PET20b] (negative control); Lane 3 to 8: E. coli BL21 [pETUP] (various
constructs).

FIGURE 3 shows (Example 4) over-expression of B. halodurans BH1531
in E. coli BL21, and in which Lane 1: marker; Lane 2: E. coli BL21; Lane 3: E. coli
BL21 [pMS470]; Lane 4: E. coli BL21 [pMS1531] (uninduced); Lanes 5 to 10: E.
coli BL21 [pMS1531] (various constructs) (induced).

FIGURE 4 shows the effect of pH on the guanosine conversion and
5-methyluridine yield as described in Example 6. Clear bars show guanosine
conversion (Conv.). Shaded bars show 5-methyluridine yield. Standard
deviations represent the average of three experiments.

FIGURE 5 shows the effect of temperature on the guanosine conversion and
5-methyluridine yield as described in Example 7. The symbol ¢ represents
guanosine conversion at 40°C; A represents 5-methyluridine yield at 40°C; A
represents guanosine conversion at 50°C; m represents 5-methyluridine yield at

50°C; * represents guanosine conversion at 60°C; e represents 5-methyluridine
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yield at 60°C; o represents guanosine conversion at 70°C; o
represents5-methyluridine yield at 70°C.

FIGURE 6 shows the yield and productivity of the biocatalytic reaction at
increased substrate concentrations as described in Example 8. The symbol A
represents 5-methyluridine reactor productivity; ¢ represents guanosine
conversion; m represents 5-methyluridine yield.

FIGURE 7 shows the transglycosylation percent recovery and productivity
obtained over time at 1 | scale, see Example 9. The symbol A represents
5-methyluridine reactor productivity; ¢ represents guanosine conversion; m
represents 5-methyluridine yield.

FIGURE 8 shows the guanosine conversion rate with reaction time over
three replicate experiments at 20 | scale as described in Example 9. The symbol
A represents guanosine conversion 1; ¢ represents guanosine conversion 2; m
represents guanosine conversion 3.

FIGURE 9 shows the 5-methyluridine yield with reaction time over three
replicate experiments at 20 | scale as described in Example 9. The symbol A
represents 5-methyluridine yield 1; ¢ represents 5-methyluridine yield 2; m
represents 5-methyluridine yield 3.

FIGURE 10 shows the reactor productivity of 5-methyluridine with reaction
time over three replicate experiments at 20 | scale as described in Example 9.
The symbol A represents 5-methyluridine reactor productivity 1; ¢ represents
5-methyluridine reactor productivity 2; m represents 5-methyluridine reactor

productivity 3.

Sequence listings

Sequence ID No 1: Amino acid sequence of B. halodurans BH1531

Sequence ID No. 2: Amino acid sequence of E. coli UPase

Sequence ID No. 3: Amino acid sequence of B. halodurans BH1533
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Sequence ID No. 4: Nucleotide sequence of the B. halodurans BH1531 gene

which encodes the protein sequence of sequence ID No. 1

Sequence ID No. 5: Nucleotide sequence of the E. coli UPase gene which
encodes the E. coli UPase enzyme of protein sequence ID
No. 2

Sequence ID No. 6: Nucleotide sequence of the B. halodurans BH1533 gene

which encodes the protein sequence of sequence ID No. 3

In the Examples hereunder, for the biocatalytic reactions, phosphate buffer is
added first to a suitable reactor, followed by solid particulate guanosine and
additional buffer. Thymine is pre-wetted using phosphate buffer prior to transfer
to the reaction vessel. These substrates, in phosphate buffer, are heated in the
reactor at the final reaction temperature for 2 h prior to addition of the
biocatalysts. The biocatalysts (PNPase and PyNPase) are pre-dissolved in

phosphate buffer prior to their addition to the reaction vessel.

EXAMPLE 1
Using commercial enzymes, thymidine (a stavudine and AZT precursor) was
produced (with deoxyguanosine and deoxyinosine as donors), and the reaction

equilibrium could be modified by the inclusion of xanthine oxidase.

PNPase (from Cellumonas sp.), thymidine phosphorylase (TPase) and xanthine
oxidase (XO) were purchased from Sigma-Aldrich (Pty) Ltd. The nucleosides
were also purchased from Sigma-Aldrich (Pty) Ltd.

