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Abstract. The known methods for the synthesis of 2'-functional-
ised nucleosides, oligonucleotides and their conjugates are sys-
tematised. The applications of 2'-modified nucleosides and
oligonucleotides are discussed. The bibliography includes 451
references.

1. Introduction

At present, the use of synthetic (including modified) oligonucleo-
tides is unavoidable for progress in molecular biology and
medicine. The interest in oligonucleotides and their derivatives
as potential therapeutics able to influence, in one way or another,
intracellular transformations of nucleic acids (NA) has been
steadily increasing in the past decade. In addition, oligonucleo-
tides are applied in antisense! and anti-gene? biotechnologies.
The use of NA-based ribozymes > and aptamers # as well as RNA
interference > ¢ are no less promising trends.

Treatment of fragments of native NA with various chemical
reagents usually results in statistical intrachain or terminal mod-
ifications. Incorporation of a modified fragment into a predeter-
mined position of the oligomeric chain in the course of
oligonucleotide synthesis is a more versatile approach which
enables the introduction of reactive groups into heterocyclic
bases, internucleotide phosphate groups or carbohydrate frag-
ments. Obviously, nucleic acids should preserve their ability for
complementary interactions. In this context, modification of
functional groups involved in complementary interactions is
undesirable, since it causes significant destabilisation of an NA
duplex formed by the modified oligomer and complementary NA
template.”-8 The C(5) atom of pyrimidine ®-'* and the C(7)!' or
the C(8) atom !? of purine nucleosides are sites of choice for the
modification of heterocyclic bases, primarily because of minimum
disturbances in the structures of the modified NA fragments
obtained. The introduction of substituents into internucleotide
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phosphate groups results in the apperance of chiral centres and, as
a consequence, the existence of two stereoisomers. Modification
at the C(2') atom of nucleosides seems to be especially promising,
since the disturbances in the structures of DNA duplexes upon
incorporation of thus modified fragments into the oligonucleotide
structure are minimum. Besides, the introduction of reactive
groups into the 2'-position allows the synthesis of nucleosides
with both C(2')-exo- and C(2')-endo-conformations of the carbo-
hydrate residue, directing the substituent to both minor and major
grooves of the NA duplex.!? The synthesis of 2’-modified oligo-
nucleotides is reduced to the preparation of nucleoside phosphor-
amidite derivatives containing protected reactive groups with
subsequent incorporation of the unit formed into the oligonucleo-
tide chain by automated synthesis.

This review deals with the analysis of published papers
devoted to the synthesis of nucleosides containing a reactive
group in the 2'-position; this group is linked to the C(2) atom
either directly or through various linkers. Main attention is given
to derivatives which can be incorporated into the oligonucleotide
chain. The groups, which differ in reactivity from that of the
functional groups of the natural nucleosides, will be referred to as
the reactive groups. Here we do not consider modified nucleosides
containing a single or a double C —C bond at the C(2") atom, since
these nucleosides, with only few exceptions, are not potential
objects for conjugation with other compounds and incorporation
into oligonucleotides.

The application of nucleosides and oligonucleotides contain-
ing reactive groups at the C(2') atom is also discussed.

I1. Synthesis of modified nucleosides containing
reactive groups in the 2'-position

Numerous methods for the synthesis of nucleosides containing
nucleophilic (amino or thio groups) and electrophilic (carboxy,
aldehyde, etc.) groups in the 2'-position are known to date.

1. Synthesis of nucleosides containing nucleophilic groups

a. Synthesis of 2'-amino-2'-deoxynucleosides

Nucleophilic substitution at the C(2) atom of activated nucleo-
side derivatives under the action of the azide ion and subsequent
reduction of the azide to the amine is the most popular approach
to the introduction of the amino group into the 2'-position of a
nucleoside. The synthesis of nucleosides containing an azido
group in the sugar moiety has been reviewed.'* Here we shall
consider only those papers which were not cited in that review 4 or
were considered only briefly.
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02,2'-Anhydrouridine (1) is most frequently used as an
activated derivative for the synthesis of pyrimidine 2’-amino-2'-
deoxyribonucleosides. The anhydronucleoside 1 can be prepared
by different methods among which the reaction of uridine (2) with
diphenyl carbonate in the presence of sodium hydrogencarbonate
as a base is the most popular.'®1¢ The reaction of compound 1
with a weak nucleophile (e.g., the azide ion) yields the 2'-sub-
stituted nucleoside 3. If a stronger nucleophilic agent, e.g.,
ammonia, is used, the reaction involves the heterocyclic base and
yields arabinoisocytidine (4).

The reduction of 2'-azido-2'-deoxyuridine (3) was used for the
preparation of 2’-amino-2'-deoxyuridine (5) in 50% yield.!” Sub-
sequent modification of the heterocyclic base in compound 5
yields the analogous cytidine derivative 6.
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A similar procedure for the synthesis of pyrimidine 2'-amino-
2'-deoxyribonucleosides starting from 5-O-trityl- (see Ref. 18)
and 3,5-di-O-benzoyl-02,2-anhydrouridine was developed
later.'® In the latter case, partial deprotection of the 3'-hydroxy
group took place.

The yield of compound 3 can be increased to 70% through
in situ generation of lithium azide in the reaction of lithium
fluoride with trimethylsilyl azide.?%-2! The addition of tetrame-
thylethylenediamine to the reaction mixture favours the solubili-
sation of lithium azide in DMF due to its complexation with
lithium ions, which increases the yield of the azido derivative 3 up
to 80%. A similar effect was observed when a system Me3SiN;—
KF - 18-crown-6 was used.?°

5'-0-Acetyl-2',3'-0-(1-methoxyethylidene)uridine (7) was used
as a starting compound in the synthesis of protected azidouridine
8.22 The generation of anhydrouridine occurs in situ. Nucleophilic
substitution under the action of sodium azide in the presence of
Me;SiCl and BusNCl results in compound 8 in 80% yield.

AcO Ura Me;SiCl, NaNs, BuyN* Cl— AcO Ura
o DMF o
o O AcO N3
8
Me OMe

7

An alternative approach to the synthesis of 2’-amino-2'-
deoxyribonucleosides has been developed.>> The reaction of
5'-protected anhydrouridine 9 with trichloroacetonitrile affords

trichloroacetimidate 10; its subsequent hydrolysis with an etha-
nolic alkali yields the target product, viz., 2'-amino-2'-deoxy-
uridine 11.
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DMTr = (4-MeOCgH.),PhC.

This methodology gives access to pyrimidine 2’-alkoxyamino-
nucleosides 122425 and 2'-alkylaminonucleosides 1326-27 as well
as 2’-hydroxyaminonucleosides.?® 3% The use of the tert-butyldi-
phenylsilyl protecting group for the 5'-hydroxy function allows
the preparation of easily crystallisable products.

0 0
T T
)l\ 1) ImxCO )l\
Q' N 5)NH,0R Q N ppu
TBDPso—l i ——>—> TBDPSO popes
HO o)
_)—NHOR
0

TBDP Ura TBDP; Ura
SO o SO o

C52C03
— —_
MeOH
O_ NOR HO NHOR
e 2
O

TBDPS = Bu'Ph,Si; Im is imidazolyl; R = Me, Et, Bn, (CH»),OH;
DBU is 1,8-diazabicyclo[5.4.0Jundec-7-ene.
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R = Et, (CH2)7MC, 2—PyCH2, 2—Py(CH2)2.
5'-O-tert-Butyldiphenylsilyl-2'-tetrahydrofuranyloxyamino-

2'-deoxyadenosine was prepared starting from mesylated arabi-
noadenosine 14 using a similar approach.?®
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Ms = MeSO,, THf is tetrahydrofuranyl.

Recently, Beigelman and co-workers3! have developed an
efficient scheme for the synthesis of protected 2’-amino-2'-de-
oxyribonucleosides. The starting arabinonucleosides 15a—c¢ with
the tetraisopropyldisiloxane-1,3-diyl (TIPDS) 32 protecting group
for 3'- and 5-OH-groups were activated by treatment with
trifluoromethanesulfonyl chloride. Nucleophilic substitution of
the triflate group in the derivatives formed by treatment with
phthalimides containing various substituents in the benzene ring
resulted in 2'-phthalimido-2’-deoxynucleosides 16a—c¢ in
35%—70% yields. 4,5-Dichlorophthalimide proved to be the
nucleophile of choice; its application did not result in the for-
mation of side products such as 2’-deoxy-1’,2’-didehydronucleo-
sides. This is a preparative and versatile method for the synthesis
of purine and pyrimidine nucleosides.
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Realisation of a similar method has been described.33-34 In this
case, the triflate of the protected arabinoadenosine obtained in the
first step was introduced in the reaction with lithium azide with
subsequent reduction of the azido group.

97 o 49 nersocipy  HOT o Ade
Prisi HO 2) LiNs
(|) 3) Ha, Pd/C
\ /O 4) TBAF HO NH,
Pr5Si

TBAF = BuN"F~.

The nucleophilic substitution of 2'-O-sulfonyl groups in
ribonucleoside derivatives, which also occurs with reversal of the
configuration at the C(2)-atom, is used for the synthesis of
2’-amino-2'-deoxyarabinonucleosides. Of this type of nucleoside,
purine nucleosides are synthetically more accessible.

Starting from 3',5'-di-O-tetrahydropyranyl-2'-O-trifluorome-
thylsulfonyladenosine (17), 2'-azido-2'-deoxy-B-D-arabinoadeno-
sine 18 was prepared, which was reduced to the target nucleoside
19 after deprotection.?’

THPO—l THPO—l _l
N b Cc HzN

THPO OTf THPO

THP is tetrahydropyranyl, Tf = CF3SO..
(a) NaN3, (b)) H*, (¢) PhsP, H>O.

The same strategy was used in the synthesis of 2’-amino-2'-
deoxy-B-D-arabinoadenosine (19)3¢ and its analogues 20a,b37
from protected ribonucleosides 21a—c.

0 B HO B
v 0 1) CF3SO,Cl, E:;N 0
PrbSi 2) LiN3 H,N
5 3) PhaP
\_ _O OH #TBAF HO
N
PrSi”™ 21a—c 19, 20a,b
CN NH2  CcONH,
B = k N (202, 21a), k (20b, 21b), Ade (19, 21¢).

J\’ J\’

It should be noted that the glycosidic bond in the 2'-O-tosyl
adenosine derivative is cleaved under the action of nucleophilic
agents in DMF resulting in the liberation of adenine.?® The
nucleophilic substitution of the tosyloxy group under the action
of NaN3 in hexamethylphosphoramide has been carried out,
however, with low yieds [46% and 11% for 2'-O-(toluene-p-
sulfonyl)adenosine and -guanosine, respectively].?®

A scheme for the preparation of 2’-amino-2'-deoxyarabino-
adenosine from the B-D-lyxoadenosine derivative 22 has been
proposed.*? The opening of the aziridine ring in the N-trifluoro-
acetyl derivative 23 occurred in a virtually regioselective manner;
the yield of compound 24 was 49%.

TBDPSO 1) Ade
H CF;C(O)SEt
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o= C_CF3 HO
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Pyrimidine 2'-amino-2'-deoxyarabinonucleosides are syn-
thetically less accessible and were prepared for the first time as
late as 1989 using the reaction of protected ribouridine 25a and
ribothymidine 25b with diphenyl phosphorazidate in the presence
of diethyl azodicarboxylate (DEAD) and triphenylphosphine
with subsequent reduction of the azido group. The presence of a
benzoyl protecting group at the N 3-atom of the heterocyclic base
is necessary for preventing the closure of the 02,2"-anhydro ring,
which yields 2'-amino derivatives with a ribo-configuration.*!-42
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R = H (a), Me (b).
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An original scheme for the synthesis of 2'-arylamino-2"-deoxy-
B-D-arabinouridines from the 02,5-anhydroderivative 26 has
been developed.*? Selective tosylation of the 2'-hydroxy group
and subsequent treatment with aromatic amines yielded tricyclic
compounds 27, which were further hydrolysed with aqueous
alkali. If aliphatic amines were used, the intermediate tricyclic
compounds underwent degradation.

o 0
1) Bu;SnO N| |
Uzdn
l | 2) TsCl AN)\N Ura
O "NT HANH: o ! NaOH 0
0 ArHN
HO
HO OH HO 27

26
Ts = 4-M6C6H4SOZ; Ar = Ph, 4-MEC5H4.

The synthesis of 2'-amino-2’-deoxyadenosine from 9-(2,3-
anhydro-D-lyxofuranosyl)adenine has been described.**

In all the methods for the synthesis of 2'-amino-2’-deoxynu-
cleosides, the amino group was introduced using modification of
activated derivatives of preformed nucleosides. An alternative
strategy consists of glycosylation of heterocyclic bases by premo-
dified sugars. First attempts to synthesise 2'-amino-2'-deoxyder-
ivatives of purine nucleosides starting from D-altrose*’ and
glucosamine ¢ were unsuccessful. Glycosylation of purines by
protected 2-azido-2-deoxyribose 28 was more successful;, how-
ever, a mixture of o and B-anomers of the target 2'-azido-2'-
deoxyribonucleosides was obtained (7- and 9-isomers are formed
in the case of guanosine).’

AcO HO B
o OAc 1) B, SnCly 0

2) NH3, MeOH
—_—

AcO N3
28

HO N3

NHC(0)C7H, 5 (o}
XN H N
B ) Jf‘j[ s
ﬁ C;5H3,C(O)HN™ °N ]1;1

B = Ade (38%), Gua (21%).

Later, purine 2'-amino-2'-deoxynucleosides were synthesised
by transglycosylation of protected adenine and guanine with
2'-trifluoroacetamido-2'-deoxyuridine.*8
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H N
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The condensation of 3-O-acetyl-2-azido-5-O-benzoyl-2-
deoxy-D-arabinofuranosyl chloride, prepared from D-glucose by
a multistep synthesis, with silylated cytosine afforded 1-(2-azido-
2-deoxy-B-D-arabinofuranosyl)cytosine in 37% yield. This reac-
tion was also accompanied by the formation of the a-anomer
(yield 10%).4!

Some examples are known of chemoenzymatic synthesis of
modified nucleosides which combines classical methods of organic
synthesis with the use of enzymes#® and cell cultures.”® Thus
2'-amino-2’-deoxyadenosine is produced by the bacteria Actino-

NN
7 — N
B lN/ N>,

madura®->%>  Transglycosylation of hypoxanthine® and
adenine 5 by 2'-amino-2'-deoxyuridine in a cell culture of Ervinia
herbicola with a degree of conversion of up to 50% has been
carried out. 2'-Amino-2'-deoxy-B-D-arabinoadenosine was con-
verted into the corresponding inosine derivative under the action
of adenosine deaminase.>?

Synthesis of 2'-O-aminoalkylnucleosides
The preparation of 2'-0O-aminoalkylnucleosides can be regarded
as a special case of alkylation of the 2'-hydroxy group. The
methods for the synthesis of 2'-O-alkylnucleosides have been
reviewed.>® In this Section, special attention will be given to the
introduction and protection of the amino group.
2'-0-Aminoalkyl nucleosides 29 were first obtained in 1991 by
Cook and co-workers3” Free adenosine was alkylated with

phthalimidoalkyl bromides in the presence of sodium
hydride.>7 ¢!
HO o Ade DMTrO AdeB”
a—e
—
HO OH HO O NPhth

29 n

(a) PhthN(CH>),,Br, NaH, DMF; (b) MesSiCl, Py; (¢) BzCl,;
(d) NH40H; (¢) DMTrCL, Py; n = 2—6.

This reaction yields a mixture of 2'- and 3'-isomers which can
be separated only after benzoylation of the exocyclic amino group
of adenine and tritylation of the 5'-hydroxy group. Although the
total yields of nucleosides 29 are low (10% —20%), the advantage
of this method is that it does not require additional protection/
deprotection steps and eliminates multiple chromatography of
intermediates. In addition, the aminoalkyl group is introduced in
one step, while the phthaloyl protecting group is stable under the
conditions of the oligonucleotide synthesis and is removed by
standard post-synthetic treatments with concentrated aqueous
ammonia on heating. Trifluoroacetyl ®> or 2-cyanoethoxycar-
bonyl groups can be used instead of the phthaloyl protecting
group.%3

Nucleosides 30a—d in which the amino groups are linked to
the O(2') atom through more complex linkers have also been used
in oligonucleotide synthesis.®*

DMTrO AdeB? R = Y~ NMe: (a),
Me
N.

