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Some recent findings in the biotechnology of biologically important nucleosides will be discussed, viz.,
(i) anew strategy of the cascade one-pot transformation of D-pentoses into nucleosides based on the exten-
sion and deepening of the knowledge of the mechanism of functioning of the ribokinase, phosphopento-
mutase, and uridine, thymidine and purine nucleoside (PNP) phosphorylases, and the role of different
factors (structural, electronic, stereochemical) in the glycoside bond formation, (ii) the modern
chemistries of the chemo-enzymatic syntheses of nucleosides, (iii) the transglycosylation reaction using
natural and sugar modified nucleosides as donors of carbohydrate residues and heterocyclic bases as

acceptors catalyzed by nucleoside phosphorylases (NP).

Key words: nucleosides, bio-mimetic synthesis, chemo-enzymatic synthesis, enzymes

of nucleic acid metabolism.

Nucleosides embrace a large family of nat-
ural and chemically modified analogues of
great structural diversity and a broad spect-
rum of biological activity. Analogues of natu-
ral nucleosides as well as nucleoside antibio-
tics belong to the most important classes of
antiviral drugs, and they are extensively used
in the treatment of a variety of cancers. Base
and sugar modified nucleosides are very
valuable constituents of artificial oligonucleo-
tides of medicinal potential making these
oligomers more stable in biological fluids and
improving their targeting proper-ties. The
chemistry of many antiviral and anticancer
drugs, as well as building blocks for oligonu-
cleotide synthesis remains a challenging prob-
lem resulting in a high price of the desired
compounds preventing them from extensive
therapeutic application and use in oligonu-
cleotide business (for a recent reviews, see [1-3].

Analysis of the state of the art of chemo-
enzymatic synthesis of nucleosides led us to
conclusion that the chemo-enzymatic methodo-
logy demonstrates a number of advantages
over the chemical methods of nucleoside syn-
thesis, viz., high total yield of desired pro-
ducts, simplicity of work-up of reaction
mixtures and isolation of products, conform to

the principles of «green chemistry» to a
greater extent vs. the fine organic synthesis
[1-3]. Up to the present, a vast majority of the
modified nucleosides have been synthesized by
chemical methods. Despite the impressive
progress achieved in the development of chemical
methods, production of many antiviral and
anticancer drugs, as well as other biologically
active compounds remains a challenge. This
leads to high drug costs and, therefore, pre-
vents extensive biological trials and studies,
as well as a wide therapeutic application. The
need for the development of new strategies
became apparent in the late 1970s.

The chemo-enzymatic (biotechnological)
strategies are currently displacing multi-stage
chemical processes, and this allows perfor-
ming the key transformations with high selec-
tivity and regio- and stereo-specificity.
Considerable progress in the production of bio-
logically important analogs of natural nucleo-
sides has been achieved through the rational
combination of chemical and biochemical
transformations. Use of recombinant nucleo-
side phosphorylases (NPs) and N-deoxyribosyl
transferases (NDTs) as biocatalysts for the
synthesis of natural nucleosides and their
modified analogs is of considerable importance
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for the creation of modern technological pro-
cesses. Noteworthy that both groups of
enzymes complement one another and allow
finding out a straightforward route to the
desired compound. The use of the chemo-enzy-
matic methods allows undoubtedly improve
the price-quality ratio in the production of
many medical drugs.

The possible areas of application of nucleo-
side phosphorylases for the synthesis of nucle-
osides, as well as the limitations of this
methodology, have been investigated in detail;
however, several very interesting enzymatic
synthetic reactions deserve special attention,
because they are crucial for understanding the
mechanism of synthetic reactions catalyzed by
these enzymes and may expand the scope of
their practical use. It is well documented that
the N"-atom of purines plays a very important
role in the phosphorolytic cleavage of the gly-
cosyl bond of purine nucleosides and, it seems,
in the reversed synthetic reaction catalyzed by
E. coli purine nucleoside phosphorylase (PNP;
product of deoD gene; EC 2.4.2.1) as well, even
though the mechanism of this reaction has not
been adequately studied. The finding that 3-
deazapurines and 1-deaza-, 3-deaza- and 1,3-
dideazapurines (benzimidazoles, including
fluoro-, chloro- and bromo-substituted) are
good substrates for PNP allows to suggest a
key role for two nitrogen atoms of the imidazole
ring in the synthetic reaction (for a discus-
sion, see [1]). Namely, one of them is involved
in the binding of the heterocyclic base in the
enzyme’s active site that may lead to an
increase of the nucleophilicity of the second
nitrogen atom. This facilitates, in turn, an
attack by this atom on the electrophilic C1 car-
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bon atom of a-D-pentofuranose-1-phosphate
and eventually results in the formation of
a glycosidic bond (Scheme 1) [2].

The mechanism of the synthetic reaction
catalyzed by nucleoside phosphorylases in gene-
ral and PNP in particular remains unclear.
The participation of two nitrogen atoms of
benzimidazole in this reaction seems to be
obvious albeit there are two modes A and B of
initial binding of the substrate. The Check
authors studied substrate properties of a num-
ber of purine heterocyclic bases and their aza-
and deaza-analogues using partially purified
E. coli PNP and gel-entrapped cells of an aux-
otrophic thymine-dependent strain of E. coli as
a biocatalyst for the transfer of the 2'-deoxy-
D-ribofuranosyl moiety of 2'-deoxyuridine to
bases. The reactions proceeded regio- and
stereo-specifically affording purine nucleo-
sides as well as 8-aza-2'-deoxyadenosine and 8-
aza-2'-deoxyguanosine but no substrate activi-
ty of 7-deazapurines was observed. It was thus
concluded that the presence of the nitrogen-7
of purines and their isosteric analogues is a
prerequisite for the reaction [4]. However,
there are several exceptions, viz., 5-aza-7-
deazaguanine (1), 5-aza-7-deazaisoguanine (2)
and N-(1,3,4-thiadiazol-2-yl)-cyanamide (3)
are substrates for bacterial and mammalian
purine nucleoside phosphorylases (PNP’s)
(Scheme 2) [2].