Three ml reactions were set up in 50 mM phosphate buffer, pH 7.4. Varying
nucleosides and enzymes were incubated at 25°C for one to three hours, with
shaking. Samples were taken at set time points and analysed using HPLC. All
nucleoside stock solutions were made to 50 mM concentration, with a final

concentration in the reaction of 2.5 mM unless otherwise stated.
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Analysis by HPLC was performed using a Chromolith speed rod 18e Column, and

an eluent of 5% methanol, 95% of a 0.1% sodium phosphate buffer, pH 7.5. The

flow rate used was 0.5 ml/min. Nucleosides and bases were detected by diode

array spectrophotometry at 260 nm. Results are given in Table 1.

Table 1: Summary of results obtained for reactions

_ 1| (% total
Rxn | Starting reagents Enzymes Expected product
peak area)
1 thymidine TPase thymine 78.5
2 thymine, TPase thymidine 19.5
2'-deoxyribose-1-phosphate
3 inosine XO, PNPase hypoxanthine plus 61.7
Xanthine
4 hypoxanthine, XO, PNPase 2'-deoxyinosine 33.4
2'-deoxyribose-1-phosphate
5 50 mM guanosine, thymine | TPase, 5-methyluridine 0
PNPase
6 200 mM guanosine, thymine | TPase, 5-methyluridine 0
PNPase
7 100 mM thymine, guanosine | TPase, 5-methyluridine 0
PNPase
8 150 mM thymine, guanosine | TPase, 5-methyluridine 0
PNPase
9 250 mM thymine, guanosine | TPase, 5-methyluridine 0
PNPase
10 | inosine, thymine XO, TPase, 5-methyluridine 0
PNPase
11 | 5-methyluridine TPase thymine 19.6
12 | 2'-deoxyinosine; 50 mM XO, TPase, thymidine 27
phosphate, thymine PNPase
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13 | 2-deoxyinosine; 25 mM XO, TPase, thymidine 3.7
phosphate, thymine PNPase
14 | 2'-deoxyinosine; 5 mM XO, TPase, thymidine 7.2
phosphate, thymine PNPase
15 | 2'-deoxyinosine; Tris, XO, TPase, thymidine 10
thymine PNPase

T _The product of interest is indicated here.

Reactions 1 and 2 confirmed that the forward and reverse pyrimidine reactions
can occur when using TPase. Reactions 3 and 4 confirmed that forward and

reverse purine reactions can occur when using XO and PNPase.

The aim of the inventors was to transfer the ribose group from guanosine to
thymine (i.e. from a purine to a pyrimidine), yielding 5-methyluridine (Reactions 5
and 6). These reactions were unsuccessful as no 5-methyluridine was produced.
Reactions 5 to 9 show that the reaction was not easily achieved using

commercially available enzymes, as no 5-methyluridine was produced.

An alternative purine was tried, with thymine and inosine as reagents to generate
5-methyluridine, with inosine providing ribose-1-phosphate, and hypoxanthine
being converted to uric acid to prevent the reverse reaction occurring (Reaction
10). The reverse reaction of 5-methyluridine to thymine and ribose-1-phosphate

was successfully performed (Reaction 11).

Altering the buffer conditions used in the formation of thymidine using
2'-deoxyinosine allowed for an increase in the relative proportions of thymidine.
Decreasing the amount of phosphate present, or using a Tris buffer in the
reaction allowed for a shift in the equilibrium towards the formation of thymidine
from thymine and 2'-deoxyribose-1-phosphate, as opposed to the breakdown of

thymidine to thymine with the release of phosphate (Reactions 12 to 15).
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Hence, with the combined PNPase and TPase commercial enzymes, it was not
possible to perform transglycosylation with ribose-1-phosphate. On this basis,

the Inventors decided to isolate nucleoside phosphorylases from other sources.

EXAMPLE 2

Biomass of E. coli and B. halodurans was obtained by growth of each of the
organisms at 37°C in LB broth. The biomass was disrupted through sonication
and the cytosolic fraction separated from the cellular debris by centrifugation
(13 000 x g). This cytosolic fraction was used as the crude extract of each of the

organisms.

Three ml reactions were set up in 50 mM phosphate buffer, pH 7.4. Varying
nucleosides, enzymes and crude extract preparations were incubated at 25°C for
one to sixteen hours, with shaking. Samples were taken at set time points and
analysed using HPLC. All nucleoside stock solutions were made to 50 mM

concentration, with a final concentration in the reaction of 2.5 mM.