Yo7 ™, @
HO OR Yo~ NMex ()
30a—d

}{/\N/\\N ).

\—/

Unfortunately, direct alkylation of non-protected nucleosides
is possible only in the case of adenosine and its analogues. Metal-
directed alkylation of the cis-diol group permits one to increase
the total yield of pyrimidine nucleosides 31a,b to 46% (no base
alkylation is observed), but the regiospecificity of the substitution
is still low (a mixture of 2'- and 3'-isomers is formed in a 55:45
ratio).%’

HO™ 0 B 1)Bussno DMTrO— B
2) PhthN(CH>)sBr + 3'-isomer
—_—
3) DMT:CI, Py
HO OH

HO O NPhth
31a,b M
B = Ura (a), Cyt (b).

A method for the alkylation of 022'-anhydrouridine 1 and
thymidine 32 by boric acid esters has been developed.®3 %6~ The
yields of compounds 33 and 34 are 15% —20%. The opening of the
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ring in compound 32 was achieved by treatment with phthalimi- F F
doethanol in the presence of titanium tetraisopropoxide.”° N
0 0 </
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Sollogoub et al.’* have performed alkylation of the protected
HO HO  OR? riboside 39 with subsequent introduction of an amino group under
1,32 33,34 conditions of the Mitsunobu reaction; glycosylation was carried
1,33: R! = H; 32,34: R! = Me; R2 = (CH»),NPhth; n = 2, 3. out in the later steps of the synthesis (Scheme 2).
The aminoalkyl groups were attached to the O(2') atom
A more standard version of the synthesis of 2'-O-amino-  through a carbamoyl linker.”5~77 This approach provides high
alkylnucleosides 35 and 36 based on protection of all the reaction  yields of the aminoalkylated derivatives 40.
centres with the exception of that to be modified has been

published.”!- 72 Here, all the synthetic steps are high-yielding, but o B 0o o B
the total yield is only 10% —25% due to the large number of steps e (0) PriSi ;) RN:IZ
(Scheme 1). Pr; |Sl ImCO_ | 2D TBAF

A similar synthesis of modified glycosides 37 and 38 with non-

: : s 0 . O O Im
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HO B
O
—
HO O Il—VI
R
40 O
B = CytB% R = (CH,)¢NHC(O)CF3;
B = Ura:R = (CHz)zNPhth, CHz(CH2CH20)3(CH2)2NH2,

CHQ(CHchzNH)z(CHz)zNHz, (CH2)3NH(CH2)2NH2, Leu—PheNHz.

The carbamate of 3',5'-protected arabinouridine was prepared
in a similar way.”®

Keller and Haner” have synthesised N-acylated 2'-O-(9-
amino-2-oxo-3-azanonyl)thymidine 41 starting from the nucleo-
side 42 containing a glycolic acid fragment in the 2'-position.

HO Th
o. Thy HO o Thy
a
—

O 0

O
42 OMe HO 0 N/@\NJJ\CF3
H

6
41 H
(a) HaN(CH,)sNHC(O)CF;.

¢. Synthesis of nucleosides containing an aminooxy group
Treatment of nucleosides with N-hydroxyphthalimide under con-
ditions of the Mitsunobu reaction is an optimum method for the
introduction of an aminooxy group.®® This method is well
developed and the phthaloyl protecting group meets all the
requirements for the automated oligonucleotide synthesis.

A possible approach to the introduction of the aminooxyethyl
group into the 2'-position of protected thymidine 43a and adeno-
sine 43b has been described.8!-82

RIO B
0
NaBH,4, EtOH
—_— 5
0
R20 o\/u\
43ab OEt
1 PhthNOH, ,,
RO B ey RO— B
DEAD
—_—

RO O R0 O

~"on " ONPhth
B = Thy: RI = R2 = 2,4-C12C6H3CH2 (a);
B = Ade: RI—R?2 = (Pr‘z?i)zo ).

Recently, a shorter route to the synthesis of pyrimidine 2'-O-
(2-hydroxyethyl)nucleosides by alkylation of 022'-anhydronu-
cleosides by boric acid esters has been proposed.33 85 The nucleo-
sides thus prepared are intermediate compounds in the synthesis
of protected 2'-O-(2-aminooxyethyl)nucleosides.

In an attempt to introduce the phthalimido group directly into
the 2'-position of 3',5'-O-protected nucleosides, the yields of the
target products did not exceed 10% because of the low reactivity
of the secondary hydroxy group under conditions of the Mitsu-
nobu reaction. Nevertheless, the desired products 44a,b were
prepared by substitution of the 2'-O-trifluoromethylsulfonyl
group in the arabinouridine derivatives 15a and the arabinoade-
nosine derivatives 15b.8¢ This reaction occurs with inversion of the
configuration of the C(2') atom.

e 0] 1) CF380,Cl, DMAP
Pr2T°'1 HO/  2) PhthNOH, DBU

(6]

AN o

Pr5Si 15a.,b

O
Przs‘ EGN-HE_
_ O ONPhth HO ONPhth
szSl 44a.b

B = Ura (a), Ade (b).

d. Synthesis of nucleosides containing a thiol group

In this subsection, we shall consider the synthesis of 2’-thionucleo-
sides and 2'-O-mercaptoalkylnucleosides. A review 87 devoted to the
synthesis of various thionucleosides has been published recently;
however, methods for the synthesis of C(2')-derivatives are not
considered there.

The first attempts to carry out the reaction of free 02,2'-
anhydrouridine 188 or its protected derivative 45% with sodium
ethanethiolate resulted in 3'-S-ethylthio-3'-deoxyxylouridine 46
as the main product.

O [ o O

0~ N7 EtsNa 0~ N 0~ N
RO RO > RO
0 0
SEt
RO 1,45 L o J 46 OH

1: R = H;45: R = Ac.

Later, it was found that preparation of the nucleoside 2'-thio-
derivatives 47a —e by nucleophilic substitution at the C(2) atom of
the anhydronucleoside 1 requires the use of weaker nucleophiles,
e.g., thioacetic acid °*-° and various thiols °> and that the reaction
was carried out in the presence of triethylamine or N, N N3 N3-

tetramethylguanidine. This approach was repeatedly used
later.93-96
O (0]
N HN
by |
O N RSH, EtN 0" N
HO (0]
O
HO HO SR
1 47a—e

R = Ac (a), Me (b), Et (¢), Bn (d), 4-MeOC¢Hy4 (e).

Recently, it was proposed that 2-(trimethylsilyl)ethanethiol in
the presence of potassium carbonate can be used for the synthesis
of pyrimidine 2'-thionucleosides.®” The uridine 48 thus modified
can be easily converted into the mixed disulfide 49 and the
analogous cytidine derivatives 50 and 51. The high cost of reagents
is the main disadvantage of this method. An attempt to deprotect
the thiol group in compound 48 with tetrabutylammonium
fluoride yielded a complex mixture of reaction products.
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(0] (0]
e g
Me;3Si(CH,),SH, )\
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HO —— > HO —>
O
HO 1 HO S
v\SiM€3
48
HO o Ura
Me;S+BF;
—————
HO S
— 49 SMe
HO ot HO o
a-c o Me;S* BF; o
e _—
HO S . HO S
% v\&Me; s \SMe
X
(@ Acz0, Py (b) - POCI:, BGN; (¢) NHs,
N—N

2'-Thiocytidine derivatives can be prepared not only by trans-
amination of uridine,?*-%7 but also by opening of the 022'-
anhydrocytidine ring.°® An intramolecular attack of the 3'-O-
dithiophosphate group at the C(2') atom of substituted 022'-
anhydrocytidine 52 has been described.® This yields a mixture of
2’ 3'-cyclodithiophosphate 53 and 2',3'-cyclothiophosphate 54
which can be prepared from compound 53 by treatment with
iodine.

- + -
+ NHZ
NH,
o
N
Iy o
o N BS, 1HO Py, H:O_
HO
(0]
HO [
O=—P—S—
L S— 5 |
Cyt Cyt
H H
o (6] o (6]
—_ +
O\ /S O\ /S
N N
(6] S— O (02
| 53 54
53 —> 54.

The synthesis of 2’-benzoylthioadenosine 55 by glycosylation
of protected adenine with the ribose thioanalogue 56 has been
described.”

BzO lo) AgCO;, BzO o 1) Na, NH3
kMsOﬂ MeOH _ OMe 2 BzCl, Py
3) Ac,0, AcOH,
SBn oy
BzO BzO SBn

NHBz
N N
B0 ! N\> BZO AdeP
OAc TMS
HgBr»
BzO SBz BzO SBz
56 55

Although 2'-thionucleosides were first described about 25
years ago, they came into the routine practice of oligonucleotide
synthesis only very recently.%3- 100

Two strategies are feasible for the synthesis of 2'-O-mercap-
toalkylnucleosides, viz., the reaction of nucleosides with alkyl
halides containing a protected thiol group,'?! 193 or the prepara-
tion of 2’-O-hydroxyalkyl nucleosides with subsequent conversion
of the hydroxy group into the thiol group.'94-107

HO o Ade HO o Ade
+ 3'-isomer

HO OH HO OMSTr
6

TrS(CH,)Br,

NaH
_

Tr = Ph3C

(@) NaBH4, MeOH, Bu'OH; (b) PhsP, CBrs, MeCN; (¢) TrSH, DBU,
CeHg; (d) TBAF, THF.

R'O B

B = Ura, Cyt??, GuaP"“(©); R1—R2? = (Pr‘zéi)zo, R' = R2 = Bu'Me,Si.
(a) MeSO-,Cl, Py, CH,Cly; (b) BzSH, EtsN, DMF; (¢) HF, MeCN;

(d) 1-(tert-butylthio)hydrazine-1,2-dicarboxymorpholide, LiOH,
MeOH, THF.

Moreover, target 2'-O-mercaptoalkyl nucleosides can be pre-
pared via intermediate bromoalkyl nucleosides.!%®

2. Synthesis of nucleosides containing electrophilic groups

In contrast to nucleophilic groups, electrophilic groups (with the
exception of monosubstituted phosphate and keto groups) cannot
be directly introduced at the C(2) atom of the nucleoside. This is
due to the fact that such nucleosides are highly unstable and prone
to B-elimination. Therefore, the use of linkers is the only possible
approach to the attachment of electrophilic groups at the C(2')
atom of the nucleoside. A recently published review '%° devoted to
the preparation of modified oligonucleotides containing electro-
philic groups describes the synthesis of nucleosides containing
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aldehyde and carboxy groups. Here we thought it expedient to
highlight some aspects of the problem not touched upon in the
above-cited review.

a. Synthesis of 2'-oxonucleosides

It has long been thought that 2'-oxo derivatives of nucleosides are
highly unstable and undergo decomposition due to the high
lability of the N-glycosidic bond.!'"9 Nevertheless, Robins and
co-workers '-112 gucceeded in the oxidation of 3',5'-protected
uridine by CrOj;. Later, this approach was used by other
authors.!!3- 114 Matsuda ez al.''3~ 120 have performed the synthesis
of protected 2'-oxonucleosides using the Swern oxidation by the
oxalyl chloride— DMSO - triethylamine system.!2!-122 This reac-
tion requires protection of the heterocyclic base.!?? 124 A recently
published paper ' deals with a comparison of various acylating
reagents used in the Swern oxidation of 3,5 -protected cytidine. It
was shown that the use of trifluoroacetic anhydride provides the
maximum yield of 2’-oxocytidine.

In 1990, Robins er al.'?® used the Dess —Martin ‘periodinane’
{1,1,1-triacetoxybenzo[d]-1,2-iodoxol-3(1 H )-one} 57 for the oxi-
dation of the 2-hydroxy group.!2” At present, this is the method of
choice, 28129 since the reaction is selective and the product formed
can be used in subsequent transformations without additional
purification.

AcO
\I %
6\ OAc

OAc

57 O

2’-Oxonucleosides are further used in the synthesis of the
2'-deoxy-2'-methylidene derivatives 58 by the Wittig reac-
tion 130-133 or of the cyano derivatives 59.13% 135 The modified
nucleosides 58 and 59 are extensively employed in the therapy of
cancer and viral diseases.!3%-137 However, the introduction of
these derivatives into the oligonucleotide chain results in signifi-
cant destabilisation of the NA duplex;!33 therefore, their use in the
synthesis of modified oligonucleotides is hardly justified.

e} B 0 B
. (0] e O
PI"ZSI [O] PI'E;SI
— | —
0 O OH 0 0 0
PriSi” PrSi”
HO B
1) PhsP=CHR 0
2) TBAF
HO CHR
— 58
1) NaCN, NaHCO; HO o B
2) CIC(S)OPh NS

3) BusSnH, AIBN
HO 59

B is a free or protected heterocyclic base,
R = Alk.

b. Synthesis of nucleosides containing an aldehyde group

Synthesis of nucleosides containing an aldehyde group in the
2'-position is usually carried out by oxidative cleavage of their
precursors (vic-diol derivatives) by sodium periodate.

OSO4 }% OH
_ " > —
M \)\/
O M/, O OH
O/ /

The choice of this strategy is determined by a number of factors.
First, the oxidation of the vinyl group to the aldehyde group
occurs under milder conditions than that of the primary hydroxy
group. Second, if a nucleoside to be introduced into the oligonuc-
leotide chain already contains an aldehyde group, the latter should
be protected to prevent its reaction with the amino groups of
heterocyclic bases and phosphorus(IIT) derivatives and oxidation
by iodine. Unfortunately, no suitable protecting group has been
found so far. Thus the N,N’-bis(3-chlorophenyl)imidazolidine
protecting group '3 recommended for the protection of the
aldehyde group of 5-formyl-2'-deoxyuridine has not found wide
application, because its removal requires long-term treatment of
the oligonucleotide 60 with 80% acetic acid, which leads to the
degradation of even the most stable homothymidine oligonucleo-

tides.
lelg 0: N/w
N
HN |
O)\N
R! Cl
o (0]
?
0=1|3—of
OR2 60

R! and R? are fragments of an oligodeoxyribonucleotide chain.

Studies by Glick and co-workers 193-196 who first performed
the synthesis of the 2'-0-allyl pyrimidine nucleoside derivatives
61a,b, their subsequent oxidation to the vic-diols 62a,b and then
cleavage to the aldehydes 63a,b, represent an example of this
methodology.

0 B
PriZSi/ © 0504
Me /N
0 NP
N0 Ol ©
N
Pr3Si 6lab
6) B 0 B
PrSi o i & o
r2|S1 NalO; r2|S‘
— 5 OH — o 0
Pr\iSi/O O\)\/OH P\is./o O\/U\H
2 62a,b o1 63ab

B = Ura (a), CytB* (b).

A similar approach was used in other studies '4%- 14! with the
only exception that the vic-diol group of protected uridine 62a was
benzoylated into a 3’-phosphoroamidite derivative, which was
then used in automated oligonucleotide synthesis. The aldehyde
group was generated at the oligonucleotide level.

Martin 7! proposed the use of isopropylideneglycerol and
glycidol toluene-p-sulfonates for the alkylation of the 2’-hydroxy
group of the protected nucleoside 64. The vic-diol fragment was
generated upon acid hydrolysis of the isopropylidene protecting
group in the modified uridine 65 or of the oxirane 66 (Scheme 3).
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Scheme 3

0 RO 0\/&0

65 | NBOM
| NBOM o W RO N o

RO o\ 0 — NBOM _> ©
| OH
RO o N O RO O\)\/OH
RO OH TsO \/<(|) , NaH ]
64 —

R = 2,4—C12C6H3CH2.

Mention should also be made of the recently published
reviews 1427144 devoted to the synthesis and applications of
nucleoside and oligonucleotide dialdehyde derivatives.

c. Synthesis of nucleosides containing a carboxy group

Studies devoted to the synthesis of 2'-O-alkoxycarbonyl methyl-
nucleosides are generalised in the review.!?® Here, we shall
consider only those publications which have not been included in
that review '%° or demand additional discussion.

Alkylation of 3-N-(benzyloxymethyl)ribothymidine contain-
ing free hydroxy groups'4> occurred with high regiospecificity
(the isomer ratio 2':3' was9:1) (however, the yield of the
2'-isomer is not indicated).