These data imply that the mechanism of
binding and activation of substrate in the
catalytic center of E. coli PNP is not uniform
and prompted us to gain insight into the func-
tioning of the enzyme and to search for new
substrates and inhibitors.
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Scheme 2

Results and Discussion

The main line of the present study based on
the suggested by us new strategy of nucleoside
synthesis consisting in the cascade transfor-
mation of pentoses into nucleosides through
intermediate consecutive formation of a
pentofuranose-5-phosphate and o-D-pentofu-
ranose-1-phosphate (PF-al1P) catalyzed by
recombinant E. coli ribokinase (RK), phospho-
pentomutase (PPM) and nucleoside (uridine,
thymidine and purine nucleoside) phosphory-
lases (Scheme 3) [5]. Before an idea of the cas-
cade transformation — D(L)-pentose + base —
nucleoside — was proved, the chemical syn-
thesis of PF-a1P was considered as an impor-
tant supplementary approach to the prepara-
tion of sugar and base modified nucleosides
for biological and medicinal application. The
chemo-enzymatic nucleoside synthesis con-
sisting of the chemical preparation of PF-a1P
followed by an enzymatic condensation with
heterocyclic bases seemed to be more versatile
and rather attractive.

Preparation of recombinant E. coli riboki-
nase (RK), phosphopentomutase (PPM) and
nucleoside phosphorylases (NP’s) on the
practical level is of utmost importance for the
project and this task was realized and all these
enzymes were obtained as they spend at work
[2, 8, 5—T7]. Taking into account the aims of the
present study, the preparations of the afore-
mentioned enzymes have been obtained in dif-

ferent forms [lyophilized powders of high
enzymatic (>90% after 3-5 years storage at
+4 °C) stability], solution of a protein in
diverse buffers] and different levels of purity
(carefully purified for biochemical studies;
sufficient purity for biotechnological studies).

A possibility of cascade one-pot enzymatic
transformation of D-ribose or 2-deoxy-D-
ribose into nucleosides employing pure recom-
binant E. coli ribokinase (RK) [D-pentose —
pentose-5-phosphate (D-PF-5P)], PPM [D-PF-
5P — a-D-pentofuranose-1-phosphate (D-PF-
a1P)], and nucleoside phosphorylases (NP’s)
(D-PF-a1P + heterobase — nucleoside) coupled
with the appropriate pyrimidine or purine
heterobases was demonstrated (Scheme 4) [7].
Preliminary results of a caskade transforma-
tion of D-pentoses into nucleosides pointed to
a reliability to develop practical methods for
the preparation of antileukemic drugs
(Cladribine, Fludarabine, Clofarabine, Nelara-
bine) and a number of biologically important
nucleosides.

We noted rather essential differences
between the optimal reaction conditions for
RK[5], PPM [7] and recombinant E. coli nucle-
oside phosphorylases [6]. Bearing this in
mind, we have optimized the one-pot reaction
conditions aiming at the finding out a compro-
mised composition of the substrates allowing
satisfactory function of the enzymes under
investigation. It was found that D-ribose, 2-
deoxy-D-ribose, D-arabinose and 2-deoxy-2-
fluoro-D-arabinose are transformed into the
respective nucleosides in good yields; D-xylose
as well as some 2(3)-deoxyfluoro-D-pentofura-
noses and L-pentofuranoses are not involved
in the cascade transformation into nucleo-
sides. This study is continued.
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Our studies unambiguously showed for
the first time that 1,6-diphosphates of D-hexo-
ses are not necessary for the transformation
of 5-phosphates of D-ribose, 2-deoxy-D-ribose,
D-arabinose and 2-deoxy-2-fluoro-D-arabi-
nose into the corresponding 1-phosphates.
This is one of the most important findings
because it essentially simplifies the applica-
tion of PPM as a biocatalyst within the one-pot
cascade transformation of D-pentoses into
nucleosides as well as for the transformation
of chemically prepared 5-phosphates into
intermediary 1-phosphates and then into
nucleosides (Scheme 4) [7].

The strategy of cascade one-pot synthesis
of nucleosides suggested by us [5,7] is of inte-
rest for development of practical methods for
the preparation of biologically important
nucleosides. It should be emphasized that this
strategy allows preparing (-D-ribo-, 2-deoxy-
B-D-ribo-, B-D-arabino- and 2-deoxy-2-fluoro-
B-D-arabino-nucleosides of natural purine and
pyrimidine (except for 2-deoxy-2-fluoro-f-D-
arabino-nucleosides) bases, as well as base
modified nucleosides. Indeed, R&D of this
strategy led us to the simple and efficient
preparation of antileukemic drugs 2-chloro-
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2B-deoxyadenosine (Cladribine) from 2-deoxy-D-
ribose and 2-chloroadenine, 9-(3-D-arabinofura-
nosyl)-2-fluoroadenine (Fludarabine) (D-arabinose
+ 2-fluoroadenine), 9-(2-deoxy-2-fluoro-p-D-ara-
binofuranosyl)-2-chloroadenine (Clofarabine)
(2-deoxy-2-fluoro-D-arabinose + 2-chloroade-
nine) and 2-amino-9-(3-D-arabinofuranosyl)-
6-methoxypurine (Nelarabine) (D-arabinose +
2-amino-6-methoxypurine). Moreover, pre-
liminary results of the synthesis of a number
of biologically important nucleosides [e. g., 2'-
deoxyribosides of 8-azapurines and 8-aza-7-
deazapurines (vide infra)] have validated this
strategy [8].

Transfer of a pentofuranosyl moiety of
commercially available nucleosides or prepared
by chemical methods to purine or pyrimidine
bases catalyzed by nucleoside phosphorylases
(NPs) or N-deoxyribosyltransferases (DRTSs)
(«transglycosylation reaction») was demon-
strated to be a very efficient methodology for
the synthesis of a plenty of analogues of na-
tural nucleosides of biological and medicinal
importance (for recent reviews, see, e.g.,
[1-3]). The bacterial nucleoside phosphory-
lases [purine (PNP), thymidine (TP) and uri-
dine (UP)] reversibly catalyze (i) the phospho-
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rolysis of nucleosides with an intermediary
formation of a-D-pentofuranose-1-phosphate
(PF-a1P), and (ii) the synthesis of new nucleo-
sides in the presence of external heterocyclic
bases. As distinct from nucleoside phosphory-
lases, DRTs catalyze the direct transfer of the
2'-deoxyribofuranosyl moiety of donors with-
out intermediary formation of 2-deoxyribofu-
ranose-1-phosphate. From the viewpoint of
practical synthesis of sugar and base modified
nucleosides, NP and DRT complement each
other, but the latter have a strict specificity
towards substrates thereby limiting their
application.