Analysis by HPLC was performed using a Chromolith speed rod 18e Column, and
an eluent of 5 % methanol and 95 % of a 0.1 % sodium phosphate buffer, pH 7.5.
The flow rate used was 0.5 ml/min. Nucleosides and bases were detected by

diode array spectrophotometry at 260 nm.

Through use of the partially purified E. coli or B. halodurans cell extracts (which
contained intrinsic PNPase and PyNPase activities), it was possible to generate
both thymidine and 5-methyluridine. Both E. coli and B. halodurans crude
extracts showed production of 5-methyluridine using either inosine or guanosine
as the ribose-1-phosphate donor. The yields of the reactions are summarised in
Table 2.
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Table 2: Transglycosylations of nucleosides using nucleosidases

Rxn Starting nucleoside | Biocatalyst Product Max Yield
(%)
1 Inosine, thymine Crude extract (E. 5-methyluridine 38
coli), XO
2 Inosine, thymine Crude extract (B. 5-methyluridine 21.8
halodurans), XO
3 2'-deoxyinosine, Crude extract (E. Thymidine 24
thymine coli), XO
4 2'-deoxyinosine, Crude extract (B. Thymidine 20.5
thymine halodurans), XO
5 Guanosine, thymine | Crude extract (E. 5-methyluridine 30
coli)
6 Guanosine, thymine | Crude extract (B. 5-methyluridine 60.2
halodurans)
7 2'-deoxyguanosine, | Crude extract (E. Thymidine 49
thymine coli)
8 2'-deoxyguanosine, | Crude extract (B. Thymidine 41.0
thymine halodurans)
EXAMPLE 3

A number of enzymes and combinations thereof were tested for the ability to

produce 5-methyluridine by transglycosylation. The enzymes tested were:

Purine Nucleoside Phosphorylases (PNPases)
e Recombinant E. coli PNP (PNP)

Pyrimidine Nucleoside Phosphorylase (PyNPases)

e Recombinant E. coli Xanthosine phosphorylase (XapA)

e Recombinant B. halodurans PNP (BH1531)

e Recombinant E. coli Uridine phosphorylase (rUP)
o Native B. halodurans PyNPase (BH1533)




10

15

20

25

30

WO 2010/055369 PCT/IB2008/054810

13

o Native Klebsiella pneumoniae PyNPase (KP PyNP)
o Native Bacillus licheniformis PyNPase (BL PyNP)

The total enzyme concentration for each reaction was maintained at 0.004 U/ml.
Enzyme solutions and assay reagent (100 pl containing 5 mM guanosine and
5 mM thymine in 50 mM pH 8.0 phosphate buffer) were aliquoted into a 96-well
microtitre plate. The microtitre plate was incubated for 1 h at 40°C with shaking
at 900 rpm. Reactions were analysed by TLC (5 pul spot, 85:15
chloroform:methanol mobile phase, 10 cm UVas4 Silica plates). The results are

given in Figure 1.

In Figure 1, when comparing combinations of purine and pyrimidine nucleoside
phosphorylases, it is evident that the combinations of PNP:rUP (lane 1) and
BH1531:rUP (lane 9) gave the highest 5-methyluridine synthesis at 40°C. XapA
showed little to no 5-methyluridine production. Similarly, the PyNPases from E.
coli (rUP) and B. halodurans (BH1533) seemed far superior catalysts when

compared to those from K. pneumoniae and B. licheniformis.

EXAMPLE 4
Expression and purification of Nucleoside Phosphorylases from E. coli and
B. halodurans

Genomic DNA isolation

E. coli XL1 blue was grown overnight in a 10 ml culture volume. An aliquot of 1.5
ml of this was pelleted, and genomic DNA was isolated using the Qiagen DNeasy
plant mini kit (Qiagen) using the standard protocol. B. halodurans genomic DNA
was isolated similarly. The B. halodurans was a strain of gram positive
B. halodurans Alk36 bacteria deposited under accession number NCIMB43148.