(o) (0]
Me Me
BnO/\N | BnO/\N |
)\ BICH2C02MC, )\
Ho—y | e Ho— | /
- .
o} DMF, —40 “C 0 *+ 3-isomer
(0]
HO OH HO O\/U\
OMe

The preparation of 2'-methoxycarbonylmethylthio-2'-deoxy-
uridine 67 has been described.®*° The alkylation of the non-
protected derivative 68 by methyl bromoacetate partly involved
the N(3) atom of the heterocyclic base.

HO o Ura HO o Ura
BrCH,CO>Me, Et;N
Pidahdler b’ shdi Bk O

(0}

HO SH HO S\/U\
OMe

68 67

According to literature data,'#® the 2'-S-alkyl group is
exposed to the major groove of the DNA duplex contrary to the
2'-0-alkyl group, which is exposed to the minor groove.'#” The
difference in the arrangement of reactive groups in the NA
duplexes allows preparation of conjugates with different proper-
ties from modified oligonucleotides and other molecules.

d. Synthesis of nucleosides containing other electrophilic groups
Studies by Sekine er al.'48-14° describe the synthesis of nucleosides
and oligonucleotides containing a 2'-phosphate or a 2'-thiophos-

phate group. The 3'- and 5'-protected nucleosides 69a—d were
converted into the trivalent phosphorus derivatives 70a—d; their
subsequent oxidation with fert-butyl hydrogen peroxide or sulfur
yielded 2’-phosphates 71a—d and thiophosphates 72a—d, respec-
tively.

07 . B /0 o B
Bugs/i_w S Bu‘zSi_w by
~ ™~ O

M
O OH oo ¢
69a—d \
Me CN
70a—d 2
B
0 (0]
BubSi
0 O\ Me
4P O
Me CN
7la—d, 72a—d 2
O(CH,),CN
i N. \N
B = Ura® (a), Cyt™ ) (b), Ade™ 0] | (d);
N ~Z
7la-d: X = O;72a-d: X = S; < N° NHBz

(a) PrizNP(OCM62CH2CN)2, TetrH; (b) Bu'O>H or Sg;
TetrH is tetrazole.

The conversion of the 2'-amino group of modified uridine 73
into the isothiocyanate group, which can further be introduced
into reactions with various nucleophiles, has been described.!>?

' /O o Ura . /O o Ura
Pr5Si S, HeO Pr5Si
6 b
N /O NH: \l /O NCS
Pr,Si 73 Pr,Si

These data suggest that the methodology for synthesis of
modified nucleosides containing free or protected reactive groups
in the 2-position of the carbohydrate fragment is fairly well
developed. The former are used for the preparation of conjugates
with various compounds, whereas the latter are employed for the
preparation of protected phosphoramidite derivatives for oligo-
nucleotide synthesis.
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I11. Synthesis of conjugates based on 2'-modified
nucleosides and oligonucleotides

Two, different in principle, approaches to the synthesis of NA,
viz., chemical and enzymatic, are known. The overwhelming
majority of 2’-modified oligonucleotides have been synthesised
using the chemical approach. The latter implies initial preparation
of protected nucleoside derivatives for automatic oligonucleotide
synthesis. Natural 3’ — 5’ internucleotide bonds are usually
formed using 3'-phosphoramidite nucleoside derivatives,
although some exceptions are possible. The dimethoxytrityl
protecting group is widely used for the protection of the
5'-hydroxy group, whereas amino groups of heterocyclic bases
are protected by groups that are labile in alkaline media. This
approach enables the synthesis of oligomers containing up to
80— 100 nucleotides. NA with longer chains are synthesised using
chemical 13! or enzymatic '2 ligation.

The use of the enzymatic approach, which entails the incor-
poration of nucleoside 5'-triphosphates into NA using DNA and
RNA polymerases, is confined to 2'-amino-2'-deoxy-'%* and
2'-alkoxyaminonucleosides.!3* 155 In addition, the substrate prop-
erties of pyrimidine 2’-amino-2’-deoxynucleoside triphosphates
are inferior to the natural nucleoside triphosphates.!>¢

Oligonucleotide 2'-conjugates can be prepared using three
different approaches. The first of them includes the preparation of
nucleoside conjugates with other compounds and their subse-
quent introduction into the automated oligonucleotide synthesis.
The stability of phosphoramidite derivatives of conjugates in the
course of the oligonucleotide synthesis and post-synthetic treat-
ments is a prerequisite. The possibility of selective conjugation
and no need for post-synthetic modifications of oligonucleotides
are considered as advantages of this method. However, this
requires considerable amounts of modified nucleosides, which
significantly restricts the potential of this method.

The second approach consists of the conjugation of 2’-modi-
fied oligonucleotides immobilised on a polymeric support. To
achieve this, a modified fragment containing a 2'-protected
reactive group is incorporated into the oligonucleotide chain in
the course of solid-phase chemical synthesis. The protecting group
in this fragment should retain stability throughout the oligonu-
cleotide synthesis and be selectively removed on its termination
without any effect on the newly formed bonds in the protected
oligonucleotide. 2’-Hydroxy and amino groups are protected
either by the allyloxycarbonyl group, which is removed by
palladium(0) complexes, or by the fluorenylmethoxycarbonyl
group, which is removed upon treatment with morpholine or
piperidine. The levulinoyl and phthaloyl groups are used for the
protection of hydroxy and amino groups, respectively, and are
removed by hydrazinolysis. Fluorenylmethyl protection, which is
removed by treatment with morpholine or piperidine, is used for
the carboxy group. Various photolabile protecting groups are also
used for this purpose. The use of zert-butyldimethylsilyl and tert-
butyldiphenylsilyl protecting groups is limited to automated syn-
thesis on polystyrene carriers, since controlled-pore glass (CPG)
support is destroyed upon removal of protecting groups under the
action of the fluoride anion.

Conjugation is carried out after deprotection of the reactive
group. Oligonucleotide conjugates immobilised on a polymeric
support are washed to remove excess reagents, deprotected, and
the product is split from the solid phase. The conjugation is
usually carried out in anhydrous organic solvents, especially in
the case of conjugates with hydrophobic compounds that are
poorly soluble in aqueous and aqueous-organic media. Selective
removal of 2-cyanoethyl protecting groups from phosphate
groups by treatment with morpholine increases the hydrophilicity
of the protected oligonucleotide and favours its conjugation in
aqueous—organic media. The fact that protection of heterocyclic

bases increases the lability of the N-glycosidic bond should also be
taken into consideration.

The third approach entails the synthesis of oligonucleotide
conjugates in solution. In this case, the protection of the reactive
group in the 2'-position should be stable under conditions of
oligonucleotide synthesis and be easily removed in the course of
standard post-synthetic treatments. Side reactions with the imino
and amino groups of heterocyclic bases, e.g., during the amide
bond formation in compounds containing carboxy groups, can
occur, which is a limitation of this method.

1. Synthesis of nucleoside 2'-conjugates

Three different approaches to the synthesis of nucleoside 2'-con-
jugates with various compounds are possible. The first of them
entails direct attachment of various molecules to the 2'-hydroxy
groups of nucleosides with formation of ether,’® carbamate 7® or
phosphotriester 57 bonds. The second approach consists of pre-
liminary attachment, to the C(2)-atom, of a linker containing an
amino %7 or a carboxy group,” which is then made to react with
another compound to form an amide bond. Acylation of
2’-amino-2'-deoxynucleosides is yet another route.

H A H A
(0) o de (0] o de
RBr, NaH
—_—
HO OH HO OR
T4a—c
Me = | O
S N NMGQ
R = (a), Fe (b), Fe (c)
Z N
S |
4 4 4

The preparation of the adenosine derivatives 74a—c¢ contain-
ing 2,2’-bipyridine and ferrocene residues linked to the O(2') atom
through a butylene bridge has been described.!38~160 The alkyla-
tion of adenosine occurs regiospecifically, the yields of 3'-deriva-
tives are insignificant.

A similar alkylation procedure was used '°! for the introduc-
tion of an azobenzene fragment at the O(2')-atom of protected
uridine 25a. The resulting derivative 75 was deprotected and
incorporated into an oligonucleotide.

10 (0]
8 0
o) N o) O o N O
L& % RBr  pig
Pr5Si I
| NaH, DMF,
o —20°C
. O OH 0 i O OR
PriSi” 25a PRSI g5

The alkylation of 3',5'-protected uridine 76 by substituted
methyl chlorides in the presence of potassium hydroxide was used
for the introduction of polyaromatic molecules into the carbohy-
drate fragment of the nucleoside.!¢>163 Tt is of note that the
heterocyclic base was not affected, compounds 77a,b being the
only reaction products.
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TrO Ura HO Ura
O 1) RCL, KOH O
2)80% AcOH
- >
TrO OH HO OR
76 77a,b
R - %‘O (a). o).
The metal-directed alkylation of wuridine has been

described.!0* 15 Prior to the reaction, the vic-diol system of
N3-benzoyluridine (78) was activated by dibutyltin oxide and the
intermediate formed was introduced into the reaction with 2-bro-
momethylanthraquinone. The addition of caesium fluoride to the
reaction mixture increases the proportion of the 2'-isomer 79.

HO Ura®” HO UraBz
O 1) BuzSnO O
- >
2) RBr, CsF
HO OH HO OR
78 79

(o}

Chattopadhyaya and co-workers!%6-167 have developed a
simple and convenient scheme for the attachment of a spermine
C-homologue to a nucleoside through a 2’-phosphate group. The
2'-phosphoramidite 80 formed from the protected arabinouridine
15a was made to react with the hydroxy derivative of the spermine
analogue with subsequent oxidation of the phosphorus-contain-
ing fragment and deprotection of the hydroxy groups. In these
studies, spermine was considered as a cationic constituent able to
increase the stability of the NA duplex due to interaction with the
phosphate groups of the opposite chain. Similarly, phenazine
derivatives were attached to the O(2)-atom of arabinouridine
through a phosphate group. %7

Ura
Pt} Sl k ) Pr2S1 k ' _ d

Pr251 Przsl
HO o Ura
O\Péo
VRN
HO MeO OR
><\/\(\/\NA/C\/\NHPAC N .
_ P .
e e Ty
NHPAC e

PAC = PhOCH,C(O); R! = PAC, Me; n = 2, 4, 6.
(a) Pry;NP(CI)OMe, PrNEt; (b)) ROH, TetrH;
(¢) I, THF, Py, H»O; (d) TBAF.

Yet another approach to the synthesis of nucleoside 2'-con-
jugates has been developed by Cook and co-workers.!93-19° This
included the introduction of fragments of various compounds into
the 2'-position of uridine through an aminohexyl linker. This
method was used in the synthesis, from one modified nucleoside,
of hydrophobic derivatives 81a—d 168199 as well as compounds
with fluorescent (81e!7?) and electrochemical (81f!7!) labels
suitable for incorporation into the oligonucleotide chain.

DMTrO Ura

O RCO>X or O

(@),

Cholesterol was attached to the modified nucleosides 82a,b.!72
The resulting derivatives 83a,b were introduced into a standard
automated oligonucleotide synthesis. The presence of a choles-
terol residue in the modified oligonucleotides strongly affects their
pharmacodynamic properties.

B2 DMTrO BBz
o) B ' o

ROC(0)CI 0

DMTrO

HO O NH,
82a.b M

B = Ade (a), Cyt (b);n = 5,6; R =

Keller and Haner 7173 have carried out reactions of 2'-O-
(methoxycarbonylmethyl)nucleosides 42 and 84a,b with 2-[(2-
aminoethyl)amino]anthraquinone, octylamine and 6-(N,N-dime-
thylamino)hexylamine. The resulting nucleoside conjugates
85a— ¢ were first converted into phosphoramidite derivatives and
then incorporated into the oligonucleotide chain. The presence of
such modifications in oligonucleotide molecules increases the
thermal stabilities of the respective NA duplexes in comparison
with native analogues.

RNHZ

HO O
42, 84a,b

HO O
85a-c

OMe NHR

B = CytB# (84a, 85a), AdeB” (84b, 85b), Thy (42, 85¢);

H (0]
N
O‘O , CsHi7, (CH2)sNMe,.

Starting from protected uridine 86 containing an activated
2'-carboxy group and protected 5-aminomethyl-2'-deoxyuridine
87, Sekine and co-workers 74175 have synthesised the dinucleo-
side 88; this was converted into a dinucleoside phosphate having a
fixed conformation '7* and incorporated into the oligonucleotide
89 (Scheme 4).17%

The synthesis of 2'-O-carboranylmethyluridine 90 starting
from the propargyluridine derivative 91176177 or protected allo-
furanose 92 has been carried out.!”® In the latter case, the attach-
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TBDMS = Bu'Me,Si; DEC = Me,N(CH,);N—=C=NEt; R! and R? are fragments of an oligonucleotide chain.

ment of decaborane to the carbohydrate 92 gave first the 3'-isomer
93; after removal of isopropylidene protecting groups and cleav-
age of the cis-diol system, this was transformed into a ribofur-
anose derivative and used for glycosylation.

B h

AcO O

1) BioHi4
2)MeONa_

BioHio
> ><
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(0]
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— OH —>
BioHio
B|0H10

(a) BioH14; (b) H™; (¢) BzCl; (d) NalOy; (e) Py, H20, A; (f) Acx0O, Py;
(2) Ura™S_ TMSOTT; () MeONa.

Carboranyl nucleosides are used in boron neutron-capture
therapy of malignant tumours.!7® 180 [ vyivo studies have
shown 13! that the nucleoside 90 effectively penetrates into cells,
but is not phosphorylated. The intracellular boron concentration
varies from 5 to 35 pug g~ !, i.e., is sufficient for the implementa-
tion of efficient boron neutron-capture therapy. Further studies
have shown !82 that the incorporation of the nucleoside 90 into the
oligonucleotide chain significantly decreases the stability of the

DNA duplex, most probably due to the formation of a negatively
charged nido-form of carborane under the action of ammonia
upon standard post-synthetic treatments.

Synthesis of conjugates based on 2'-amino-2'-deoxyuridine 5
included the acylation of the amino group with acids activated by
dicyclohexylcarbodiimide (DCC) or a mixture of 1-hydroxyben-
zotriazole (HOBT) with O-(benzotriazol-1-yl)-N,N,N' ,N'-tetra-
methyluronium (HBTU) hexafluorophosphate. This approach
was used for the introduction, into the 2'-position of the nucleo-
side, of various fluorescent labels, such as 6-dimethylamino-2-
naphthalene (94a),'83 184 the dansyl group (94b),'8% coumarin
(94c¢) '8¢ and pyrene (94d),'87 of the electrochemical label ferrocene
(94e),'88-190 of phenanthroline (94f) 1°! (chemical nuclease in the
presence of multicharged metal ions) and of nalidixic acid 94g;'°>
the attachment of the latter to the 3’-end of an oligonucleotide
significantly increases the thermal stability of the duplex formed.

HO Ura
ROH, DCC or O
HBTU, HOBT, PraNEt
MF

HO NHR
94a-g

NMe,




Nucleosides and oligonucleotides containing 2'-reactive groups: synthesis and applications 713

Protected 2'-amino-2'-deoxyuridine 11 was acylated with
amino acids.'”? The derivatives 95a—d obtained were converted
into phosphoramidites and incorporated into ribozymes to
increase catalytic activity and stability against nucleases.

R
DMTrO Ura H
o HO\"/\NHFmoc
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HBTU, HOBT, Et,NPr
HO NH;
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95a-d O
R = Me (a), Bn (b), (CH2)sNHFmoc (¢), CH,CO,Bn (d);

Fmoc =

CH,0C0+-

The protected 2'-amino-2'-deoxyuridine 95¢ acylated with
N-protected lysine served as a basis for the preparation of the
bisconjugate 96 containing peracetylgalactosamine residues.!%*
Unfortunately, subsequent reactions of the nucleoside phosphor-
amidite derivative 96 were strongly hampered due to steric
hindrances.
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Acylation of free and protected 2'-amino-2'-deoxyadenosine
with various aromatic acids in the presence of 1-(3-dimethylami-
nopropyl)-3-ethylcarbodiimide has been described.?* 195

An unusual version of the acylation of 2’-amino-2'-deoxyade-
nosine has been proposed.!?® Here, the role of acylating agents is
played by activated N-sulfo-N-cyanomethylamides of carboxylic
acids immobilised on a solid phase (safety catch linker).!®”
Aminomethylated polystyrene containing 4-substituted benzoic
or butyric acid residues were used as polymeric supports. The
yields in this reaction are more than 95%.