Base halogenated nucleosides of benzimid-
azole attract an attention of researchers
since the pioneering studies by I. Tamm and
his co-workers initiated in the early 1950s of
the last century (for a review, see [9]).
However, the most important findings from
the viewpoint of the biochemical mechanism of
antiviral activity of this class modified nucle-
osides [10] as well as their possible practical
application [11] have been published during
last two decades (reviewed in [12,13]).

It was earlier shown that benzimidazole
(BI) and its derivatives with substituents in
the benzene ring are good substrates of E. coli
PNP in the transglycosylation reaction [1,
14-17]. In the present project, we studied 5,6-
difluorobenzimidazole and its derivatives, one
fluorine atom of which is replaced with
methoxy, ethoxy, isopropoxy, 4-morpholino
and N-methylpiperazino groups, as acceptors
of the D-ribofuranose and 2-deoxy-D-ribofura-
nose residues in the transglycosylation reac-
tion employing uridne (Urd) and thymidine
(Thd) [2’-deoxyuridine (dUrd)], respectively,
as the pentofuranose donors and recombinant
E. coli UP, TP and PNP nucleoside phosphory-
lases as biocatalysts [18].

The reaction transglycosylation was
employed for the synthesis of the B-D-ribo-
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and 2-deoxy-B-D-ribonucleosides 4—-15. The
reaction conditions have been optimized
depending on the kind of a ribofuranose donor,
the donor/base ratio, and quantity of the
recombinant E. coli enzymes and temperature
of the reaction. The use of readily available
natural purine ribonucleosides as donors of
the ribofuranose residue in the transglycosy-
lation reaction of BI allows employing PNP as
the sole biocatalyst. On the contrary, the use
of uridine as a donor of the ribofuranose
residue requires two nucleoside phosphory-
lases for transglycosylation reactions, viz.,
the recombinant E. coli uridine phosphorylase
(UP) for the intermediary formation of a-D-
ribofuranose-1-phosphate (D-Rib-a1P) that is
accepted by E. coli PNP for the synthesis of the
BI ribosides. The efficiency of both types of
donors was tested in the transglycosylation of
5,6-difluorobenzimidazole and it was found
that the use of uridine and two nucleoside
phosphorylases is preferable in terms of yield
of the desired nucleosides.

It was found that the 3:1 to 10:1 molar
donor/base ratio and the use of 40 units of uri-
dine phosphorylase (UP) per 1 mmol of uridine
(60—160 UP units for 2'-deoxyuridine]) and
155-400 units of PNP are necessary to obtain
the ribosides 4—-15 in good yields calculated
for isolated products (Table 1). Reactions were
conducted at 52 °C in the K,Na-phosphate
buffer (6—20 mM; pH 7.0) monitoring the for-
mation of the products by HPLC, the conver-
sion of base into nucleoside(s) was 98.5%. It
is noteworthy that the synthesis of 2'-deoxyri-
bosides was completed in 1-3 h, whereas the
trans-ribosylation proceeded much more
slowly and 22-28 h required achieving high
yields of the reaction products. Similar trend
was earlier observed in the case of the ribo and
2’-deoxyribo nucleoside syntheses using
the whole E. coli cells as biocatalyst (Scheme 5)
[18].

Base N R N F
PNP y y

. f,,OH — < + <

0 -Pi N - N R

Scheme 5
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Table 1. The synthesis of benzimidazole nucleosides

Yield for isolated Ratio of isomers
1
Compd Pfr R product (%) - -
4 Rib 77 —
-F
5 dRib 68 -
6 Rib 54 95 5
-OMe
7 dRib 51 41 59
8 Rib 98 89 11
-OEt
9 dRib 85 70 30
-OiPr
11 dRib 65 96 1
12 Rib O 75 100 -
: N~ -
14 Rib s 79 100 -
15 dRib - 68 100 -

Pfr = 3-D-Pentofuranosyl (Rib — B-D-ribofuranosyl; dRib — 2'-deoxy-f-D-ribofuranosyl).

Regio-isomeric structure of all isolated
nucleosides was proved by scrupulous analysis
of the 'H and *C NMR spectral data (incl.
['H,'H] & ['H,*C] 2D: COSY, HSQC, HMBC
and NOE spectra).The predominant (OMe and
OEt) or exclusive (OiPr, 4-morpholino and N-
methylpiperazino) formation of the 5-substi-
tuted 6-fluoro-1-(B-D-ribofuranosyl)-benzimi-
dazoles was observed. The formation of the
regio-isomeric 5-fluoro-1-(2-deoxy-B-D-ribo-
furanosyl)-6-methoxy(ethoxy, i-propoxy)ben-
zimidazoles was observed in the trans-2-
deoxyribosylation reaction of the corresponding
bases. The predominant or exclusive forma-
tion of the regio-isomeric N'-nucleosides with
bulky 5-substituents of 6-fluorobenzimidazole
points to a large hydrophobic pocket in the
E. coli PNP active site that can accommodate
these groups.

During recent years, the use of D-pentofu-
ranose-1-phosphates (PF-1Ps) as substrates
of an enzymatic synthesis of nucleosides
attracts much attention [1-3]. It should be
stressed that the enzymatic and chemical syn-
theses of D-ribofuranose-1-phosphate and its
2-deoxy counterpart have rather reach prehis-
tory. However, only recently a few interesting
reports from the point of view of the possible
practical application have been published.
There are two lines of investigation in this
area, viz., (i) biochemical (microbial, enzyma-
tic) retro-synthesis of 2'-deoxyribonucleosides
employing the triose phosphate isomerase
(TRI) and 2-deoxy-D-ribose-5-phosphate
aldolase (DERA) enzymes and (ii) chemical
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synthesis of D-pentofuranose-1-phosphates
(PF-1Ps) followed by the enzymatic condensa-
tion with heterocyclic bases.