PCR Amplification
Oligonucleotides to amplify the UPase, PNPase, XapA and TPase genes from
E. coli were designed based on published sequences (Esipov ef al, 2002). Due

to the high sequence identity between the genomes of B. halodurans Alk36 and
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B. halodurans C-125, primers for the cloning of the purine and pyrimidine
nucleoside phosphorylase genes were designed according to the sequenced
genome of B. halodurans C-125 (GenBank accession number BA0O00004). The
genes for the purine nucleoside phosphorylases were annotated as BH1531 and
BH1532 and the gene for the pyrimidine nucleoside phosphorylase was
annotated as BH1533. PCR was performed using genomic DNA as the template,
and using the High Fidelity amplification kit (Roche). Again standard protocols
were followed. The PCR cycling parameters were as follows: one hold at 95°C
for 5 minutes, followed by 30 cycles of 95°C for 1 minute, 50°C for 1 minute and
72°C for 1 minute. The resultant product was held at 4°C until analysis on a 0.8%

agarose gel was performed.

PCR successfully amplified the coding regions of BH1531 and E. coli UPase
(Sequence ID No. 4, sequence ID No. 5, respectively) with the associated amino

acid sequences given in sequence ID No. 1 and sequence ID No. 2 respectively.

Cloning of nucleoside phosphorylase genes

PCR products were ligated into pGEM-T easy (Promega) using standard
protocols. Fragments encoding the genes of interest were removed using various
restriction enzymes (Table 3) and ligated into restricted pET20b (Novagen). The
resultant plasmid constructs were confirmed by sequencing. Correct constructs
were transformed into E. coli BL21 using electroporation for subsequent

expression analysis.

Table 3: Cloning strategy for the generation of constructs expressing various
nucleoside phosphorylases

Gene Organism Clone name | Restriction enzymes
up E. coli pETUP Ndel, Sall
BH1531 B. halodurans pMS-1531 Ndel, Hindlll

Expression of nucleoside phosphorylases
A single colony of E. coli BL21 expressing either BH1531 or UPase was

inoculated into 5 ml LB broth containing 100 ug/ml ampicillin (final concentration).
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This culture was grown overnight at 37°C with shaking. One ml of the culture was
diluted 1 in 100 into fresh LB broth. This fresh culture was grown at 37°C until the

ODego reached 0.4. Expression of the nucleoside phosphorylases (Figures 2 and

3) was induced using 1 mM IPTG (final concentration) for between 3 to 14 hours.

Production and preparation of nucleoside phosphorylases

Batch fermenters (Braun Biostat C) containing GMO 20 medium were inoculated
with 800 ml inoculum. The composition of the GMO 20 medium was as follows:
KoHPQO4, 14.6 g/l; (NH4)2S04, 2 g/l; NazHPO,, 3.6 g/l Citric Acid, 2.5 g/l; MgSQsy,
1.2 g/l; NH4NO3, 5 g/land Yeast extract, 20 g/l.

Glucose 30.0 g/l and trace element solution, 5 ml/l were sterilized separately and
added to the fermenters before inoculation. The trace element solution consists
of the following: CaCl,.2H,0, 0.4 g/l; FeCl;.6H,0, 16.7 g/l; MnCl,.4H;0, 0.15 g/I;
ZnS04.7H0, 0.18 g/l; CuCl,.2H,0. 0.125 g/l; CoCl,.6H0, 0.18 g/l; Na,EDTA,
20.1 g/l.

Ampicillin (100 mg/ml filter sterilised stock) was added to the medium to give a
final concentration of 100 pug/ml).

Antifoam was aseptically added to the fermentation medium on demand.

The pH of the fermentations was maintained at pH 7.2 with 33% m/v NH,OH and
20% m/v H2SOa4.

The temperature was maintained at 37°C and the aeration set to 1 v/v/imin. The
initial agitation was set at 300 rpm and ramped up (automatic cascade) to control
the pO, above 30% saturation. Growth, enzyme activity and glucose utilisation
were followed by taking 10 ml samples at 1 hourly intervals. Enzyme expression
was induced by addition of IPTG to a final concentration of 0.5 mM when the
ODegeo reached a value of between 7 and 8 OD Units. The broth (20 |) was
harvested 4 hours after induction and cooled to 4°C. The biomass was separated
from the supernatant by continuous centrifugation (Beckman Avante, JCF-Z rotor,
14000 x g). The resultant pellet was resuspended in 2 litres 50 mM phosphate
buffer, pH 8.0 and cells disrupted using a Constant Systems Cell Disruptor (2
passes at 20 kpsi). Cellular debris was removed by centrifugation (Beckman
Avante, JA-10 rotor, 14000 x g). The resultant protein solution was lyophilised in

the presence of 2% m/v maltose, 1% PEG 8000 (cryo-protectants). The
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lyophilisation procedure on a Vertis Genesis 25 |, was as follows: -35°C for 10 h;
ramp to -5°C over 5 h; hold at -5°C for 5 h; ramp to 15°C over 20 h; hold at 15°C
until dry.