I
®¥NJ\X—S—O
H 1'\1 0 HO Ad
€
HO o Ade )/ f o
N/
DMF, 60 °C HO HN R
HO NH» \n/
0

@—polystyrene; X = (CH»)s, 4-C¢Hy4; R = Ak, Ar.

This approach was used for the preparation of various 2"-aroyl
derivatives of NO-substituted 2'-amino-2'-deoxyadenosine and
2',5'-diamino-2’,5'-dideoxyadenosine.!98 201

An original procedure for the synthesis of the nucleoside 97
having a methoxalylamido fragment in the 2'-position by the
reaction of protected 2'-amino-2'-deoxyuridine 11 with methox-
alyltetrazole has been developed by Polushin.20?

DMTrO o Ura

DMT:O Ura Q  N=y
(6] N | 0
MeO \=N
i b L,
(¢
HO NH, HOBT 3
11 97

Later 203 2'-succinimido-2'-deoxyuridine 98 and the den-
drimers 99, 100 2°4 based on it were synthesised.

DMTrO o Ura

0 N(CH>CH2>NH»)3
—_— =

98 O
DMTrO o Ura

HO HN
99,100 O

(COMe)s, |:99 R=H)
EGN 100 (R = C(0)CO-Me)

The imino derivative 101 synthesised starting from 2'-amino-
2'-deoxyuridine 11 reacted in situ with bis(bipyridine)rutheni-
um(I1) chloride.?%3 296 The resulting nucleoside 102 was converted
into a phosphoramidite derivative and incorporated into the
oligonucleotide chain; however, the yield in the condensation
step was extremely low.?” The yield in the immobilisation of the
nucleoside 102 on a polymeric support using a succinate linker was
comparable to those for non-modified nucleosides.?® The com-
plex 102 within the oligonucleotide is stable under the conditions
of the post-synthetic treatments with saturated ammonia. Deriv-
atives of the type 102 are the optimum reagents for modification of
3'- (see Ref. 206) and 5'-ends 27 of oligonucleotides, since they
cause minimum changes in the structure of the DNA duplex.

DMT:O Ura DMTrO o Ura
o a b, c
— —
7 N\
/ —
HO N N

HO NH»
11
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DMTrO Ura

—N N—=
102 (19%) N\ 7"\ 7

(a) O//_(/N_:\>; (b) Ru(bpy)2Cly; (¢) KPFg; bpy is 2,2'-bipyridine.

The nucleoside 103 containing a picolylamino group in the
2'-position has recently been synthesised.?’” The introduction of
such a modified fragment into the oligonucleotide chain decreases
the thermal stability of the DNA duplex by 2—4 °C. These
oligonucleotides can also be used for ruthenium chelation.

DMTrO o Ura

HO HN/_</\I_:\>

103

2. Solid-phase synthesis of oligonucleotide conjugates

The publications on this subject are few in number, although in
some cases, e.g., for incorporation of hydrophobic molecules, this
method is the optimum and is the only possible solution for the
construction of combinatorial libraries. The term ‘combinatorial

R!O Thy 0

O Oy NHCO:AI
RO—P=0
OR?

104

R0 —t=0
OR?2

Pd(PhsP),
—_—

R'! and R? are fragments of a protected oligonucleotide chain; R3 = (CH,),CN;

CPG is controlled-pore glass.

DMTrO o Yra DMTrO
Ph
O HN ¢}
NHCO»All o
o o 1) Pd(PPhs)s, PPh;
2) R'CO,H, HBTU, HOBT,
Et,NPri
e}
HN HN
e
Et o

O Oy s NH
S/

libraries’ is used to encompass a set of conjugates containing
identical cores (e.g., oligonucleotides), but differing in the frag-
ments of molecules attached to them. It is of note that such sets of
conjugates are prepared simultaneously, e.g., by treatment of an
oligonucleotide containing the amino group with a mixture of
activated carboxylic acids with subsequent separation of the
reaction products. Combinatorial oligonucleotide libraries are
extensively used in bioorganic chemistry and molecular biology,
particularly, in the search for compounds that are highly resistant
to nucleases.?%8

An alternative approach to the synthesis of conjugates based
on immobilised oligonucleotides 104 containing a protected 2'-O-
(6-aminohexyl)nucleoside has been described by Manoharan and
co-workers 2% Selective removal of the allyloxycarbonyl protect-
ing group by a palladium(0) complex and subsequent reaction of
pyrenylbutyric acid ester with N-hydroxysuccinimide give com-
pound 105a. The internucleotide bonds and protecting groups of
heterocyclic bases and internucleotide phosphates remained
intact. Later, the same authors?!® carried out the synthesis of
oligonucleotides 105b containing a guanidine group attached to a
2'-0-aminohexyl linker (Scheme 5).

A recently published paper?!! describes the synthesis of the
oligonucleotide conjugates 106a,b with 3’-terminal 2'-acylamido
groups. A nucleoside with an N-protected phenylalanylamide
residue in the 2’-position was immobilised on a polymeric support
through a standard succinate linker. The allyloxycarbonyl pro-
tecting group in compound 107 was selectively removed and the
immobilised nucleoside was acylated and introduced into the
standard oligonucleotide synthesis (Scheme 6).

Yet another approach to the attachment of an amino group to
the 3'-end of an oligonucleotide entails the use of a 5'-phosphor-

Scheme 5
DEGNCSSNa o1y Thy
or f/ \\ O
N
2) 1|\1
H,N—C=NH o OwNHR“
o RO—P=0 °

OR?

105a.b

U Scheme 6
ra
Ph R20 Ura
0 O
HN )]\ 1) automated Ph
N R'  oligonucleotide O
I} H synthesis HO HN. JJ\ .
2) NH;-H,0 N R
106a,b O

|
N N\ Me

R! =W (a), O‘ (b); R?is a fragment of an oligonucleotide chain.
(@] (6]
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Scheme 7
R'O AdeB7 R'O AdeBZ R0 o \/dee
1) R30H, HBTU, HN
WNHFmOC WNH? PerEt WNHR"
o) NH 2) NH;-H,0 (o} o
| ~ . | R
NC(CH,),0—P=0 NC(CHz)zO—I|’=O O=P—O0~
(|)R2 OR? OR*  108a,b

R'! and R? are fragments of a protected oligonucleotide chain; R3

—Gly-LeuNHFmoc, — Gly-Phe-D-Ala-TyrNHFmoc;

R*and R? are fragments of a deprotected oligonucleotide chain; R® = —Gly-LeuNH; (a), — Gly-Phe-D-Ala-TyrNH; (b).

amidite derivative of a modified nucleoside that is incorporated
into the oligonucleotide chain by reversed (5'— 3') automated
oligonucleotide synthesis.?!! High yields in the N-acylation step
enable the construction of a combinatorial library and investiga-
tion of the resistance of 3'-oligonucleotide conjugates against
nucleases.?%8

Synthesis of peptide—oligonucleotide conjugates has been
described by Oretskaya and co-workers?!'? The protected amino
group of 2-(B-alanyl)amido-2'-deoxyarabinoadenosine incorpo-
rated into oligonucleotides was selectively deprotected by mor-
pholine or piperidine. Subsequent acylation with N-protected
peptides and removal of protecting groups afforded the target
conjugates 108a,b with a degree of conversion of 80% —90%
(Scheme 7).

Hwang and Greenberg?'3-2!4 have recommended the use of
photo-removable 4,5-dimethoxy-2-nitrobenzyloxycarbonyl pro-
tection for the 2'-amino group of modified nucleosides. The
reactivities of 2’-amino-2'-deoxy- and 2'-O-(4-aminobutyl)uridine
groups of oligonucleotides in acylation reactions have been
studied. In some cases, the yields of the products 109 and 110

were rather low (e.g., the yield of the oligonucleotide —peptide
conjugate 110b was 30%) (Scheme 8).

Manoharan and co-workers?!> used phthaloyl protection
(which is selectively removable by hydrazinolysis) of aminooxy
groups of modified nucleosides. The aminooxy group is extremely
reactive with respect to carbonyl compounds. This type of
conjugation is extensively used in peptide chemistry.?!® The
oximes thus prepared are stable over a broad pH range and can
be reduced to N,O-disubstituted hydroxylamines which are even
more stable under drastic conditions (Scheme 9).

Sawai and co-workers* %3 have proposed to simultaneously
remove protecting groups and convert the ester group in a
modified fragment into an amide group. In this way, dinucleoside
monophosphates were prepared containing non-substituted
(111a), N-alkyl (111b), N-aminoalkyl (111c) carbamoyl groups
and a dendrimer (111d) in the 2'-position. It is of note that the
yields of the target products were smaller in the case of more
complex amines. When N-protected adenosine, cytidine and
guanosine were used instead of thymidine and uridine, side trans-
amination occurred.

Scheme 8
Rl 1
O o Ura OMe (@] o Ura
OMe _ RICOH NH3 H0_
o) HN\n/O O NH, PyBOP, PINEC 0 HN 0 HN
NC(CH,0—P=0 | O, NC(CH»),0—P=0 NC(CH2),0— 1|>—o o o= P—O*O
OR? OR?2 OR? OR*
R'O U s
o ra 1)y R>0O o Ura
2) R3CO,H, PyBOP, PriNEt
3) NH;-H.0
H H .
N O Oy sN_ _R
) [ Y
NC(CH»),0—P=0 0_1|3‘—O* o
2
OR* 110a—t

R!and R? are fragments of a protected oligonucleotide chain; R3 =

H

PyBOP is benzotrldzol l-yloxytrls(pyrollidino)phosphonium hexafluorophosphate.
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Scheme 9

RIO Thy R'O Thy R50 Th

0 o o1V

0
0 0O a 0O O b,c
[ " o—N — [ ~"SONH, —> Q OnSo—n=chr:
NC(CHz)zO_ll’=O NC(CH2)0—P=0 O=l|’—0*
OR? o OR? OR*

(a) N2Hs H,0, Py, AcOH; (b) R3CHO, DMF or MeCN; (¢) NH3* H,O.

R!' and R? are fragments of a protected oligonucleotide chain; R3 = Oe , ;
] ] ] S
R*and R? are fragments of a deprotected oligonucleotide chain. O‘

HO Ura
O HO Ura
(o}
(0]
N i
o S
| OMe RNH, 0] s\/u\
NC(CH;),0—P=0 AIkOH NHR
| _— O=[|>—O—
O Thy
(0) (0] Th,
o y
O—f
OH 111a-d

R = H (a), (CH2)sMe (b), (CH2)>NHx (¢), (CH2)>N(CH>CH,NH) (d);
Alk = Me, Et.

This methodology was further developed by Manoharan and
co-workers !4 If primary amines were used, high yields of com-
pounds 112a—c¢ were achieved within 24 h at room temperature,
but the yield of compound 112d in the reaction with dimethyl-
amine was as low as 50%; at higher temperature, side products
were formed.

R'O Th
o Y R%0 o Thy
o HNR3R*

(0]
o 0\/U\ EtOH
| OMe 0 o\/u\
NR3R*

NC(CH»),0—P=0
R>—CPO)

R! and R? are fragments of a protected oligonucleotide chain;
R3 = H: R* = H (a), Me (b), (CH2):NMe; (¢); R? = R* = Me (d);
R5 and R® are fragments of a deprotected oligonucleotide chain.

O=—P—0O~
OR® 112a-d

Polushin 292 has prepared a series of oligonucleotides 113
containing a methoxalylamido group in the 2'-position. This
group is more electrophilic in comparison with ordinary ester
group, which permits one to carry out reactions with amines under
milder conditions without simultaneous splitting of the oligonu-
cleotide from the polymer.

1 . R!
R!O o Ura O o Ura
(0] (0]
H,NR* P
HN. 2 1Y O HN

e T e

0 =20

(@)

2
OR\\ " RZ\\

R! and R? are fragments of a protected oligonucleotide chain;
= (CH2)2CN; R4 = (CH2)12NH2,

In 2'-succinimido derivatives of 2'-deoxyuridine and -cytidine,
the five-membered imide ring is opened upon reactions with
various amines.293.204.217

R3 B2
o O
a, b
—
(0]

7
NC(CH»),0—P=0
R OR*

B! = Ura, CytB% B2 = Ura, Cyt; R' and R? are fragments of a pro-
tected oligonucleotide chain; R3 = Me, (CH»),OH, (CH,)sOH,
(CH3);NMe,, (CH,),Im; n = 2, 3; R*and R’ are fragments

of a deprotected oligonucleotide chain; (¢) R’NH,; (b)) NH3- H,O.

The same authors?°%217 have described the synthesis of
dendrimeric derivatives based on 2'-succinimido-2'-deoxyuridine
incorporated into the oligonucleotide chain. The attachment of
branched polyamines to a modified nucleoside fragment was
followed by acylation of free amino groups with methoxalylte-
trazole. Treatment of the dendrimer formed with histamine
affords the conjugate 114 which is a potential chemical nuclease.

R!'O Ura

1) Im(CHz)zNHz
2) NH;-H,0
= - e >

I

pum— H

NC(CH2)20}|’ o8 L‘ Oo
OR?

HNfLOMe

R30 o Ura
0
. 0 i
N NH(CHa),Im

O HN.

| N
O0=P—0O" H O

I 0 O

4
OR HN
NH(CHz)zlm

114 O

R! and R? are fragments of a protected oligonucleotide chain;
R3 and R* are fragments of a deprotected oligonucleotide chain.

The incorporation of a bromoalkyl group into an oligonucleo-
tide enables conjugation with nucleophiles, such as thiols and
sodium azide.!98:218 Thus the preparation of oligonucleotide
conjugates with amines included initial synthesis of modified
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oligonucleotides 115 immobilised on a polymeric support con-
taining a o-bromoalkyl group at the O(2’) atom.2!® These were
treated with thioglycolic acid in the presence of a base. After the
activation of the carboxy group in the acids formed, the latter
reacted with various amines to yield compounds 116a—c.

R'O CytAe

1) HSCH>CO>H, PryNEt

2) R’°NH,, HBTU, HOBT,

(|) OO~ Br PrbNEt
NC(CH»),0—P=0
OR?
115
RIO tAc
oY
(0]
—
0O 0O__0 s\/u\
NN NHR3
NC(CH»),0—P=0
OR?

116a—c

Cro

R'! and R? are fragments of a protected oligonucleotide chain;

O OW I];I]
\J?A (a). Me (b). /\/&7 ©.
Me N

Me

RY =

3. Solution synthesis of oligonucleotide conjugates
Oligonucleotides containing pyrimidine 2'-amino-2'-deoxyribo-
nucleoside fragments have been especially extensively used for
conjugation in solution. The amino group in the 2'-position has
pK. = 6.2,72° which was confirmed by 'H NMR (see Ref. 221)
and 13C NMR (see Ref. 222) spectroscopic data. This enables its
selective acylation at appropriate pH precluding the involvement
of amino groups of heterocyclic bases with pK, from 3 to 5. The
significant decrease in the melting temperature of the duplexes
formed by 2'-amino-2’-deoxyribooligonucleotides with non-
modified NA is the main disadvantage of this modification.
Thus the melting temperature of a 15-membered duplex decreases
by 2.7—-13.8 °C depending on the structure of the duplex and the
position of the modified fragment in the chain.???

The choice of a protecting group for the amino group of a
modified fragment for the incorporation of 2'-amino-2’-deoxyri-
bonucleosides into the oligonucleotide chain presents a problem.
The use of trifluoroacetyl protection for this purpose was
suggested, but the condensation of a commercially available
2'-trifluoroacetamido-2'-deoxyuridine phosphoramidite with a
growing oligonucleotide chain occurs in a relatively low yield
(~90% in 10 min),?>* which can be attributed to the high
electronegativity of the trifluoroacetyl protecting group. This
problem can be overcome by increasing the condensation
time;22° however, side reactions thus occur, which diminish the
total yield of the oligonucleotide.?2 The trifluoroacetyl protecting
group was also used for the protection of the amino group of
2'-amino-2’-deoxyguanosine.?2’” The fluorenylmethoxycarbonyl
protecting group meets all the requirements of oligonucleotide
synthesis, but the thus protected 2'-amino-2'-deoxyuridine phos-
phoramidite derivative was unstable in an acetonitrile solution
and was destroyed even in a solid state at —20 °C.22*228 Never-
theless, this group was used for protection.??® The use of the
phthalimide group was also proposed;??* the latter was introduced
with high yields and could be completely removed with standard
post-synthetic treatments, but in this case the condensation
efficiency could be increased by only 3% —5%. The use of the
2-(4-nitrophenyl)ethoxycarbonyl protecting group 2%23! can

hardly be called successful, since its removal demands preliminary
12-h treatment of the protected oligonucleotide with a 1M
solution of DBU in pyridine. The thus protected 2'-amino-2'-
deoxynucleoside cannot be immobilised on a polymeric support
using a succinate linker due to intramolecular O — N migration of
the acyl group upon deprotection. The stability of the amide bond
in the 2'-succinamide formed prevents the removal of the modified
oligonucleotide from the polymeric support.