Within this line of investigation, the labo-
rious preparation of the a-D-pentofuranose-1-
phosphates (PF-a.1Ps) is a serious bottleneck
of this approach. However, despite rather
complex synthesis of PF-a1Ps this chemo-
enzymatic methodology for the synthesis of
biologically valuable nucleosides represents an
advisable alternative to an enzymatic transfer
of sugar fragment of nucleoside to hetero-
cyclic base («transglycosylation reaction») as
well as to the microbial (enzymatic) retro-syn-
thesis [1-3].

Scrutiny of the chemical methods for the
preparation of pento(hexo)furanose-1-phos-
phates as well as different methods of an acti-
vation of the anomeric carbon atom shows that
the most of them are laborious and low-yield-
ing. As might be expected, the formation of
anomeric mixtures was usually observed, and
only the tedious crystallization-induced asym-
metric transformation leads to the predomi-
nant formation of the desired dRF-alP
(reviewed in [1-3]). From the standpoint of
simplicity, method suggested by MacDonald
[19] for the synthesis of pyranose-1-phos-
phates seems to be the most efficient one and
prompted us to apply it for the synthesis of o-
D-arabinofuranose-1-phosphate (19; Ara®-
olP) [20]. We focused our studies on the
development of practical chemical synthesis of
PF-1Ps and selected D-arabinose as a starting
pentose bearing in mind that a plenty of
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purine and pyrimidine B-D-arabinofurano-
sides manifest antiviral and anticancer activi-
ties.

It is remarkable that Ara’-a1P synthesized
by Wright & Khorana was found to be inactive
as a substrate for the pyrimidine deoxyribo-
side phosphorylase of E. coli (thymidine phos-
phorylase, TP) and for the purine nucleoside
phosphorylase (PNP) of fish muscle [21].
These data taken together prompted us to syn-
thesize Ara®olP and to investigate its sub-
strate properties for recombinant PNP of
E. coli.

Treatment of the peracetyl derivative of D-
arabinose 16 with anhydrous phosphoric acid
under MacDonald’ conditions followed by
work-up gave rise to the formation of an amor-
phous powder or viscous oil consisting of a-D-
arabinofuranose-1-phosphate (19; Ara’-a1P)
and P-D-arabinopyranose-1-phosphate (20;
Ara’-31P) (ca. 50% , combined; the 19:20 ratio
was from 1.5:8 to 1:2, according to 'H NMR).
The structure of both phosphates was proved
by (i) the scrupulous analysis of the '"H and **C
NMR spectra as well as ['"H,'H] and ['H,'*C] 2D
spectra of the mixtures of different anomer
ratio, (ii) comparison with the '"H and *C NMR
data for the related 1-phosphates, and (iii) the
comparative analysis of the ab initio calcula-
tions of 1-phosphates of selected o.-D-pentofu-
ranoses and two conformers, ;C* and 'C,, of -
D-arabinopyranose (Table 2).

In consent with experimental results, the
ab initio calculations point to a higher stabili-
ty of both possible conformers of B-D-ara-
binopyranose-1-phosphate, viz., ;C* and 'Cy, vs
a-D-arabinofuanose-1-phosphate [AE = E(AP-
p1P; ,C") — E(AP-B1P; *C;) = —11.7 kcal/mol;
[AE = E(AP-1P;,C") — E(AF-al1P; O4-exo0) =
—26.9 kcal/mol] (Table 2). It was previously
shown that the ratio of o- and B-anomers

strongly depends on the reaction conditions
implying the a/3-anomerization to the thermo-
dynamically more stable anomer and the possi-
bility of furanose/pyranose isomerization
during the treatment of peracyl sugars with
anhydrous phosphoric acid cannot be exclu-
ded. In toto, it appears to be rather likely the
formation of B-D-arabinopyranose-1-phos-
phate along with the desired a-D-arabinofura-
nose-1-phosphate using peracetyl D-arabino-
furanose as the starting compound. In this
context, it is noteworthy that the MacDonald
method was up to present study successfully
employed for the synthesis pyranose-1-phos-
phates [19]. To escape or diminish the forma-
tion of the pyranose-1-phosphates, we focused
our further studies on the preparation of new
starting sugars, primary hydroxyl group of
which would be protected with an acid resis-
tant function. However, methyl 2,3,5-tri-O-
benzoyl-o-D-arabinofuranoside (17) was stable
under MacDonald’s reaction conditions and
was recovered unchanged from the reaction
mixture; on the contrary, 1-O-acetyl-2,3,5-tri-
O-benzoyl-D-arabinofuranose (18) showed
good reactivity, but gave a mixture of the 1-
phosphates 19 and 20 similar to that obtained
from the peracetyl derivative of D-arabinose.
In toto,

The mixture of isomeric phosphates Ara’-
o 1P and Ara®-f1P of different ratios was test-
ed in the reaction with 2-fluoroadenine and 2-
amino-6-methoxypurine catalyzed by the
recombinant E. coli purine nucleoside phos-
phorylase (PNP). It was found that the pyra-
nose phosphate Ara”-$1P did not interfere
with the reaction of the furanose phosphate
Ara’-o1P with purine bases. Moreover, the
rate of formation of 9-(B-D-arabinofuranosyl)-
2-fluoroadenine (Fludarabine) under optimum
conditions [water solution (pH = 7.0); 55 °C,

Table 2. The ab initio geometry optimization of a(p)-D-pentofuranose(pyranose)-1-phosphates (as mono sodi-
um salts) (HyperChem, 8.1; in vacuo, basis set; medium 6-31G*)

Compound 1 Phosphate) | Pine parial cargeat | ot (ining cnesy | Contormatonof he pnte
Ribo (RF- 2 1P) 0.425 —-808 850.3 Cl-exo
2-Deoxyribo (ARF- a 1P) 0.454 -762140.7 C3-endo
Arabino (AF-a 1P)? 0.464 —-808 841.6 04-exo
B-D-Arabinopyranose 0.410 —808 868.5 4C'(more stable)
(AP-B1P) 0.451 —808 856.8 ‘Cy(less stable)

Ja.-D-arabinofuranose-1-phosphate is thermodynamically less stable vs both conformers of -D-ara-
binopyranose-1-phosphates, viz., 4C' and *Cy; note that among the two pyranose conformers the former is
more stable than the latter. Colored data are for isomeric compounds with analogous elemental composition.
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1-3 h] was found to be similar to that of the
PNP catalyzed condensation of a-D-ribofura-
nose-1-phosphate with 2-fluoroadenine.
Reaction of furanose phosphate Ara”-a1P with
2-fluoroadenine is shifted towards the forma-
tion of Fludarabine and ca. 5% of the initial
base remained after 3 h in the reaction mix-
ture, keeping of which at 14 °C for 24 h result-
ed in crystallization of Fludarabine in 77%
yield (Scheme 6) [20].