EXAMPLE 5

The use of B. halodurans PNPase and E. coli PyNPase for the production of 5-

methyluridine.

Guanosine (0.030 g, 0.106 mmol and 1.5% m/m), thymine (0.031 g, 0.246 mmol
and 1.55% m/m) and sodium phosphate buffer (50 mM, 0.6% m/m, pH 7.5-8.0,
~1.8 ml) were charged to a sample vial (~ 5 ml). Stock solutions of PNPase and
PyNPase enzymes were prepared using phosphate buffer and the required
aliquots of PNPase (~30-200 ul) and PyNPase (~30-200 ul) added. The
PNPase/PyNPase enzyme ratio was maintained at 1:1 at the following enzyme
loading: PNPase, 0.27 U and PyNPase 0.27 U. The reaction mixture was stirred
using a stirrer bar and heated to the required temperature (40°C). The reaction
was typically carried out over 24 hours and then worked up, using sodium
hydroxide solution (NaOH 10 M). The reaction mixture was then quantitatively
analysed by HPLC for guanosine, guanine, thymine and 5-methyluridine. Typical
results obtained show that a guanosine conversion > 90% and 5-methyluridine

yield ~ 80% were achieved under the above conditions.

EXAMPLE 6
The influence of pH on the production of 5-methyluridine by a combination of B.

halodurans PNPase and E. coli PyNPase.

Experimental conditions similar to those described in Example 5 were used,
except the pH of the reaction was altered to determine the operating range for
this reaction. In order to obtain the desired pH, either 50 mM phosphate or
carbonate buffer was used in combination with di-sodium hydrogen phosphate

salt. Results are shown in Figure 4.



WO 2010/055369 PCT/IB2008/054810

10

15

20

25

30

17

EXAMPLE 7

The influence of temperature on the production of 5-methyluridine by a
combination of B. halodurans PNPase and E. coli PyNPase.

Guanosine (15 g, 0.0530 mol and 1.5% m/m), thymine (15.4 g, 0.122 mol and
1.54% m/m) and sodium phosphate buffer (50 mM, 0.6% m/m, pH 7.5-8.0, 969 g)
were charged to a glass baffled reactor (2 1). Stock solutions of PNPase and
PyNPase enzymes were prepared using phosphate buffer and the required
aliquots of PNPase (10 - 30 ml) and PyNPase (10 — 30 ml) added. The
PNPase/PyNPase enzyme ratio was maintained at 1:1 at the following enzyme
loading: PNPase, 200 U and PyNPase 200 U. The reaction mixture was stirred
using a stirrer bar and heated to the required temperature (40 - 70°C). The
reaction was typically carried out over 24 hours and then worked up, using
sodium hydroxide solution (NaOH 10 M). The reaction mixture was then
quantitatively analysed by HPLC for guanosine, guanine, thymine and 5-

methyluridine. Results are shown in Figure 5.

EXAMPLE 8
Preparation of 5-methyluridine, using B. halodurans PNPase and E. coli PyNPase

at 60°C at high substrate concentration.

Guanosine (17.5 g 61.8 mmol, 12.9% m/m), thymine (17.4 g, 138 mmol, and
12.9% m/m) and phosphate buffer (101 g, 50 mM, pH 7.5 - 8) were charged to
the reactor. The reaction mixture was heated to 60°C and stirred at 1000 rpm
using a magnetic stirrer bar. The required amounts of PNPase (204 U) and,
PyNPase (199 U) were then charged to the reactor. The reaction was conducted
over 24 hours The 5-methyluridine productivity over the course of the reaction
was between 4.5 -14 g/l/h. A guanosine conversion (> 90%), 5-methyluridine
yield (~90%) and 5-methyluridine productivity (~4.5 g/l/h) was obtained after 24

hours. Results are shown in Figure 6.
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EXAMPLE 9
The optimal biocatalytic reaction