R
(0] o B
HN. O
o \[(l/ \/\@\ DBU, Py
NO
[RO

o

(0]
1 |
(0]

B R B
:O: o (6]

H» HO NH

(¢}

O‘
R is a fragment of a protected oligonucleotide chain;
B is a protected heterocyclic base.

A new approach, in principle, to the synthesis of oligonucleo-
tides with 2'-amino-2'-deoxyribonucleoside fragments has been
developed by Polushin et al.>3? The oligonucleotides 117 contain-
ing a 2’-azido-2'-deoxyuridine fragment were prepared using the
phosphotriester method. The azido group was further reduced to
the amino group by treatment with triphenylphosphine or tris(2-
carboxyethyl)phosphine (TCEP) in the presence of water. How-
ever, this approach has not received wide application, since the
solid-phase phosphotriester method is no longer used in oligonu-
cleotide synthesis due to the lengthy reaction cycle and lower
yields in the condensation step in comparison with the phosphor-
amidite method. Nevertheless, today it is the only approach which
enables the synthesis of oligonucleotides containing 2’-amino-2'-
deoxyribonucleoside fragments in the middle of the chain.

DMTrO Ura
: 0
R'O Urz: R'O Ura
o o
'O 3
0=P—0O~—
(I) o- 0O N; (I) NH»
1L+ 0=P—0O-— 0=P—0O~
N [
| OR2 117 OR2
oz
OMe

(a) is oligonucleotide synthesis; () PhsP or TCEP, H,O, MeCN;
R! and R? are fragments of an oligonucleotide chain.

Synthesis of conjugates based on oligonucleotides containing
2'-amino groups is carried out using N-acylation in a borate,
phosphate or carbonate buffer at pH 8—8.5. Under these con-



718

T S Zatsepin, E A Romanova, T S Oretskaya

ditions, the amino groups of heterocyclic bases are protonated,
which allows selective involvement of the 2’'-amino group of the
modified fragment. Activated carboxylic acids, isocyanates or
isothiocyanates are used as acylating reagents. This approach was
used for the preparation of conjugates (118—120a,b) with fluo-
rescein isothiocyanate,?3~235 rhodamine 5-isocyanate,??? a pho-
tochemically active diazirine derivative 120a23¢ and a spin label
120b.237

O NH: (l) HN
O=P—0~ o= Il)—O* X
OR? OR? 118, 119, 120a.b

R! and R? are fragments of an oligonucleotide chain;
118: R3 is fluorescein, X = S, B = Ura;
119: R? is rhodamine, X = O, B = Cyt.
120: R3 =

N (a), (b):; X =0,S;B = Ura.

Ne

Sigurdsson et al.?3®-240 have prepared the conjugates 121 by
the reaction of a 2’-amino-2'-deoxyuridine fragment of an oligo-
nucleotide with 2-isothiocyanatoethyl 2-pyridyl disulfide.

<|) NH2 (l) HN Nv\s _S | Ny
o—fl)—of 0—1|>—of & P
OR? OR2 121

R! and R? are fragments of an oligonucleotide chain;

NS N=C=0
RIN=C=0 = EJ/ g .
NS

The oligonucleotides  containing  2’-amino-2’-deoxy-
uridine 24'-244  or 2'-(B-alanylamido-2'-deoxyarabinoadenosi-
ne?*%-246 were used by Shabarova et al. in the synthesis of
covalently bound duplexes 122 and 123. In this case, a non-
nucleoside fragment containing a carboxy group at the end of an
extended linker was introduced into the complementary chain.

R! Urz: OR?
O o ra |
O=P—0O~
[e) DEC
(|) NHZ HO /\/U\ )\/\
O=}|> (O
OR?
3
R'O Ura C|)R
(6]
O_Il‘—O*
(0] (0] (@)
| N N OR*
O=P—O— H H
| O
OR? 122

DEC
+ (6] —_—
0 (0]
O:I|)_07 H
O

R2 (0] OR3

7
O=P—0O~
OR? 123

R!, R2, R3and R* are fragments of oligonucleotide chains.

)\/\

Oligonucleotides 124, where the chain units are linked by
amide bonds in addition to phosphodiester bonds through linkers
attached to the C(2') atoms, have been synthesised.24” The spatial
proximity of carboxy and amino groups determined the high
regioselectivity of this reaction, the yield of the target product 124
being 78%; the formation of side products was not observed
(Scheme 10).

Substituted carboxylic acid esters of N-hydroxysuccinimide
are often used as activated acylating agents. Silverman and
Cech 28 have performed the acylation of oligonucleotides con-
taining 2’-amino-2'-deoxyuridine using pyrenylacetic and pyre-
nylbutyric acid esters of N-hydroxysuccinimide; Weeks and co-
workers 249251 ysed biotinylbutyric ester for this purpose.

Conjugates of modified oligonucleotides containing 2'-amino-
2'-deoxyuridine with histamine 125252 and the cobalt complex 126
have been synthesised.?>® In the latter case, the acylation was

(l) NH, o) o O NH
O=}|’—O*
OR?
R! U
(6] o ra
H
— O HN N N
T W
O==% 96 o NH
OR? 125
NH3
/_‘_\
_N\CO/N_
NH
. 2 . \ O/T No /
UGGGCGG-oligonucleotide NH; COH
ACCCGCC-oligonucleotide DEC
NH;3;
N/_ _\
\CO/
N\ f No 4
O
NH;3 o-
s |

HN O—P—O —GGGCGG ollgonucleotlde

g ACCCGCC-oligonucleotide
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R'O Ura R'O

Ura Scheme 10
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[ NH, I
O=1|D—O - O=}|)_O,
OR? OR2 124

R'! and R? are fragments of an oligonucleotide chain.

performed in the duplex in order to prevent the interaction of the
carboxy group of the ligand with the amino groups of the
heterocyclic bases.

Studies by Meade et al.2>* 25 are devoted to the synthesis of
ruthenium complexes of 2'-amino-2'-deoxyribooligonucleotides.
Complementary oligonucleotides containing 2'-amino-2"-deoxy-
uridine at the 5'-ends were modified by two ruthenium complexes
differing in degree of oxidation. The complex formation was
carried out within the DNA duplexes to prevent interaction of
the ruthenium complexes with exocyclic amino groups of the

* TGCATCGA®
¥ ACGTAGCY

NH;

* UGCATCGA’
¥ ACGTAGCT ¢ NH>»

) Ru(bpy)>COs [Ru(NH:)s(py)>*

2) Im
NH,[Ru(bpy)>(Im)]?* TGCATCGA
UGCATCGA ACGTAGCU
ACGTAGCT NH,[Ru(NH;3)s(py)]? ™

HO 0 Ura

s 3 -
N" H:N O—P—O0—GCATCGA ?
H 4ACGTAGC;,—0—P—0 NH»

(0] H3N// \\NH3

UraO OH Ru,
H3Nl NH;

N

|

NS

heterocyclic bases. The modified DNA duplex was used for the
study of photoinduced electron transfer along the DNA chain
which plays an essential role in the damage and repair of
DNA.ZSG" 257

A series of conjugates 127a—d were prepared by reactions of
modified oligonucleotides containing 2'-O-(5-aminopentyl)uri-
dine® and -adenosine’’ with various N-hydroxysuccinimide
esters.

Q

RIO— B RIO—) B
R¥CXo—N
H
0 Oy yNH, ———2—» O Oy s N__R?
AN pH 8-9, DMSO I & il
o=r—0- 0=P—0~ v
OR2 OR? 127a-d

R! and R? are fragments of an oligonucleotide chain; B = Ade, Ura;

/le\ HO O O
HN NH O = ‘

R3 = , X =0();R3= CO.H » X = S (b);
L. o
SNH
HO OH
R* = X =0(:R =

H
N
OH /\(\,)5 o
o)

Acylation of the oligoribonucleotide 128 containing 2'-(B-
alanylamido)-2’-deoxyuridine with a bifunctional reagent [3,3'-
dithiobis(propionic) acid ester of N-hydroxysuccinimide] eventu-
ally allowed preparation of conjugate 129 containing a peptide
linked to the C(2') atom through a disulfide linker.2® The
disulfide bond can be cleaved by thiols, which simplifies the
mass-spectrometric analysis of the conjugates with peptides.
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R! and R? are fragments of an oligonucleotide chain; R is a fragment
of the Tat-protein.

Conjugates of oligonucleotides containing 2'-O-(4-aminobu-
tyDribothymidine with lanthanide complexes 130a—¢,?>® and
conjugates of oligonucleotides containing 2'-O-(6-aminohexylcar-
bamoyl)cytidine linked with a porphyrin manganese complex
(131) were synthesised in a similar way.”>
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R'! and R? are fragments of an oligonucleotide chain;
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The presence, in modified oligonucleotides, of a thiol group,
which can be involved in the formation of disulfide bonds,
thioethers and thioesters offers broad opportunities for conjuga-
tion.260

2'-0-(6-Mercaptohexyl)adenosine incorporated into the oli-
gomeric chain was converted into the conjugates 132a—d using
S-alkylation by iodoacetamidophenanthroline or addition of
maleimide derivatives of fluorescein, pyrene and a phospholipid.
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Sigurdsson et al.>3%240 have succeeded in synthesising cross-
linked duplexes 133 and conjugates with the fluorescent label
bimane 134239 starting from oligonucleotides 135 containing a
thiol group as well as conjugates with glutathione 136 based on
oligomers 121 containing an activated thiol group (Scheme 11).23°

Covalent ‘homocross-linking’ of thiols 137 has been carried
out; the duplexes formed were used for the study of the spatial
structure of tRNAPhe 105,106
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R! and R? are fragments of tRNAPhe; B = Ura, Cyt.

The conjugates 138 containing a disulfide bond were formed
in the thiol —disulfide exchange reaction.?®!
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R!, R, R?and R* are fragments of an oligonucleotide chain.

Hamm and Piccirilly 262 have synthesised oligonucleotides 139
containing 2'-S,3'-O-cyclophosphate at the 3’-end. The free
2'-thiol group was generated by treatment of the oligomers 139
with silver nitrate; subsequent reaction with iodoacetamide
yielded the derivatives 140. This approach can be used for
modification of 2'-thionucleosides localised in the middle of the
oligonucleotide chain.
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2) ICH,C(O)NH, o
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139 (O 140

R is a fragment of an oligonucleotide chain.

No formation of side 1',2’-episulfides was observed, which
occurs in the case of 2'-thionucleotides in an alkaline

H
JK
HO E OH
(6]

NH;

medium.?3-264 Presumably, this reaction involves silver thiolate
rather than a free thio group. It is of note that 2’-thiooligonucleo-
tides are more stable in alkaline media than non-modified
oligoribonucleotides.

Cook and co-workers203-267 have prepared a cross-linked
duplex by reductive amination of an AP site in the oligonucleotide
141 with an aminoalkyl substituent at the O(2") atom of adenosine
142 in the opposite chain.
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R!, R2, R3and R* are fragments of an oligonucleotide chain.

The addition of a series of 1,2-aminothiols, O-alkylhydroxyl-
amines and hydrazides to oligonucleotides 143 containing an
acetaldehyde residue at the O(2') atom26® yielded conjugates
with peptides, pyrene, acridine and biotin. The hydrazones
synthesised were unstable at neutral pH, which required their
additional reduction to hydrazines with sodium cyanoborohy-
dride. It is of note that this is the first example of simultaneous
addition of several peptide residues to an oligonucleotide molecule
owing to incorporation of several modified fragments into the
chain.
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Sekine et al. 18 used oligonucleotides 144 and 145 containing
2'-phosphate and -thiophosphate groups for the introduction of
biotin and biman to give the conjugates 146 and 147 containing
the pyrophosphate and thiophosphate bonds, respectively. Later,
it was shown 26° that the 2'-phosphate and -thiophosphate groups
are easily and selectively removed on heating. Studies of the
mechanism of this reaction have shown that the presence of a
neighbouring 3’-phosphate group favours 2'-dephosphorylation.
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1. The use of nucleosides and nucleotides

2'-Modified nucleosides and nucleotides can find application as
selective inhibitors of certain enzymes. To this end, a group able to
react with amino acid residues in the active site of the enzyme and
thus to irreversibly inhibit it is introduced into a nucleoside. This
approach is effective in a case where the structure of the enzyme
active site and the mechanisms of its functioning have been studied
in detail.

The use of 5'-diphosphates of pyrimidine 2'-thio- and
2'-thiocyanatonucleosides for the inhibition of ribonucleoside
diphosphate reductase has been suggested.?’°~272 This enzyme
plays a key role in the biosynthesis of 2'-deoxyribonucleosides
from ribonucleosides by catalysing the reduction of ribose as a
constituent of ribonucleoside diphosphates to 2-deoxyribose. This
reaction requires two hydrogen atoms which are generated by
thioredoxin, a reduced protein cofactor containing two free SH
groups in the cysteine residues. The reduction of ribose is
accompanied by the oxidation of the cysteine residues; these
conditions favour the conversion of thioredoxin into a disulfide
form. It was suggested 271-273 that 2'-thio- and 2'-thiocyanate
nucleoside diphosphate derivatives react competitively with the
cysteine residues in the active centre of the enzyme and thus induce
its inhibition. Besides, 2’-methylidene-2'-deoxyribonucleosides
were used for the inhibition of ribonucleoside diphosphate reduc-
tase.?74

2'-Hydroxyamino-2'-deoxyribonucleosides able to generate
free radicals manifested high anti-fibrosacroma activity in vitro
and in vivo.28 3% It is of interest that 3'-isomers of these nucleo-
sides inhibit RNA synthesis and suppress tumour growth in mice.

2'-Acylamino-2'-deoxyadenosine derivatives containing aro-
matic acid residues 1°>-275-277 manifested high inhibiting activity
towards glyceraldehyde-3-phosphate dehydrogenase from Trypa-
nosoma brucei which is the cause of sleeping sickness.?’® Effective
inhibition was induced even by submicromolar concentrations of
the nucleosides. X-ray diffraction analysis has shown 27° that the
binding of N°2-modified adenosine to glyceraldehyde-3-phos-
phate dehydrogenase significantly changes the enzyme structure.

2. The use of 2’-modified oligonucleotides and their
conjugates

a. Antisense and anti-gene biotechnologies

The main trend over the past 15—20 years was the use of modified
oligonucleotides for suppression of gene expression by their
interactions with cell DNA and RNA. This is achieved using
antisense and anti-gene approaches and RNAI.
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The antisense mechanism of oligonucleotide action implies
their intracellular complexation with mRNA to yield hybrid
duplexes which prevent translation due to the inhibition of
mRNA binding to ribosomes,?8%-28! reverse transcription >$? or
processing of mRNA.283-284 In some cases, such hybrid duplexes
act as substrates for the RNAase H,?8! which catalyses hydrolysis
of a ribonucleic component, and undergo ‘decapitation’ of the
5-end of the RNA molecule,28> sequence-specific cleavage of
RNA 3-286-289 or covalent binding of the oligonucleotide to
RNA .2 The most recent achievements in antisense biotechnol-
ogy have been described in the review.?*!

In contrast, the anti-gene mechanism entails either direct
binding of a modified oligonucleotide to genomic DNA and
formation of a triplex on a complementary sequence>2°2 or
unwinding of the double helix and formation of a heterogeneous
duplex or D-loop.23 This results in the inhibition of transcription
of the corresponding genes and an increase in the susceptibility of
the DNA site to nucleases 2°* and chemical reagents.??>~2°8 Both
antisense and anti-gene mechanisms are based on enhanced
affinities of modified oligonucleotides for the complementary
sequence in comparison with their native counterparts.