As distinct from 2-fluoroadenine, the
enzymatic reaction of 2-amino-6-methoxy-
purine with phosphate Ara-a1P reached equi-
librium at ca. equimolar ratio of a base and its
nucleoside, 2-amino-9-(f-D-arabinofurano-
syl)-6-methoxypurine (Nelarabine). Notably
that the reaction transglycosylation of 2-
amino-6-methoxypurine using 1-(-D-arabino-
furanosyl)uracil as a donor of the arabinofura-
nose residue and the E. coli uridine and purine
nucleoside phosphorylases as biocatalysts
gave rise to the preparation of Nelarabine in
53% vyield [22]. Unexpectedly, 2-amino-6-
methoxypurine revealed lower substrate activi-
ty compared to that of 2-fluoroadenine, where-
as the respective nucleoside Nelarabine
showed higher substrate activity for PNP vs
Fludarabine. As a consequence, the reaction
reached equilibrium after 36 h at ca. equimo-
lar concentration of base and its nucleoside. It
is noteworthy that very similar results were
observed in the case of the trans-ribosylation

[uridine as a donor of the ribofuranose
residue; 23 °C; 5 mM KPB (pH 7.0)] and the
trans-arabinosylation [1-(B-D-arabinofura-
nosyl)-uracil as a donor of the arabinofuranose
residue; 45 °C; 5 mM KPB (pH 7.0)] of 2-
amino-6-methoxypurine employing UP and
PNP as biocatalysts [20].

Unexpectedly, the enzymatic reaction of
hypoxanthine and a mixture of phosphates 19
and 20 (ca. 1:2) in the presence of PNP (172
units) in water solution (55 °C) proceeded very
slowly. After 7 days, in the reaction mixture
remained ca. 10% of the starting base (HPLC)
and 9-(B-D-arabinofuranosyl)-hypoxanthine
(Ara-Hyp) was isolated in 80% yield after
standard work-up and chromatography.

The synthesis of 1-(B-D-arabinofura-
nosyl)thymine (ara-Thy) from thymine and the
phosphate 19 (as a ca. 1:2 mixture of phos-
phates 19 and 20) in water solution (55 °C) in
the presence of the recombinant E. coli thymi-
dine (TP) and uridine (UP) phosphorylases was
studied. As expected (cf.[21]), TP did not cata-
lyze the formation of the nucleoside. The for-
mation of ara-Thy in the presence of E. coli UP
(144 units) proceeded smoothly and ca. 70% of
the base was transformed into ara-Thy after 7
days that was isolated in 61% yield [20].

In continuation of these studies, we inves-
tigated the chemical synthesis of 2-deoxy-2-
fluoro-a-D-arabinofuranose-1-phosphate
(*Ara-a1P) and its substrate properties for
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OMe
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k 16 17 18 /
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OH + HO OH
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19 20
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(o] X 0]
Me
N N = NH
NH N
4 4
X/ ¢ 18-
HO O N N HO (o) N N Y HO O N o]
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Ara-Hyp Fludarabine (X = NH3; ¥ = F) Ara-Thy

Nelarabine (X = OMe; Y = NH,)

Scheme 6
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the recombinant E. coli nucleoside phosphory-
lases, as well as the cascade transformation of
2-deoxy-2-fluoro-D-arabinose, D-arabinose,
D-xylose and D-ribose into the corresponding
B-D-pentofuranosides of 2-chloroadenine. The
modified MacDonald method was employed for
the synthesis of Ara-a1P and its use as a uni-
versal glycosylating agent for the nucleoside
synthesis was studied in comparison with o-
Ara-1P. It was found that the phosphate a.-
FAra-1P, like a-Ara-1P, is good substrate of
the recombinant E. coli purine nucleoside
phosphorylase (PNP) and can be used for the
synthesis of a number of purine nucleosides
(e.g., Clofarabine and related nucleosides of
2,6-diaminopurine and hypoxanthine) as well
as base modified derivatives [e.g., 5-aza-T-
deaza-9-(2-deoxy-2-fluoro-B-D-arabinofura-
nosyl)guanine]. Unexpectedly, the phosphate
a-Ara-1P, unlike o-Ara-1P, showed no sub-
strate activity for the recombinant E. coli uri-
dine phosphorylase (UP); both phosphates
devoid substrate activity towards the recombi-
nant E. coli thymidine phosphorylase (TP) (for
a preliminary report, see [23]).

Recently we have described an enzymatic
synthesis of nucleosides of N°-benzoyladenine
and N’-acetylguanine using the respective
acylated bases as acceptors of the pentofura-
nose residues and recombinant E. coli PNP as
a biocatalyst [24]. Based on this finding, a
new approach for the synthesis of orthogonal-
ly protected nucleosides was suggested and
verified by the preparation of N¢-benzoyl-
2',3'-dideoxy-3'-Fmocaminoadenosine (23).
Commercially available 3'-amino-3'-deoxythy-
midine (21) and N°-benzoyladenine were used
as substrates of the enzymatic coupling cata-
lyzed by E. coli PNP to give 3-amino-2',3'-
dideoxy-NS-benzoyladenosine (22) in high
yield. Standard treatment of the latter with
Fmoc-OSU yielded the desired nucleoside 23
with orthogonally protected amino groups of

0
Me
‘f‘\/li: AdeBZ \
(E. coli TP & P
Ho— o N o NP
—-"
N
HoN
21
iBz= benzoyl

| Enzymatic synthesis:

Erecombinant E. coli TP & PNP; 5 mM KPB {pH 7.0); 50°C, 24 h.