Phosphate buffer (1620 g, 50 mM, pH 7.5-8) was added to a suitable reactor,
followed by guanosine solids (1040.09 g, 3.67 mole, 8.9% m/m) and then an
additional 986 g phosphate buffer. Thymine (535.04 g, 4.2 mole, 4.8% m/m) was
pre-wetted using 50 mM phosphate buffer (2000 g, pH 7.5-8) and then transferred
to the reaction vessel. The balance of the phosphate buffer (5794 g) was then
added to the reactor. The reaction mixture was stirred at 100 rpm using an
anchor stirrer and heated to 60°C for 2 h prior to addition of the biocatalysts.
During the heating procedure the required amount of PNPase (3.1119 g,
16006 U) and PyNPase (3.752 g, 16013 U) were pre-weighed and pre-dissolved
in phosphate buffer, (~200 g, including rinse volumes). The reaction was
conducted over 24 hours, however the reaction is typically complete within 8-12
hours at the required guanosine conversion (>90%) and 5-methyluridine yield
(~80-90%).

The optimal biocatalytic reaction was performed at scales ranging from 1 | (Figure
7) to 20 | (Figures 8 — 10). Replicate reactions to demonstrate the reproducibility
and robustness of the 20 | reaction were performed and these results are shown

in Figures 8-10.

EXAMPLE 10

The purification of 5-methyluridine

The reaction mixture was centrifuged hot (> 90°C) in order to recover guanine
(~90%) at a purity ~90% m/m. Crude 5-methyluridine was then recovered by
carrying out a water crystallization and water stripping process. The crude 5-
methyluridine residues were then dried and further purified using a hot isobutanol
filtration and crystallization process to remove inorganic salts (phosphate) and
other organics such as thymine. The recovery of 5-methyluridine over the DSP

process was ~90% at a purity > 90% m/m.

The overall isolated 5-methyluridine yield was between 64 - 80%.
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EXAMPLE 11

The synthesis of thymidine

Preparation of 3',5'-Diacetyl-2'-bromothymidine (DABT)

To 5-methyluridine (10.0 g, 39 mmol) in a 3-necked round bottom flask fitted with
a thermometer, reflux condenser and dropping funnel, was added acetonitrile
(389 g). This slurry was heated to reflux and acetyl bromide (27.32 g, 222 mmol,
5.7 equivalents) was added dropwise over 30 min. During the course of addition,
the solids dissolved to leave a yellow solution. The reaction was heated for an
additional 30 min and then solvent was removed under reduced pressure through
a NaOH solution trap and a solid NaOH trap. The residue was taken up in
dichloromethane and this was washed twice with brine. The organic layer was
dried over MgSO, (2 g), filtered and solvent removed to leave DAT as a beige
residue (90% yield).

Preparation of 3',5'-Diacetylthymidine (DAT)

DABT prepared above was dissolved in methanol sufficient to give a 20%
reaction concentration. For example, 16.1 g solid from reaction above was
dissolved in MeOH (64.4 g) and transferred to a Parr reactor. Sodium
bicarbonate (4.6 g, 1.5 equivalents) and Ni catalyst A-5000 (4.5 g, 15% m/m
catalyst loading, assume 50% slurry) were added. The H; pressure was set at 9
bar and the initial temperature was set to 35°C. The reaction is exothermic and
cooling was employed in the first 30 min of reaction. After this time the reaction
temperature was set to 40°C. After 3 h the reaction was stopped and filtered
through celite (Celite 535 is preferred) to remove catalyst. Solvent was removed
and the residue was taken up in ethyl acetate (90 ml). At this stage, a white solid
precipitated from the ethyl acetate solution, which was removed by filtration.

Solvent was removed in vacuo to leave DAT as a beige residue (90% yield).

Preparation of Thymidine

To the DAT prepared above was added MeOH (37 ml) and NaOMe (1.4 g, 1.1
equivalents). The reaction was warmed at 40°C for 2 h. After this time additional
MeOH was added (50 ml) and Amberlite resin (IR-120, 30 g) was added and

stired at room temperature. The beads were removed by filtration and the
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solvent was removed in vacuo to leave thymidine as a white solid (90% yield).

Recrystallisation from MeOH gave rise to a product of high purity (>98%).