The phenomenon of RNA interference was discovered in
1998:%9 it consists of the degradation of mRNA induced by a
double-helical RNA, which is complementary to a certain region
of the former, and, as a consequence, of inhibition of gene
expression. Initially, extended RNA duplexes (300—1000 bp)
were used for this purpose, but later it was shown300-301 that
RNA interference was induced by shorter (21 —-23 bp) duplexes. A
strong intracellular effect is observed upon introduction of even
very few copies of RNA duplexes into the cell, which can be due to
their functioning in a catalytic mode. A salient advantage of short
RNA duplexes is that in mammalian cells they do not elicit non-
specific immune response, which involves interferon production
and cell death as in the case of extended RNA duplexes. For this
reason, short RNA duplexes are considered to be efficient selective
inhibitors of expression of individual genes and promising candi-
dates for medicinal drugs.

Unfortunately, even minor modifications of RNA, e.g., sub-
stitution of inosine for guanosine,3°2 introduction of 2’-O-methy-
lated nucleotides 393 or addition of a non-complementary base
pair,3%4 completely abolish RNA interference. The introduction of
2'-amino-2'-deoxyuridine or 2'-fluoro-2’-deoxyuridine into the
sense chain of an RNA duplex only slightly inhibits the RNA
interference, whereas modification of an antisense chain is cru-
cial.392 Nevertheless, it was shown that modification of two
3'-terminal nucleotides is possible.3%3 Studies of RNA interference
in mammalian cells have demonstrated 3°° that the introduction of
2'-fluoro-2'-deoxyuridine and conformationally protected 2'-O-
4'-C-methylidene nucleosides into RNA duplexes has no effect on
the efficiency of RNA interference. The activities of single-helical,
22-membered RNA (the so-called miRNA 30¢-307) are being
investigated; their mechanism of action is similar to RNA inter-
ference. 5- 6- 308, 309

A recently developed SELEX procedure 319311 enables the
selection of NA molecules with predetermined properties from
combinatorial libraries containing up to 10?° individual mole-
cules.312:313 The choice of target NA molecules is based on their
ability to form stable complexes with various proteins and their
low-molecular-mass analogues. As a rule, these properties are
inherent in RNA molecules containing 40— 100 nucleotide units,
termed as ‘aptamers’. The introduction of modified nucleosides
into the structure of aptamers 3'# increases their conformational
mobilities and resistance to nucleases. The structures of modified
aptamers can be established using tandem mass spectrometry
combined with ESI-MS electrospray ionisation.31%-316 SELEX is
also used for the analysis of ribozyme libraries.3!”

The use of oligonucleotides as therapeutic drugs requires that
they possess high resistance to nucleases, can efficiently be
delivered to the cell, selectively bound to the targets and are free
of side effects. Low cost and availability of modified oligonucleo-

tides are no less important. Thus, the construction of efficient
antisense and anti-gene agents demands simultaneous solution of
many problems.

It has been shown 3!8.319 that inside the cell oligonucleotides
are predominantly hydrolysed under the action of exogenous
nucleases. Today, the problem of stability of oligonucleotides
may be considered to be solved owing to the use of 2'-O-
methylated nucleotides, conformationally locked nucleic
acids 320-32! and various 3'-terminal modifications, which signifi-
cantly increase the resistance of NA against nucleases.

The problem of targeted delivery of oligonucleotides to cells is
much more complicated. Its solution is difficult due to the lack of
clear understanding of the mechanisms of oligonucleotide pene-
tration across cell membranes, which involves either non-specific
adsorption on the surface of the cell membrane and subsequent
diffusion or receptor-mediated endocytosis. In this respect, cova-
lent 20-322 and non-covalent 323 oligonucleotide conjugates with
peptides present considerable interest. No less attention is given to
the use of liposomes as vehicles for targeted delivery of oligonu-
cleotides, e.g., anionic and neutral,3?*32% cationic,??® pH-sensi-
tive,’?7 fusogenic (i.e., able to penetrate through cell
membranes),??8 folate receptor-targeted liposomes 32° and immu-
noliposomes.33° Of interest are oligonucleotide glycoconjugates in
which receptor-mediated endocytosis is effected through lectin
receptors.?3! The intracellular distribution of these conjugates
between the cytosol and the nucleus is determined by their
interaction with intracellular lectins. Hydrophobic nanopar-
ticles 332 and polyamidoamine dendrimers333 are also used as
cargos for oligonucleotide delivery. The transmembrane transport
of thiophosphorylated oligonucleotides 3** and of hydrophobic
oligonucleotide conjugates ¢ has also been discussed.

The design of antisense analogues of nucleic acids allows
modification of both the sugar — phosphate backbone and hetero-
cyclic bases. 2'-O-Alkyloligonucleotides containing reactive
groups and their conjugates with other compounds are especially
widely used along with other 2'-modified oligonucleotides in
antisense biotechnology. Thus it has been found?®® that the
attachment of 10— 15-membered peptides to the O(2) atom of
the carbohydrate fragment through a linker virtually does not
affect the binding of the antisense conjugate to TAR RNA.
Moreover, the solution of quite a number of practical tasks
demands the introduction of more complex groups into the
2-position of the carbohydrate fragment of NA. The synthesis of
2'-0-{2-[2-(N,N-dimethylamino)ethoxylethyl}oligonucleotides is
an example.® The introduction of such a modification into the
oligomer structure increases the thermal stability of duplexes with
RNA due to the gauche-effect,”! while the presence of a positive
charge increases its resistance against nucleases.33?

3'-Phosphoramidite derivatives of 2'-O-methylnucleosides are
commercially available, which determines the wide application of
2'-0-methyl oligonucleotides with internucleotide thiophosphate
and phosphodiester bonds in antisense biotechnology. High
in vitro33¢ and in vivo activities of such oligomers have been
demonstrated in experiments on various cell lines 337341 and in
mice.>*? One of the most popular approaches 3*? entails the syn-
thesis of a chimeric oligonucleotide which is made up of 2'-O-
alkylribonucleosides and 2'-deoxyribonucleosides linked through
internucleotide thiophosphate bonds in the middle of the chain.
RNA duplexes with such oligonucleotides serve as substrates for
RNAase H. It should be noted that the simultaneous presence of
thiophosphate groups and 2'-O-methylnucleotide units results in
additive inhibition of gene expression.’*® A similar approach
entails the activation of RNAase P.3*! This enzyme splits the
3'-terminal fragment of RNA within the duplex,3** which occurs
more selectively than traditional RNAase H.3#

2'-O-Methoxyethylated RNAs are thought to be the most
promising among other 2’-modified oligonucleotides.3*¢ It has
been shown *#7 that such oligomers penetrate more easily across
cell membranes, are stable in blood plasma3#® and specifically
inhibit gene expression.34°
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In addition, 2'-O-methoxyethylated RNAs are effective inhib-
itors of telomerase.33® Moreover, the inhibition of 3'-polyadeny-
lation of pre-mRNA by such oligonucleotides is the reason for the
increased stability of mRNA and, correspondingly, for the hyper-
expression of proteins.3!

2'-0-Alkylated oligonucleotides have also found wide appli-
cation in anti-gene biotechnology. It was shown that 2'-O-
methyloligonucleotides form kinetically and thermodynamically
more stable triplexes in comparison with native oligonucleoti-
des,332 which is due to the pre-organisation of the oligonucleotide
structure, [i.e., a more favourable C(3')-endo-, C(2')-exo-confor-
mation of the carbohydrate fragment] and van der Waals inter-
actions between the 2'-O-methyl groups and purine bases.3
Conformationally fixed 2'-0,4’-C-methylidene oligonucleotides
confer even higher stabilities on the triplexes under conditions
close to physiological,?>* the best results being observed in the case
of 2'-O-(2-aminoethyl)oligonucleotides.35>-357 NMR spectro-
scopic studies have shown that in this case the increased stability
of the triplex is due to electrostatic interactions of the charged
amino groups of the pyrimidine oligonucleotide with the phos-
phate groups of the opposite purine chain of DNA.7%-358 The so-
called gauche-effect,®® which determines the magnitude of the
torsion angles in the system X —C—C—Y (X and Y are electro-
negative substituents), contributes significantly to the stabilities of
the triplexes. The presence of a gauche™-effect for the 2'-O-
aminoethyl group determines the conformation which is optimum
for the interaction with the phosphate group of the opposite
strand; this favours the pre-organisation of the oligonucleotide.
The presence of a charged amino group is yet another factor which
determines the stabilities of the triplexes at low concentrations of
Mg?* close to physiological;**’ this is not typical of triplex-
forming oligonucleotides.36° It should be noted that the incorpo-
ration of a large number of modified units3%¢ alleviates the
inhibition of gene expression in vivo. It was suggested 337 that
this is due to the increased hydrophobicity of the oligonucleotide
owing to the partial neutralisation of the negative charges of
phosphate groups and, as a consequence, its adsorption on cell
membranes, hydrophobic proteins, ezc. The decrease in the intra-
cellular concentration of a modified oligonucleotide also dimin-
ishes its anti-gene effect. Recently, it has been shown ¢! that such
modified oligonucleotides are promising for site-specific muta-
genesis in vivo. The incorporation of 2'-O-aminoethyl-5-propar-
gylaminopyrimidine nucleosides into oligonucleotides 32 exerted
an additive effect caused by the interaction of two amino groups,
which provided further stabilisation of the triplexes with DNA.

b. Studies of DNA — protein interactions

The second line of the use of modified oligonucleotides is the study
of protein —nucleic acid interactions. This includes, in particular,
covalent binding of nucleic acids to proteins.!4% 143,363 The most
significant information about the structures of NA —protein
conjugates can be obtained by X-ray diffraction analysis,3¢*
however, it is not always possible to isolate sufficient amounts of
specific protein complexes with DNA and/or bring about their
crystallisation. Besides, the results can be wrong due to differences
in the conformations of macromolecules in solution or in crystal-
line form. NMR analysis of the structures of NA —protein com-
plexes is an alternative approach.3%> However, the data obtained
by NMR spectroscopy are often difficult to interpret. Site-specific
mutagenesis 3%%3¢7 and chemical modification of proteins are
potent methods for the study of DNA —protein interactions,
however, their application demands preliminary identification of
a specific site in the protein molecule responsible for the inter-
action with NA. The use of the ‘footprinting’ technique allows the
identification of DNA sequences recognised by DNA-binding
proteins,3%® but cannot be used for the identification of specific
protein sites interacting with NA. Covalent attachment of pro-
teins to modified nucleic acids containing reactive groups not only
allows the identification of the protein site interacting with NA,
but sometimes enables the determination of the amino acid

responsible for the binding.30%3% The changes in the NA struc-
ture are minimal in this case.

Changes in the physicochemical properties of individual
oligonucleotide fragments can be caused by even minor distur-
bances in the geometry of the molecule; the effects of modification
can be determined by kinetic methods.37°

The interaction of a fragment of the Tat-protein with C(2')-
modified RNA has been studied.?®® It was shown that the
conjugate 129 (see above) is formed in the reaction of the activated
ester at the C(2') atom of Urd(23) with the g-amino group of
Lys(51).

Oligonucleotides 148 containing a dialdehyde group in the
2'-position were used for the study of protein-NA interactions
with restriction endonuclease EcoRII, DNA-methyltransferases
EcoRIL3"Y Mvyal (see Refs 372—-374) and T7 RNA polymer-
ase.?73-375 The use of modified oligonucleotides permits one to
inhibit the enzyme activity without any effect on the ability of
enzymes to bind the NA substrate. The interaction of oligonu-
cleotides 148 with enzymes occurs in a selective manner and
involves the e-amino groups of lysine. The yields of the conjugates
149 are 3% —5%.
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R! and R? are fragments of an oligonucleotide chain.

The covalent binding of modified oligonucleotides 143 con-
taining 2'-0-(2-oxoethyl)uridine to the transcription factor
NF-xB has been described.?”® This modification seems to be
more preferable than the dialdehyde group, since its small size
favours its interaction with the g-amino groups of lysine closest to
DNA.
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R'! and R? are fragments of an oligonucleotide chain.

The covalently bound duplexes 122 and 123241-244 are
extremely resistant against nucleases. Their interactions with the
transcription factor NF-kB have been studied; the efficiency of the
binding of the modified duplexes to the protein was higher than of
native duplexes.?”” For a more detailed description of the syn-
thesis and applications of covalently bound nucleic acids see
Ref. 378.
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Oligonucleotides 89 containing intrachain cross-links in the
neighbouring nucleotide units 74175 have a chain kink at the
modification site and structurally correspond to the U-turn of
tRNA. These oligonucleotides can be used for the study of
RNA —protein interactions.

It was suggested 23 that the transcription factor Sp1 could be
selectively inhibited using irreversible binding of side histidine
groups in the protein molecule to the cobalt atom of a metal
complex covalently linked to the oligonucleotide.
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Ribonucleic acids containing 2'-amino-2'-deoxyribonucleo-
tide fragments were repeatedly used as aptamers possessing higher
binding constants to various proteins and receptors than native
nucleic acids. The proteolytic enzyme elastase from human
neutrophils,3” the vascular endothelium growth factor,38 the
fibroblast growth factor,?8! the protein Rev HIV-1,382 the human
y-interferon,3®3 N-methylmesoporphyrin (a low-molecular-mass
analogue of heme-containing proteins),3$% 385 as well as insulin 3%¢
and acetylcholine receptors 37 served as the objects of this study.
After incorporation of the 2'-amino group into RNA, the ability
to form hydrogen bonds remains. In addition, the presence of such
modifications has only marginal effect on the local structure of
RNA molecules because of the similarity of the van der Waals
radii of the amino and hydroxy groups.

Oligonucleotides containing 2'-amino-2'-deoxyribonucleotide
fragments were also used in the study of the role of 2'-hydroxy
groups in RNA —protein interactions. The interactions of DNA
with ribonuclease H1 from E.coli 3 of RNA with the bacter-
iophage MS2 membrane protein 38%-3%0 and uracyl-DNA glyco-
sylase 31392 have been studied. Aurup et al.3*3 have synthesised
mRNA from 2'-amino-2'-deoxyribonucleoside-5'-triphosphates
and demonstrated that such an mRNA cannot be translated
in vitro and in vivo.

c¢. Study of the structures of nucleic acids

The fluorescent properties of oligonucleotides containing a meth-
ylpyrene residue at the O(2") atom '62 have been studied.394 3% It
was shown that the pyrene residue intercalates between the
heterocyclic bases in a duplex with DNA as can be evidenced
from the shift in its fluorescence maximum. In contrast, duplexes
with RNA are characterised by strongly enhanced emission,
which suggests the localisation of the pyrene residue outside the
duplex. These conclusions were confirmed by the data from the

thermal stabilities of the duplexes and CD spectra. In addition, the
fluorescence characteristics of pyrene-containing oligonucleotides
appeared to be highly sensitive to the presence of mismatches.3?¢
These oligonucleotides can be used in structural analysis of
RNA 397-399

The emission characteristics of modified oligonucleotides
where pyrene was attached to the C(2') atom of uridine through
an extended linker 70 were studied in relation to the nature of the
3'-flanking nucleotide and the presence of a complementary chain,
which made it possible to determine the electron transfer energies
and conformational mobilities of heterocyclic bases in various
single- and double-stranded structures.

Silverman et al.'37-248:400 have used a series of modified
oligonucleotides with different lengths of linkers between the
pyrene residue and the C(2') atom in order to study intron folding
of the Tetrahymena group 1 P4—P6 domain. The folding was
accompanied by an increase in fluorescence intensity, which
suggested changes in the environment around the modified
nucleotide. It was demonstrated that the folding of RNA occurs
in different ways depending on the ionic strength and pH of the
solution.

The use of oligonucleotides containing 2'-O-(N-pyrenylme-
thylcarbamoyl)uridine has been proposed recently.”® The spatial
approximation of modified nucleosides in the complementary
chains results in the formation of a pyrene excimer in the major
groove of a DNA duplex.!’ The use of a linker with low
conformational mobility has made it possible to prepare deriva-
tives possessing strong fluorescence.

Nakano and co-workers !83-186.235 have published a series of
papers devoted to the synthesis of oligonucleotides containing
various fluorescent labels at the C(2") atom. Hybridisation of
oligonucleotides containing a 4-(N,N-dimethylamino)phenylsul-
famide group with a complementary DNA chain was accompa-
nied by an increase in fluorescence intensity. 84 185 The fluorescent
properties of oligonucleotide duplexes containing fluorophore
pairs (dansyl—fluorescein and coumarin— fluorescein) in the
opposite chains have been studied.!3¢-235 Unfortunately, in the
former case the quantum yield of the energy transfer was too low,
which excludes the use of such oligonucleotides for fluorescence
resonance energy transfer (FRET). The quantum yield for the
coumarin —fluorescein pair amounted to 25%; the quenching of
the fluorescence of the energy donor was observed only in the case
where the acceptor was conjugated with a complementary oligo-
nucleotide.