3'-amino-2',3'-dideoxyadenosine (Sche-
me 7) [24].

These studies were continued using N?-
acetyl-O°-[2-(4-nitrophenyl)ethyl]guanine (24)
[25] as an acceptor in (i) the transglycosylation
reaction employing thymidine (25) and its 3'-
aminodeoxy derivative (26) as donors of the
pentofuranose residues and recombinant E.
coli TP and PNP as biocatalysts (Scheme 9,
path A), and (ii) the synthesis of the ribo- and
arabino-nucleosides 29 and 30 in the cascade
one-pot transformation of the corresponding
D-ribose (27) and D-arabinose (28) into the
nucleosides in the presence of the recombinant
E. coli RK, PPM and PNP (Scheme 9, path B).

The base 24 is poorly soluble in the phos-
phate buffer and a 3:2 (vol) mixture of K-phos-
phate buffer (20 mM; pH 7.1) and DMSO was,
therefore, used in the studied reactions. It was
found that the base 24 displays satisfactory
substrate activity for PNP and the nucleosides
29 and 30 form in the reaction mixture in 64
and 42% (HPLC data), respectively, after 30 h
at 50 °C (Scheme 8, A). Both individual nucleo-
sides have been isolated by silica gel column
chromatography in 50 and 34% yields, respec-
tively. The use of the acceptor/donor ratio of
1.0:1.5 (mol) gave rise to the formation of the
nucleosides 29 and 30 in 78 and 60% vyields
(HPLC), respectively, after 96 h at 50 °C [26].

A good substrate activity of the base 24 for
PNP prompted us to test it in the one-pot syn-
thesis of nucleosides from D-pentoses in the
cascade transformation in the presence of RK,
PPM and PNP (Scheme 8, B). It was found that
the riboside 33 forms in the reaction mixture
in 65% yield after incubation for 48 h at 48 °C.
Under similar reaction conditions, the forma-
tion of the arabinoside 34 proceeds more slow-
ly affording 10% of the product after 48 h.

The finding that base 24 with voluminous
NPE group shows good substrate activity
points to a large hydrophobic pocket in PNP

NHBz NHBz
=N
¢ ]
O NJ
80%
FmocHN
23

Scheme 7
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active site that can accommodate this group.
The dimensions of this pocket are illustrated
by the overlay of imidazole fragments of the
geometry optimized structures of N?-acetyl-
O°-[2-(4-nitrophenyl)ethyl]guanine and 5-
morpholino-6-fluorobenzimidazole (vide sup-
ra) (Fig. 1).

Remarkably, the pocket in the E. coli PNP
active site exceeds the dimension of purine
base and allows suggesting a minimal contri-
bution of the C6 amino/carbonyl groups and
N1 atom to the substrate binding.

Nucleosides of 8-azapurines and 8-aza-7-
deazapurines (purine numbering throughout)
are applicable as drugs and tools in chemistry,
chemical biology and molecular diagnostics
(see, e.g., [27—31]). Chemical synthesis of
these nucleoside shape mimics suffers from
the formation of mixtures of regio-isomers
and o/B-anomers in the case of the synthesis 2-
deoxy-D-pentofuranosides and arabinosides.
This makes it necessary to conduct time-con-
suming separation. As a result, the desired
nucleosides are obtained in moderate or low
yields (e.g., [29,31]).

We applied the enzyme catalyzed glycosy-
lation to diversity of heterocyclic bases
belonging to the classes of 8-azapurines (35 &
36) and 8-aza-7-deazapurines (37-40) using
various donors of the 2’-deoxy-D-ribofura-
nosyl residue and recombinant E. coli PNP as a
biocatalyst (transglycosylation reaction;
Scheme 9; path A) and the enzymatic cascade
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transformation of 2-deoxy-D-ribose into the
nucleosides (Scheme 10; path B) using recom-
binant E. coli RK, PPM and PNP (one-pot syn-
thesis). The enzymatic synthesis of N9-2'-
deoxy-B-D-ribonucleosides of a number of
8-azapurines (44, 45) and 8-aza-7-deaza-
purines (46—49) was studied (Scheme 9) [8].

At first, the substrate activity of bases 35-
39 was tested in the transglycosylation reac-
tion performed under standard conditions
using 2'-deoxyguanosine (41) as a glycosyl
donor (Scheme 10, A). All these bases are sa-
tisfactory substrates and the respective nucleo-
sides were obtained in good yields. The struc-
ture of the nucleosides 44-48 was confirmed
by 1H- and 13C-NMR spectroscopy data and
UV spectra as well by comparison with already
published spectral data. We have not observed
the formation of the regio-isomeric nucleo-
sides.

In the next series of experiments, we studied
the one-pot synthesis of nucleosides 44—48
with 2-deoxy-D-ribose and heterocyclic bases
35-39 in the presence of recombinant RK,
PPM and PNP (Scheme 10; path B). Under
reaction conditions employed, the formation
of 8-aza-2'-deoxyadenosine (44) and 8-aza-2'-
deoxyguanosine (45) proceeded slowly affording
the nucleosides in moderate yields. On the con-
trary, 8-aza-7-deazapurines 37-39 showed
satisfactory substrate activity and the respec-
tive nucleosides 46—48 were formed in yields
more than 50% after 20 h [8].
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The regio-specific 2'-deoxy-D-ribosylation
of 8-azaadenine (35) and 8-azaguanine (36)
catalyzed by recombinant E. coli PNP is in line
with published data [32]. On the contrary, gly-
cosylation of anions of 8-azapurines with 2-
deoxy-3,5-di-O-(4-toluoyl)-a-D-erythro-
pentofuranosyl chloride gave a very complex
mixture of regio-isomers and their o,p-
anomers [28, 29].