EXAMPLE 12
The synthesis of thymidine from 5-methyluridine obtained directly from the
biocatalytic reaction after drying only, without further purification

Preparation of 3',5'-Diacetyl-2'-bromothymidine (DABT)

To 5-methyluridine (12.5 g of 80% m/m purity, 39 mmol) in a 3-necked round
bottomed flask fitted with a thermometer, reflux condenser and dropping funnel,
was added acetonitrile (389 g). This slurry was heated to reflux and acetyl
bromide (27.32 g, 222 mmol, 5.7 equivalents) was added dropwise over 30 min.
During the course of addition, the solution became green in colour and remained
slightly turbid. The reaction was heated for an additional 30 min and then solvent
was removed under reduced pressure through a NaOH solution trap and a solid
NaOH trap. The residue was taken up in dichloromethane and this was washed
twice with brine. The solvent was removed to leave DAT as a dark brown residue
(85% yield).

Preparation of 3',5'-Diacetylthymidine (DAT)

DABT prepared above was dissolved in methanol sufficient to give a 20%
reaction concentration and transferred to a Parr reactor. Sodium bicarbonate (4.6
g, 1.5 equivalents) and Ni catalyst A-5000 (4.6 g, 15% m/m catalyst loading,
assume 50% slurry) were added. The H; pressure was set at 9 bar and the initial
temperature was set to 35°C. The reaction is exothermic and cooling was
employed in the first 30 min of reaction. After this time the reaction temperature
was set to 40°C. After 3 h the reaction was stopped and filtered through celite
(Celite 535 is preferred) to remove catalyst. Solvent was removed, the residue
was taken up in ethyl acetate (90 ml) and MgSO,4 (2.5 g) was added. At this
stage, a white solid precipitated from the ethyl acetate solution, which was
removed by filtration. Solvent was removed in vacuo to leave DAT as a dark

brown residue (71% vyield).
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Preparation of Thymidine

To the DAT prepared above was added MeOH (37 ml) and NaOMe (1.4 g, 1.1
equivalents). The reaction was warmed at 40°C for 2 h. After this time additional
MeOH was added (50 ml) and Amberlite resin (IR-120, 30 g) was added and
stired at room temperature. The beads were removed by filtration and the
solvent was removed in vacuo to leave thymidine as a white solid (91% yield).
Recrystallisation from MeOH gave rise to a product of high purity, with a melting
point of 187.8°C.

EXAMPLE 13

Preparations of B. halodurans PNPase and E. coli PyNPase were immobilised
(separately and co-immobilised) on polyethyleneimine backbone particles (ZA
2007/09300). In each case 200 ul of the enzyme preparation (100 pl of each
preparation for co-immobilization) was added to 200 ul of backbone (5 mg/ml)
and made up to 1.0 ml with deionised water. The solutions were incubated with
mild agitation for 30 min. The particles were then washed 3 times with deionised
water. The immobilised PNPase showed an activity of 0.26 U/mg particle (1 U
was the amount of enzyme required to liberate 1 umol uric acid per minute from
inosine in the presence of xanthine oxidase) while the immobilised PyNPase
showed an activity of 0.055 U/mg particle (1 U was the amount of enzyme
required to liberate 1 ymol uracil from uridine in 1 minute). The co-immobilised
preparation showed 1.13 and 1.49 U/mg of particle for PNPase and PyNPase

respectively.

Summary

Biocatalysts can provide a high reaction rate, high stereo-selectivity and regio-
selectivity. There can also be a reduction in synthetic steps in synthesis and
product isolation due to specificity (fewer by-products to separate out, protection
steps eliminated). The multimeric enzymes PNPase and UPase/PyNPase are

used simultaneously in this invention to synthesise nucleosides.
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The use of low phosphate levels in the biocatalytic transglycosylation reaction of
the invention allows for the shifting of the equilibrium of the reaction towards the

formation of the products rather than the ribose phosphate intermediate.

The efficient transglycosylation of nucleosides is important for generation of
thymidine and 5-methyluridine, which are, as indicated hereinbefore important

precursors in the formation of the anti-retrovirals (ARV) AZT and stavudine.

Purine nucleoside phosphorylase (PNPase) is used to remove the ribose-1-
phosphate moiety from the guanosine nucleoside. The ribose-1-phosphate is
then transferred to thymine by pyrimidine nucleoside phosphorylase (PyNPase) to
generate 5-methyluridine. Hence a two enzyme biocatalyst system is, in
accordance with the invention, used to achieve nucleoside transformation
effectively. In accordance with the invention, the purified enzymes are used
together to synthesise 5-methyluridine from the cheap starting material,
guanosine. The process used involves the enzymatic cleavage of guanosine into
the insoluble guanine, and the highly soluble ribose-1-phosphate by PNPase.
The ribose-1-phosphate is then covalently bound to thymine by the UPase to give
5-methyluridine. Results show a greater than 80% yield, and typically around 80-

90% yield of 5-methyluridine from guanosine.