Electrochemical detection of the DNA structure is a promis-
ing approach to the study of mononucleotide polymor-
phism.#01-403 A geries of patents*0*495 and papers !3%-406.407
devoted to different applications of modified oligonucleotides
containing 2'-O-ferrocenylalkylnucleoside fragments for the elec-
trochemical detection of mononucleotide polymorphism in DNA
fragments have been published. DNA chips and devices based on
them are now commercially available (eSensor™,
eSensor™ 4800 Reader, Motorola Clinical Micro Sensors,
USA). For a more detailed description of the synthesis and
properties of ferrocene-containing oligonucleotides see Ref. 403.

The introduction of the anthraquinone residue at the C(2)
atom !%% increases the thermal stabilities of duplexes of modified
oligonucleotides with DNA and RNA.4%8 'TH NMR spectroscopic
studies have shown 4% that the anthraquinone residue linked to
the C(2') atom intercalates between heterocyclic base pairs. This
property was used in the study of electron transfer mechanisms
along the DNA chain.'®® In further studies, oligonucleotides
containing 2’-O-anthraquinonylmethyluridine were used in devel-
opment of a novel type of DNA sensor.*19-411 The efficiency of the
electron transfer was shown to increase drastically upon forma-
tion of a duplex between the anthraquinone-containing oligonu-
cleotide immobilised on an electrode and the NA target.

Whittemore et al.'7!-#12 have used oligonucleotides containing
an anthraquinone residue attached through a 2'-O-aminohexyl
linker for electrochemical detection of complementary NA mole-
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cules on the electrode surface with the help of cyclic voltammetry.
The use of a dropping mercury electrode !7! did not reveal any
steady dependence of the voltammetric characteristics on the
concentration of the NA under study, which can be attributed to
the non-specific adsorption of the oligonucleotide on the mercury
surface. In further studies,*!?> an oligonucleotide containing a
5'-terminal thiol group was immobilised on the surface of a gold
electrode. To minimise non-specific adsorption, the electrode
surface was treated with 2-mercaptoethanol after which a com-
plementary oligonucleotide containing an anthraquinone residue
was added and the detection was begun. If is of interest that the
UV spectroscopic data exclude intercalation of the anthraquinone
residue between heterocyclic base pairs.41?

Oligonucleotides containing a ruthenium complex at the C(2')
atom2%% were suggested as models for the study of electron
transfer along the DNA chain. However, it was found that the
oxidation of the guanosine residue within the duplex occurs in
very low yields.

Recently published reviews are devoted to the use of thiol-
containing oligoribonucleotides for the study of structures and
functions of ribozymes 413 and the three-dimensional structure of
RNA.414’415

Sigurdsson et al.?*® unambiguously chose one of the two
tertiary structures of a ribozyme containing covalently bound
domains which have earlier been deduced from X-ray diffraction
analysis data. This approach was further used to prove proximity
of two domains of a hairpin ribozyme.*1°

A study of the formation of disulfide cross-links between
modified oligonucleotide chains?¢! has made it possible to esti-
mate the rates of the thermal motions of structural elements of the
ribozyme Nhel. In further studies, the switch-over of the nuclease
activity of ribozyme HHal0 to a ligating activity could be
achieved through the use of similar modifications.*!7-418 A con-
siderable increase in the ligation rate, which was not accompanied
by changes in hydrolysis rates, was attributed to a sharp decrease
in the thermal motions of the ribozyme domains,*!” structural
changes in the catalytic site of the enzyme*!® and, as a conse-
quence, in arrangement of the 2'-hydroxy and 3'-phosphate
groups of the substrate.

Glick and co-workers 193-19¢ have used disulfide bond forma-
tion between thiol-containing oligonucleotides for the study of the
spatial structure of tRNAPh It was found that the effects of
covalent cross-links on the three-dimensional structure of tRNA
are minimum. The kinetics and thermodynamics of the folding of
tRNAPPe upon cleavage of disulfide cross-links due to thiol—
disulfide exchange were studied.*!°

Modified 5S rRNA 120a, which contains a photochemically
active aryl(trifluoromethyl)diazirine group,?*® was used in the
study of the spatial environment of 5S rRNA within the ribosome.

1 .
R'O o Ura CFs
N
H N// hv
O HN. N
o T
O=P—0O~ S
OR? 120a
1 .
R'O o Ura CFs
—_— H
O HN N.
o T
O=P—0O~ S
OR?

R'! and R? are fragments of an oligoribonucleotide chain.

Upon UV irradiation, diazirine is converted into a highly
reactive carbene which attacks even aliphatic C —H-bonds.*?° An

analysis of the reaction products has made it possible to establish
several contacts between 5S rRNA and 23S rRNA.

Buchmueller et al.#*'-4?2 have used oligoribonucleotides con-
taining  2'-(4-azido-2-hydroxybenzamido)-2'-deoxyuridine for
detecting non-equilibrium structures formed upon folding of
RNA.

An interesting application for oligonucleotides containing
pyrimidine 2’-amino-2'-deoxyribonucleosides has been proposed
by Weeks and co-workers 24#°~25! who have demonstrated that the
acylation rate of the 2’-amino group depends on the conforma-
tional mobility of the modified nucleotide fragment. This is
maximum for a single-stranded NA and minimum for an ideal
duplex. The kinetic and thermodynamic parameters of the acyla-
tion with the biotinylbutyric acid N-hydroxysuccinimide ester
were established for all possible nucleotide pairs in DNA - DNA
and DNA —RNA duplexes.?>% 25! The data obtained were used in
further studies of the local structure of tRNAASP (see Ref. 249)
and detection of mononucleotide polymorphism.2! It was shown
in particular that the acylation rate of a 2’-amino-2'-deoxyribo-
nucleoside incorporated into the anticodon loop of tRNAASP (see
Ref. 249) exceeds that of nucleosides involved in complementary
interactions or representing elements of the tertiary structure.

It has been shown 423 that the acylation rate of the 2’-amino
group is determined not only by the local conformational mobi-
lities of oligonucleotides, but also by the chemical nature of the
vicinal groups in the 3'-position. The reaction rate drops drasti-
cally in the presence of a phosphotriester group in the 3'-position
of the 3',5'-cyclophosphate group or upon substitution of threo-
furanose for the ribose residue. This suggests the involvement of
the 3’-phosphate or the 3'-hydroxy group in the catalysis of the
acylation reaction. The results obtained and the data from
computer simulation prompted a conclusion on a possible cata-
lytic role of the 2'-hydroxy group in the formation of a peptide
bond in the peptidyl site of the ribosome.

Sigurdsson et al.***42 have studied the effects of metal ions
on the structure and interactions of modified TAR RNA with
different fragments of the Tat-protein using RNA carrying a spin
label in the 2'-position.2?” ESR studies have shown that the
substitution of sodium ions for calcium ions does not influence
the structure of TAR RNA, but weakens the interaction of a
fragment of a mutant Tat-protein with definite nucleotide frag-
ments. The introduction of several spin labels into the
TAR RNA 426 enabled the investigation into the interactions of
the latter with dyes, intercalators and antibiotics and the determi-
nation of binding sites for these molecules. In further studies, this
modification was used for measuring the distances in double-
helical RNA using ESR spectroscopy.*?’

d. Ribozymes

Ribozymes are short-chain RNA, which catalyse the sequence-
specific cleavage of RNA, ligation and some other processes.> The
hammerhead ribozyme is the best studied.*?8~430 In this Section,
we consider ribozymes that incorporate nucleosides containing
reactive groups in the 2'-position.

The incorporation of  2'-amino-2'-deoxyribonucleo-
sides,228:431-437  2/_thionucleosides,*33-435  2'-aminooxynucleo-
sides,36-433:435 2. 0O-methyl- and 2'-O-allylnucleosides**® into
definite positions of the ribozyme significantly increases the
resistance of RNA against nucleases with simultaneous preserva-
tion of, or a small decrease in, the catalytic activity. Similar results
were obtained for the DNAzyme.*3°

However, it was found#** that the catalytic activity of a
ribozyme decreases significantly as a result of incorporation of
certain substituents into the 2'-position. This effect does not
depend on the size of the group incorporated, but rather is
determined by the nature of the bond at the C(2') atom. Some
modifications, e.g., 2’-acylamido and 2'-alkylcarbamoyl groups
presumably prevent conformational changes in the ribozyme
molecule in the catalytic act. This is confirmed by the data #*! on
the lack of catalytic activity of a hammerhead ribozyme contain-
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ing 2’-acetamido groups and the data of Beigelman et al.!°3 on a
substantial decrease in the catalytic activity upon acylation of
2'-amino-2'-deoxyuridine with amino acids (alanine, phenylala-
nine, lysine and asparagine).

According to Hamm et al.,** cleavage of an RNA substrate
containing 2'-thiocytidine instead of native cytidine by the ribo-
zyme dHH16 proceeds via an intermediate 1',2’-episulfide by a
mechanism similar to hydrolysis in an alkaline medium.263.264
Under these conditions, the cleavage rate of modified RNA
decreases by two orders of magnitude in comparison with native
oligoribonucleotides. Further studies of the properties of oligo-
nucleotides containing 2'-thiocytidine units revealed 443 that this
reaction requires the presence of manganese ions. Moreover, it
does not occur in the absence of oxygen or in the presence of free
radical scavengers in the reaction mixture.

The incorporation of several 2'-thiocytidine-5'-phosphate
units into the ribozyme fully suppressed its catalytic activity.*#4

Schwans et al.**> have synthesised a modified Tetrahymena
group I intron P4-P6 domain using o-thiotriphosphates of
2'-thionucleosides. Isolation of RNAs, which differed from the
native fragment in gel-electrophoretic mobilities, and subsequent
cleavage of the thiophosphate groups in the modified RNAs by
iodine has made it possible to determine the positions of
2'-hydroxy groups in the domain essential for its folding.

Stromberg et al.*4¢~ 448 have studied self-splicing of the intron
IA2 of pre-mRNA formed during the expression of the gene nrdB
of the bacteriophage T4. Attachment of guanosine to the 5'-end of
the intron occurs, which was accompanied by cleavage of RNA
with subsequent elimination of the guanosine residue from the
intron sequence in the presence of metal ions. When 2'-amino-2'-
deoxyguanosine was used as a cofactor instead of guanosine, the
splicing rate decreased 20 —25-fold. An analysis of the dependence
of the cleavage rate of guanosine on pH, concentration and the
nature of bivalent metal ions has made it possible to reveal the
interactions of metal ions with 2'-hydroxy and 2'-amino groups.
Similar studies of catalytic activities of Tetrahymena RNA have
shown 449-450 that the 2'-amino group and the bivalent metal ion
compete for the same 5'-phosphate group in the active site of the
ribozyme.

The modified ribozymes currently available represent com-
plex structures which contain simultaneously 2'-O-methyl nucleo-
sides, 2'-amino-2’-deoxyuridine, 2'-fluoro-2'-deoxynucleosides
and thiophosphate internucleotide bonds.*>! The introduction of
bulky substituents into the 2’-position significantly decreased the
ribozyme activity;22%-440 therefore, the use of such constructions
seems to hold little promise.

V. Conclusion

At present, the synthesis of oligonucleotides containing reactive
groups in the 2'-position and of their conjugates is a promising
approach to targeted changes in the physicochemical and sub-
strate properties of nucleic acid fragments. Among modified
nucleosides, 2’-amino-2’-deoxyribonucleosides are especially
popular. These can easily be incorporated into NA by chemical
or enzymatic methods and then selectively acylated. This circum-
stance has determined the commercial availability of the pyrimi-
dine 2’'-amino-2'-deoxyribonucleoside phosphoramidite deriva-
tives and 5'-triphosphates (TriLink BioTech, USA).

The methodology of preparation of modified oligonucleotides
where the molecules or reactive groups are linked to the C(2') or
O(2") atom has been developed fairly well. A vast number of
publications are devoted to the synthesis of oligonucleotides
containing nucleophilic groups, since in the majority of cases the
corresponding phosphoramidite derivatives are commercially
available.

Conjugates containing an amide bond are prepared by acti-
vation of the carboxy group using methods originally developed
for peptide synthesis where the concentration of a compound
containing a carboxy group exceeds that of the amino-containing

component by an order of magnitude. It therefore seems expedient
to perform the reactions of oligonucleotides bearing amino groups
with an excess of carboxyl-containing compounds. Moreover, the
presence of an amino group in the oligonucleotide chain fits well
into the protocol of oligonucleotide synthesis, while the carboxy
group needs to be deblocked prior to standard post-synthetic
treatments.

Modified oligonucleotides where the thiol groups are attached
to the O(2) atom through various linkers are readily accessible
and are used for the preparation of conjugates with a disulfide
bond.

The reason for the rare employment of oligonucleotides
containing an aldehyde or an oxo group is unclear. The synthesis
and applications of aldehyde-containing oligonucleotides have
been documented only in the past decade.'”® A commercially
available modified polymeric carrier (Glen Research) for the
synthesis of oligonucleotides with an aldehyde group at the
3'-end, has become popular. A 4-formylbenzoic activated ester
designed for the incorporation of the aldehyde group into oligo-
nucleotides containing an aliphatic amino group has recently
become available (Trilink Biotech, USA).

These data altogether suggest that the aforementioned meth-
ods for the preparation of conjugates in solution and on polymeric
supports are nearly equally efficient. In choosing a method for
conjugation in solution, special attention should be given to the
solubility of the reaction components and selectivity of the
reaction, while the substances to be attached to the oligonucleo-
tide should be easily separated from the reaction products by
HPLC or gel electrophoresis. In the case of a solid-phase version,
the bond formed and the molecule attached should retain stability
under the conditions of post-synthetic treatments. The conjuga-
tion of nucleosides is less important but nevertheless promising in
the synthesis of compounds carrying various reporter groups.

Analysis of the publications devoted to the use of 2'-modified
oligonucleotides has demonstrated significant progress in many
fields of molecular biology, antisense and anti-gene biotechnology
and enzymology.

The authors thank Drs. A Yu Tomashevsky (University of
Virginia, Charlottesville, VA, USA), O Yu Smirnova (German
Cancer Research Centre, Heidelberg, Germany) and D A Stet-
senko (Medical Research Council, Cambridge, UK) for their
valuable assistance in the preparation of this review for publica-
tion. This review has been written within the framework of the
Programme ‘Universities of Russia’ (Project No. UR.05.03.010)
and with the financial support of the Wellcome Trust (Grant No.
CRIG 069419) and the Russian Foundation for Basic Research
(Project No. 03-04-48957).