From a chemical point of view, the forma-
tion of the glycosyl bond results from a nucle-
ophilic attack of a nitrogen atom of base at the
electrophilic Cl-carbon atom of 2-deoxy-D-
ribofuranose-1-phosphate (27). The regio-
selectivity of the enzymatic glycosylation is
governed by the binding mode of base in the
catalytic center of the enzyme enabling a
nucleophilic attack of a nitrogen atom of the
sp2 hybridized imino —C=N°- tautomer at the
electrophilic center of co-substrate (Scheme
1). A similar type of binding of the substrate

can be tolerated with a high probability for
natural purine bases as well as for 8-aza-
purines 35 and 36 leading to the exclusive for-
mation of N9-glycosides. However, the forma-
tion of nucleosides 46-48 was rather
unexpected in the light of the earlier data
pointing to the crucial importance of the
nitrogen-7 of purines and their isosteric ana-
logues in the synthetic reaction catalyzed by
E. coli PNP [2, 3, 32].

Detailed analysis of the mechanism of the
phosphorolysis of purine nucleosides by E. coli
PNP showed that the base binding site is
formed mainly by Asp204 and to some extent
by Phel59 [33]. Taking into account that this
is an equilibrium reaction, one can expect that
the same amino acid residues make the main
contribution in binding of substrate in the
synthetic reaction. The Asp204 interacts with
the nitrogen-7 and likely the C6 substituents
of natural purine bases giving rise, in all like-
lihood, to the proper base orientation and to
enhancement of the nucleophilic properties of
the nitrogen-9, i.e., activation of the sub-
strate. It is, therefore, surprising that
replacement of the nitrogen-7 with CH group
did not abolish the substrate activity of bases
37—-39 pointing to the rather efficient contri-
bution of the Asp204-C6 substituent interac-
tion in the correct binding and activation [1].
To prove the role of such interaction, we inves-
tigated the substrate properties of base 40,
which has no groups (NH,, carbonyl, OH or
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OR) that could imitate an interaction of natur-
al purine substrates with Asp204. It was sur-
prising to found that base 40 still retains
moderate substrate activity despite the
absence of any interactions with Asp204 and
the extremely low solubility.

Analysis of the crystal structure of the
ternary complex of hexameric E. coli PNP with
Formycins A and B showed that the Ser90 is
involved in binding of the bases [33a,b].
Moreover, crystallographic data for the ade-
nine binding to the active site of E. coli PNP
clearly showed a close proximity of Ser90-O"to
the carbon-8 of the base [33c,d]. These data
together with the aforementioned considera-
tions suggest the possible explanation for the
good substrate properties of bases 46—48 and
moderate activity of base 49, viz., Ser90-0' is
hydrogen bonded to nitrogen-8 (purine num-
bering) of the bases giving rise to the accept-
able base orientation in the catalytic site of E.
coli PNP followed by activation of the nitro-
gen-9 in productive complex 27 (Fig. 2).
Contribution of Phel59 of E. coli PNP in both
processes, binding and activation, appears to
be analogous to that of the natural bases.
Thus, in the case of 8-aza-7-deaza purine
analogs Ser90 residue of the catalytic site of E.
coli PNP takes effect of Asp204 in the case of
natural purine substrates.

The spatial tautomeric structures of base
40 in complex with Ser90-O'" have been ana-
lyzed by the restricted Hartree-Fock (RHF) ab
initio method using basis set of 6-31%* FIRE-
FLY QC package, which is partially based on
the GAMESS (US) source code. The files of
MOPAC format containing Z-matrix of inter-
nal coordinates obtained by the PM3 geometry
optimization was used as starting approxima-
tion for the ab initio calculations. The follow-
ing main dimensions were obtained for the
respective structure E. coli PNP/base 40 —
Ser90-O'-H- - -N® 0.97 & 1.86 E; Ser90-
O'- - -H-N° 2.39 & 0.99 E; =N*-N°(H)- 1.39
E; 27 — Ser90-O'- - -H-N® 2.37 & 0.99 E;
Ser90-O'-H---N° 0.96 & 1.83 E;
-N¥H)-N°® = 1.37 E; these data are in fair
agreement with strong hydrogen bonding of
the base enabling the correct binding followed
by activation [8].

To prove this suggestion, the Ser90Ala
mutant of E. coli PNP was prepared and its
catalytic activity in the synthesis of purine
and 8-aza-7-deazapurine nucleosides studied.

The transribosylation of hypoxanthine and
8-aza-7-deazahypoxanthine (allopurinol)
using uridine and the recombinant E. coli uri-
dine phosphorylase for the generation of
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Fig. 2. Schematic presentation of productive
E. coli PNP/base 40 complex

intermediary o-D-ribofuranose-1-phosphate
revealed the differences in rates of the forma-
tion of inosine and allopurinol riboside (AR)
along with high yields of both nucleosides. In
the presence of the native E. coli PNP, the for-
mation of (i) inosine reached 90% after ca. 30
min and after next 30 min established an equi-
librium at ca. 2:8 base — nucleoside ratio in
the reaction mixture, and (ii) 8-aza-7-deaza-9-
(B-D-ribofuranosyl)purine (AR) proceeded
somewhat slowly achieving a 95% conversion
of allopurinol to its N°-riboside 3a after 24 h,
witnessing to non-critical role of the N'-nitro-
gen atom in the binding and activation of hete-
rocyclic substrate in the synthesis of nucleo-
sides catalyzed by the native E. coli PNP.
Replacement of the native PNP with the
mutated enzyme in the synthetic reactions
resulted in (i) the slowing down of the rate of
the inosine formation (35% yield of inosine
after 1 h; an equilibrated ca. 2:8 mixture of
base — nucleoside after 24 h), and (ii) dramatic
reduction of the rate of the AR formation
attaining ca. 20% yield after 48 h. These data
allow implying the moderate contribution of
the Ser90 residue of the catalytic center of the
native E. coli PNP in the binding of o-D-Rib-
1P. Dramatic reduction of the rate of the
allopurinol riboside formation points to an
unique importance of Ser90 residue of the
native E. coli PNP in the binding and activa-
tion of allopurinol as well as other 8-aza-7-
deazapurines [especially 2-amino-8-aza-6-
chloro-7-deazapurine (40)] in the enzymatic
synthesis of their nucleosides (for a prelimi-
nary report, see [34].