5-Methyluridine is a relatively expensive intermediate in the formation of AZT or
stavudine. By decreasing the cost of this intermediate, it is feasible to decrease
the cost of several anti-retroviral drugs. The use of biocatalysts allows for the
highly specific catalysis with low by-product formation. The use of the selected

B. halodurans enzymes allows for improved yields and reaction kinetics.

The invention thus provides a high yield and rapid chemo-enzymatic process for
the preparation of B-thymidine from guanosine and thymine. Preparation of the
intermediate 5-methyluridine is achieved in good vyield by biocatalytically
converting guanosine and thymine into 5-methyluridine and guanine using the
enzymes purine nucleoside phosphorylase and pyrimidine nucleoside
phosphorylase. The catalytic enzymes are produced by over-expression of an

E. coli pyrimidine nucleoside phosphorylase and a B. halodurans purine
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nucleoside phosphorylase in E. coli hosts. High yield production of both
biocatalysts has been demonstrated in batch fermentation of the respective
strains. The combination of these two enzymes yielded 80-90% 5-methyluridine
from guanosine with typical productivities of 7-11 g/l/lh at 60°C. Subsequent
chemical conversions of 5-methyluridine gave rise to high-purity B-thymidine in

three steps.
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CLAIMS

1. A process for manipulating a nucleoside, which includes converting
guanosine to 5-methyluridine by means of biocatalytic transglycosylation, with the
biocatalyst comprising a combination of a purine nucleoside phosphorylase from
Bacillus halodurans, PNPase (BH1531) of sequence ID No 1, or a protein with at
least 90% sequence similarity thereto, and a pyrimidine nucleoside

phosphorylase (PyNPase).

2. The process of Claim 1, wherein the pyrimidine nucleoside
phosphorylase is from Escherichia coli, being UPase of sequence ID No 2, or a

protein with at least 90% sequence similarity thereto.

3. The process of Claim 1, wherein the pyrimidine nucleoside
phosphorylase is from Bacillus halodurans, being PyNPase (BH1533) of

sequence ID No 3, or a protein with at least 90% sequence similarity thereto.

4, The process of Claim 2, wherein the purine nucleoside
phosphorylase and pyrimidine nucleoside phosphorylase are those produced by
batch fermentation of Escherichia coli JM109 (DE3) [pMS1531] and Escherichia
coliBL21 (DE3) [pETUP] respectively.

5. The process of any one of Claims 1 to 4 inclusive, wherein the

transglycosylation is performed at a temperature between 30°C and 70°C.

6. The process of any one of Claims 1 to 5 inclusive, wherein the

transglycosylation is effected at a pH in the range of 6 to 11.

7. The process of any one of Claims 1 to 6 inclusive, wherein the

molar yield of 5-methyluridine is 80% to 90%.

8. The process of any one of Claims 1 to 7 inclusive, wherein the

transglycosylation reaction productivity is between 0.5 and 27 g/I/h.
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9. The method of any one of Claims 1 to 8 inclusive, wherein the

biocatalyst is immobilized on a backbone.

10. The process of any one of Claims 1 to 9 inclusive, which includes

chemically manipulating the 5-methyluridine, to obtain therefrom R-thymidine.

11. The process of Claim 10, wherein the chemical manipulation of the
5-methyluridine is effected without any purification thereof after it has been

obtained by the conversion of the guanosine.

12. A process according to Claim 10 or Claim 11, wherein the chemical
manipulation of the 5-methyluridine includes reacting the 5-methyluridine with

hydrogen bromide or acetyl bromide in acetonitrile.

13. A catalytic enzyme which comprises a purine nucleoside
phosphorylase from Bacillus halodurans, PNPase (BH1531) of sequence ID No 1,

or a protein with at least 90% sequence similarity thereto.

14. A catalytic enzyme according to Claim 13, which is that obtained by

over-expression thereof in an Escherichia coli host.

15. A biocatalyst which comprises the combination of a pyrimidine
nucleoside phosphorylase (PyNPase) and a purine nucleoside phosphorylase
from Bacillus halodurans, PNPase (BH1531) of sequence ID No 1, or a protein

with at least 90% sequence similarity thereto.
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