Thus, the pure recombinant E. coli riboki-
nase (RK), phosphopentomutase (PPM) and
nucleoside phosphorylases [uridine (UP),
thymidine (TP) and purine nucleoside (PNP)]
were prepared on a multigram level [5—7].
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A new strategy for the synthesis of nucleo-
sides consisting in one-pot enzymatictransfor-
mation of D-ribose, 2-deoxy-D-ribose, D-arabi-
nose and 2-deoxy-2-fluoro-D-arabinose in the
presence of heterocyclic bases into the pyrimi-
dine and purine nucleosides was suggested and
validated. It consists in consecutive transfor-
mation of D-pentoses into nucleosides under
the action of recombinant E. coli ribokinase
(RK) [D-pentose pentose-5-phosphate (D-PF-
5P)], PPM [D-PF-5P  o-D-pentofuranose-1-
phosphate (D-PF-a1P)], and nucleoside phos-
phorylases (NPs) (D-PF-a1P + heterobase
nucleoside). It was unambiguously shown for
the first time that 1,6-diphosphates of D-hex-
oses are not necessary for the transformation
of 5-phosphates of D-pentoses into the corre-
sponding 1-phosphates. Practical methods for
the synthesis of antileukemic drugs
(Cladribine, Fludarabine, Nelarabine, Clofara-
bine) and a number of biologically important
nucleosides were developed [7].

The enzymatic trans-ribosylation and
trans-2-deoxyribosylation was used for the
synthesis of the corresponding nucleosides of
5,6-difluorobenzimidazole and its derivatives,
one fluorine atom of which is replaced with
methoxy, ethoxy, isopropoxy, 4-morpholino
and N-methylpiperazino groups aiming at
search of new biologically active nucleosides.
A large pocket close to the area corresponding
to the purine N' atom was disclosed [18].

The MacDonald’ method was studied for
the synthesis of a-D-arabinofuranose-1-phos-
phate (Ara™alP) using diverse starting pera-
cyl derivatives of D-arabinose. Mixtures of
different ratios of Ara’-olP and p-D-ara-
binopyranose-1-phosphate (Ara®-f1P) were
obtained and they will be used in the enzymat-
ic condensations with purine and pyrimidine
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OO6GroBopeHoO HEIIOAABHI BiIKPUTTA B raaysi
O6ioTexHOJIOTil 0i0JOTiYHO AKTUBHUX HYKJEO3U-
IiB, 10 AKUX HAJEKUTb HU3KA JiKapCbKUX IIpe-
mapariB mpotu Jielikemii (kiampubin, duynapa-
0im, wemapabin, xaodapabim). [HokgamHO
POSTJIAHYTO: HOBY CTpaTerilo KacKamHOI «one-
pot» Tparnchopmailiii D-meHT03 y HYKJI€03u I, 110
I'PYHTYETbCA Ha POBMIMPEHHiI Ta morambjeHHi
3HAHb IIPO MeXaHi3M (DYHKI[iOHyBaHHA PUOOKiHA-
31, (oc@oIlleHTOMYyTa3u, yPUAWUH-, TUMIiAWH- i
IypuHHYKJeo3uadochopuias, a TaK0OK POJIb pis-
HUX YNHHUKIB (CTPYKTYPHUX, €JIeKTPOHHUX, CTe-
peoximMiuHnX) y (popMyBaHHI MIiKO3UIHOIO 3B A3-
Ky; CydYacHi MeToAuM XeMOEH3UMAaTUUHOTO
CUHTEe3y HYKJIEO3UiB; PeaKIil0 TPaHCTJIIKO3U-
JIIOBaHHdA, IO KaTajlidyeTbcsa HYKJeo3umadocdo-
punrasamMu, 3a AKOI ZOHOpPaMU KapOoTiapaTHUX
3QJININKIB BUCTYIIaIOTh IPUPOLHI Ta MogudikoBa-
Hi 3a IIyKpaMu HYKJIEO3UIU, a aKIeITOpaMu —
TeTepoINKJIiYHI OCHOBH.

Knarmouwosi cnosea: HykJIeo3uau, OioMiMeTUUHUH
CUHTE3, XEeMOEH3UMATUUYHUMN CUHTE3, eH3UMU
MeTabo0JIidMy HYKJIEIHOBUX KKCJOT.
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O6cy K Aar0TCsa HeJaBHIE OTKPBITUSA B 00JIaCTH
OMOTEXHOJIOTUN OMOJOTUYECKU AKTUBHBIX HYK-
JI€03UA0B, K KOTOPBIM OTHOCUTCSA P JEeKapCT-
BEHHBIX IIPEeIlapaToB IPOTUB JelKeMuu (KJIagpu-
O6uH, (QaymapabuH, HesapabuiH, Kodapabum).
ITogpo6HO paccMOTPEHBI: HOBasdg CTPATETUA Kac-
KamHoii «one-pot» TpaHchopmanuu D-merTo3
B HYKJIEOBUJbI, OCHOBAHHAs Ha PaCIIUPEHUU
¥ yriy6JieHuu 3HAHUHE 0 MexaHu3Me QYHKITNOHN-
poBaHUus puOOKMHA3HI, POCHOIEHTOMYTA3EI, YPU-
IVH-, TAMUIVH- U IypUHHYKJeo3uadochopuaas,
a TaKiKe POJIb PABIUYHBIX (PAKTOPOB (CTPYKTYD-
HBIX, 9JIEKTPOHHBIX, CTEPEOXUMUUYECKNX) B (Op-
MUPOBAHUU TJIUKO3UIHON CBS3U; COBPEMEHHBIE
MeTOAbI X€MOSH3UMATUUECKOTO CUHTEe3a HYKJIeO-
3UJ0B; KaTajauaupyemas HyKJeosuzadochopuia-
3aMU peaKIud TPaHCTINKO3WJINPOBAHUA, NIPU
KOTOPOII B KauecTBe AOHOPOB KapOOTMIpPATHBIX
OCTATKOB BBICTYIIAIOT IIPUPOJHBIE WM MOIUMDUIIHI-
pOBaHHBIE II0 caxapaM HYKJIEO3UAbI, a aKI[eITO-
POB — TeTepOIUKJINUYECKIe OCHOBAHUS.

Knrwouesnvte cnosa: HYKJIeO3UObI, OroOMUMeTHIeC-

KUk CHUHTES3, XEeMOYH3MMAaTHUUYECK NI CHUHTES3,
SH3KMMBbI MeTabo0/IM3Ma HYKJIEMHOBBIX KHCJIOT.
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