References
1. D A Braasch, D R Corey Eiochemistry 41 4503 (2002)
2. D Praseuth, A L Guieysse, C Helene Biochim. Biophys. Acta
1489 181 (1999)
3. E A Doherty, J A Doudna Annis. Rev. Biochem. 69 597 (2000)
4. L Gold, B Polisky, O Uhlenberg, M Yarus Annis. Rev. Biochem

64 763 (1995)

5. P D Zamore Nat. Striwe!. Eiol. 8 746 (2001)
6. G J Hannon Nature (London) 418 244 (2002)

7. J Telser, K A Cruikshank, L E Morrison, T L Netzel J. Am.

Chem. Soc. 111 6966 (1989)

E Bucci, L De Nzpoli, G Di Fabio, A Messere, D Montesarchio,

A Romanelli, G Piccialli, M Varra Tetrahedron 55 14435 (1999)

9. V A Korshun, E V Manasova, Yu A Berlin Bioorg. Khim. 23

324 (1997)2

10. A F Nasonov, G A Korshunova Usp. Khim. 68 522 (1999) [Russ.
Chem. Rev. 63 433 (1999)]

11. H Rosemeyer, N Ramzaeva, E M Becker, E Felling, F Seela
Bioconjugate Chem. 13 1274 (2002)

12. M T Tierney, M W Grinstaif Org. Let!. 2 3413 (2000)

13. M Manoharan Biochim. Biophys. Acta 1489 117 (1999)

m= 8.


mlg
D A Braasch, D R Corey Biochemistry 41 4503 (2002)

http://dx.doi.org/10.1021%2Fbi0122112
mlg
D Praseuth, A L Guieysse, C Helene Biochim. Biophys. Acta

mlg
1489 181 (1999)

http://dx.doi.org/10.1016%2FS0167-4781%2899%2900149-9
mlg
E A Doherty, J A Doudna Annu. Rev. Biochem. 69 597 (2000)

mlg
L Gold, B Polisky, O Uhlenberg,M Yarus Annu. Rev. Biochem

mlg
64 763 (1995)

http://dx.doi.org/10.1146%2Fannurev.biochem.69.1.597
http://dx.doi.org/10.1146%2Fannurev.bi.64.070195.003555
mlg
P D Zamore Nat. Struct. Biol. 8 746 (2001)

mlg
G J Hannon Nature (London) 418 244 (2002)

http://dx.doi.org/10.1038%2Fnsb0901-746
http://dx.doi.org/10.1038%2F418244a
mlg
E Bucci, L De Napoli, G Di Fabio, A Messere, D Montesarchio

mlg
A Romanelli, G Piccialli,M Varra Tetrahedron 55 14435 (1999)

http://dx.doi.org/10.1016%2FS0040-4020%2899%2900889-3
mlg
A F Nasonov,G A Korshunova Usp. Khim. 68 532 (1999) [Russ

mlg
Chem. Rev. 68 483 (1999)]

mlg
H Rosemeyer, N Ramzaeva, E M Becker, E Feiling, F Seela

mlg
Bioconjugate Chem. 13 1274 (2002)

http://dx.doi.org/10.1021%2Fbc020024q
mlg
M T Tierney,M W Grinstaff Org. Lett. 2 3413 (2000)

http://dx.doi.org/10.1021%2Fol006303f
mlg
M Manoharan Biochim. Biophys. Acta 1489 117 (1999)

http://dx.doi.org/10.1016%2FS0167-4781%2899%2900138-4
http://dx.doi.org/10.1070/rc1999v068n06ABEH000466

728

T S Zatsepin, E A Romanova, T S Oretskaya

14.
15.

18.
19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.
41

42.

43.

44,
45.

46.
47.
48.
49.
50.
51.

52.

T Pathak Chem. Rev. 102 1623 (2002)

J G Moffatt, in Nucleoside Analogues. Chemistry, Biology and
Medical Applications Vol. A26 (Eds R T Walker, E De Clercq,
F Eckstein) (New York: Plenum, 1979) p. 92

. T Ueda, in Chemistry of Nucleosides and Nucleotides Vol. 1

(Ed. L B Townsend) (New York: Plenum, 1988) p. 50

. J P H Verheyden, D Wagner, ] G Moffatt J. Org. Chem. 36 250

(1971)

T Sasaki, K Minamoto, T Siguira J. Org. Chem. 40 3498 (1975)
T Sasaki, K Minamoto, T Siguira, M Niwa J. Org. Chem. 41 3138
(1976)

G P Kirschenheuier, Y Zhai, W A Pieken Tetiahedron Lett. 35
8517 (1994)

D P C McGee, C Vargeese, Y Zhai, G P Kirschenheuter,

A Settle, C R Siedem, W A Pieken Nucleosides Nucleotides 14
1329 (1995)

M W Logue, B H Han J. Org. Chem. 45 5000 (1980)

D P C McGee, A Vaughn-Setije, C Vargeese, Y Zhai J. Org
Chem. 61 781 (1996)

D P C McGee, D P Sebesta, S S O'Rourke, R L Martinez,

M E Jung, W A Picken Tetrahedion Lett. 37 1995 (1996)

D P Sebestz, S S O’Rourke, R L Martinez, W A Pieken,

D P C McGee Tetrahedron 52 14385 (1996)

D P C McGee, A Vaughn-Settle Nucleosides Nucleotides 16 1095
(1997)

E S Krider, J] E Miiler, T J Meade Bioconjugate Chem. 13 155
(2002)

A Ogawa, S Simato, O Inanzm’, M Kuwabara, M Tanaka,

T Sasaki, A Mazisuda Bioorg. Med. Chem. Lett. 8 1913 (1998)

A Ogawa, M Tanaka, T Sasak’, A Matsuda J. Med. Chem. 41
5094 (1998)

A Ogawa, S Shuto, M Tanaka, T Sasaki, S Mori, S Shigeta,

A Matsuda Chem. Pharm. Bull. 47 1000 (1999)

A Karpeisky, D Sweedler, P Hzeberli, J Read, K Jarvis,

L Beigelmen Bioorg. Med. Chem. Lett. 12 3345 (2002)

W T Markiewicz, M Wieworowski Nucleic Acids Res. Spec. Publ.
185 (1978)

M J Robins, S D Hawrelak, A E Hernandez, S F Wnuk
Nucleosides Nucleotides 11 821 (1992)

S Van Calenbergh, E van Den Eeckhout, P Herdewijn,

A De Bruyn, C Verlinde, W G J Hol, M Callens, A van Aerschot,
J Rozensky Helv. Chim. Acta 77 631 (1994)

R Ranganathan, D Larwood Tefrahedron Lett. 19 4341 (1978)
M J Robins, F Hansske, J S Wilson, S D Hawrelak, D Made;j,
in Selective Modification and Deoxygenation at C2' of Nucleosides
(Ed. J L Rideout) (New York, London: Academic Press, 1984)

p- 278

S H Krawczyk, M Bernier-Rodriguez, M R Nassisri, E R Kern,
L L Wotring, J C Drach, L B Townsend J. Med. Chem. 33 3160
(1990)

D Wagner, J P H Verheyden, J G Moffatt J. Org. Chem. 39 24
(1974)

A Sato, R Imai, N Nakamizo, T Hirata Chem. Pharm. Bull. 27 821
(1979)

M J Robins, S D Hawrelak Tetirahedron Lett. 19 3653 (1978)

. A Matsuda, J Yasuoka, T Ueda Chem. Pharm. Bull. 37 1659

(1989)

A Matsuda, J Yasuoka, T Sasaki, T Ueda J. Med. Chem. 34 999
(1991)

K Minamoto, K Azuma, T Tanaka, H Iwasaki, S Eguchi,

S Kadoya, R Moroi J. Chem. Soc., Perkin Trans. 12955 (1988)
R Mengel, H Wiedner Chem. Ber. 109 433 (1976)

F J McEvoy, B R Baker, M J Weiss J. Am. Chem. Soc. 82 209
(1960)

M L Wolfrom, M W Winkley J. Org. Chem. 32 1823 (1967)

J B Hobbs, F Eckstein J. Org. Chem. 42 714 (1977)

M Imazawa, F Eckstein J. Org. Chem. 44 2039 (1979)

M Ferrero, V Gotor Monatsh. Chem. 131 535 (2000)

T Utagawa J. Mol. Cuata!., B6 215 (1999)

K Matsuyama, Y Takahashi, M Yamashita, A Hirano, S Omura
J. Antibiot. 32 1367 (1979)

R J Suhadolnik, S Pornbanlualap, D C Baker, K N Tiwari,

A K Hebbler Arch. Biochem. Biophys. 270 374 (1989)

54.

55.

56.

57.

58.
59.
60.

61.
62.

63.

64.
65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.
81.

82.

83.

84.

85.

86.

87.
88.

T Utagaw:, H Morisaw:z, T Nakamatsu, A Yamazaki,

S Yamanaka FEBS Leit. 119 101 (1980)

T Utagawa, H Morisawa, S Yamanaka, A Yamazaki, Y Hirose
Agric. Biol. Chem. 44 1671 (1985)

M J Robins, R Zon, F Hansske, S F Wnuk Can. J. Chem. 75
762 (1997)

T S Zatsepin, E A Romanova, T S Cretskaya Usp. Khim. 71 586
(2002) [Russ. Chem. Rev. 71 513 (2002)]

C J Guinosso, G D Hoke, S Frier, ] F Martin, D J Ecker,

C K Mirabelli, S T Crooke, P D Cook Nucleosides Nucleotides
10 259 (1991)

M Manoharan, C J Guinosso, P D Cook Tetrahedron Lett. 32
7171 (1991)

US P. 5859221 (1999)

US P. 5872232 (1999)

US P. 5914396 (1999)

R H Griffey, BP Monia, L L Cumrins, S M Freier, M J Greig,
C J Guinosso, E A Lesnik, S M Manalili, V Mohan,

S R Owens, B R Ross, H Sasmor, E Wancew ch, K Weiler,

P D Weeler, P D Cook J. Med. Chem., 39 5100 (1996)

M Manoharan, T P Prakasli, I Barber-Peoc h, B Bhat,

G Vasquez, B S Ross, P D Cook J. Org. Chem. 64 6468 (1999)
M Manoharan Antisense Nuc'eic Acid Drug. Dev. 12 103 (2002)
M Manoharan, K M Tivel, L K Andrade, P D Cook
Tetrahedron Lett. 36 3647 (1995)

B S Ross, R H Springer, Z Tortorici, S Dimock Nucleosides
Nucleotides 16 1641 (1997)

M Manoharan, T P Prakash, I Barber-Peoc h, B Bhat,

G Vasquez, B S Ross, P D Cook Nucleosides Nucleotides 18
1199 (1999)

T P Prakash, M Manoharan, A W Kawasak:, A S Fraser,

E A Lesnik, N Sioufi, ] M Leeds, M Teplova, M Egli
Biochemistry 41 11 642 (2002)

M Prhave, T P Prakash, G Minasov, M Egi’, M Manoharan
Org. Lett. 52017 (2003)

M J J Blommers, F Natt, W Jahnke, B Cuenoud Eiochemistry
37 17714 (1998)

P Martin Helv. Chim. Acta 78 486 (1995)

B Cuenoud, F Casset, D Husken, F Nait, R M Wolf,

K-H Altmann, P Martin, H E Moser Angew. Chem |, Int. Ed. 37
1288 (1998)

A E Klopfer, ] W Engels ChemBioChem 5 707 (2004)

M Sollogoub, B Domingues, K R Fox, T Brown Chem.
Commun. 2315 (2000)

I Dubey, G Praiviel, B Meunier J. Chem. Soc., Perkin Trans. 1
3088 (2000)

M Prhavc, E A Lesnik, V Mohan, M Manoharan Tetrahedron
Lett. 42 §777 (2001)

V A Korshun, D A Stetsenko, M J Gait. J. Chem. Soc., Perkin
Trans. 11092 (2002)

N N Dioubankova, A D Malakhov, D A Steisenko, M J Gait,
P E Volynsky, R G Efremov, V A Korshun Cliem BioChem 4
841 (2003)

T H Keller, R Haner Helv. Chim. Acta 76 884 (1993)

O Mitsunobu Synthesis 1 (1981)

A M Kawasak', M D Casper, T P Prakasii, S Manalili,

H Sasmor, M Manoharan, P D Cook Tetrahedion Lett. 40 661
(1999)

A M Kawasaki, M D Casper, T P Prakash, S Manalili,

H Sasmor, M Manoharan, P D Cook Nucleosides Nucleotides
18 1419 (1999)

T P Prakash, A M Kawasaki, G Vasquez, A S Fraser,

M D Casper, P D Cook, M Manoharan Nucleosides Nucleotides
18 1381 (1999)

T P Prakash, M Manoharan, A M Kawasak:, E A Lesnik,

S R Owens, G Vasquez Org. Lett. 2 3995 (2000)

T P Prakash, A M Kawasak:, A S Fraser, G Vasquez,

M Manoharan J. Org. Chem. 67 357 (2002)

A Karpeisky, C Gonzalez, A B Burgir, L Beigelman
Tetrahedron Lett. 39 1131 (1998)

S Chambert, J-L Decout Org. Prep. Proced. Int. 34 27 (2002)
D M Brown, D B Far’har, Sir A Todd, S Varadaraian J. Chem.
Soc. 3028 (1958)


mlg
T Pathak Chem. Rev. 102 1623 (2002)

http://dx.doi.org/10.1021%2Fcr0104532
mlg
G P Kirschenheuter, Y Zhai,W A Pieken Tetrahedron Lett. 35

mlg
8517 (1994)

http://dx.doi.org/10.1016%2FS0040-4039%2800%2978425-5
mlg
D P C McGee, A Vaughn-Settle, C Vargeese, Y Zhai J. Org

mlg
Chem. 61 781 (1996)

http://dx.doi.org/10.1021%2Fjo9510548
mlg
D P C McGee, D P Sebesta, S S O'Rourke, R L Martinez

mlg
M E Jung, W A Pieken Tetrahedron Lett. 37 1995 (1996)

http://dx.doi.org/10.1016%2F0040-4039%2896%2900227-4
mlg
D P C McGee Tetrahedron 52 14385 (1996)

http://dx.doi.org/10.1016%2F0040-4020%2896%2900870-8
mlg
E S Krider, J E Miller, T J Meade Bioconjugate Chem. 13 155

mlg
(2002)

mlg
A Ogawa, S Shuto, O Inanami,M Kuwabara,M Tanaka

mlg
T Sasaki, A Matsuda Bioorg. Med. Chem. Lett. 8 1913 (1998

http://dx.doi.org/10.1021%2Fbc0155465
http://dx.doi.org/10.1016%2FS0960-894X%2898%2900336-9
mlg
A Ogawa,M Tanaka, T Sasaki, A Matsuda J. Med. Chem. 41

mlg
5094 (1998)

http://dx.doi.org/10.1021%2Fjm980466g
mlg
A Karpeisky, D Sweedler, P Haeberli, J Read, K Jarvis

mlg
L Beigelman Bioorg. Med. Chem. Lett. 12 3345 (2002)

http://dx.doi.org/10.1016%2FS0960-894X%2802%2900744-8
mlg
R Ranganathan, D Larwood Tetrahedron Lett. 19 4341 (1978)

http://dx.doi.org/10.1016%2FS0040-4039%2801%2995219-0
mlg
M J Robins, S D Hawrelak Tetrahedron Lett. 19 3653 (1978)

http://dx.doi.org/10.1016%2FS0040-4039%2801%2995021-X
mlg
K Minamoto, K Azuma, T Tanaka, H Iwasaki, S Eguchi

mlg
S Kadoya, R Moroi J. Chem. Soc., Perkin Trans. 1 2955 (1988)

http://dx.doi.org/10.1039%2Fp19880002955
mlg
M Ferrero, V Gotor Monatsh. Chem. 131 585 (2000)

http://dx.doi.org/10.1007%2Fs007060070088
mlg
T Utagawa J. Mol. Catal., B 6 215 (1999)

http://dx.doi.org/10.1016%2FS1381-1177%2898%2900128-3
mlg
T Utagawa, H Morisawa, T Nakamatsu, A Yamazaki

mlg
S Yamanaka FEBS Lett. 119 101 (1980)

http://dx.doi.org/10.1016%2F0014-5793%2880%2981007-6
mlg
M Manoharan, C J Guinosso, P D Cook Tetrahedron Lett. 32

mlg
7171 (1991)

http://dx.doi.org/10.1016%2F0040-4039%2891%2980468-L
mlg
D P Sebesta, S S O'Rourke, R L Martinez,W A Pieken

mlg
R H Griffey, B P Monia, L L Cummins, SM Freier, MJ Greig

mlg
C J Guinosso, E A Lesnik, S M Manalili, V Mohan

mlg
S R Owens, B R Ross, H Sasmor, E Wancewich, K Weiler

mlg
P D Weeler, P D Cook J. Med. Chem., 39 5100 (1996)

mlg
M Manoharan, T P Prakash, I Barber-Peoc h, B Bhat

mlg
G Vasquez, B S Ross, P D Cook J. Org. Chem. 64 6468 (1999)

http://dx.doi.org/10.1021%2Fjm950937o
http://dx.doi.org/10.1021%2Fjo982299y
mlg
M Manoharan Antisense Nucleic Acid Drug. Dev. 12 103 (2002)

http://dx.doi.org/10.1089%2F108729002760070849
mlg
M Manoharan, K M Tivel, L K Andrade, P D Cook

mlg
Tetrahedron Lett. 36 3647 (1995)

http://dx.doi.org/10.1016%2F0040-4039%2895%2900596-5
mlg
T P Prakash, M Manoharan, A W Kawasaki, A S Fraser

mlg
E A Lesnik, N Sioufi, J M Leeds,M Teplova, M Egli

mlg
Biochemistry 41 11 642 (2002)

http://dx.doi.org/10.1021%2Fbi020264t
mlg
M Prhavc, T P Prakash, G Minasov, M Egli, M Manoharan

mlg
Org. Lett. 5 2017 (2003)

http://dx.doi.org/10.1021%2Fol0340991
mlg
M J J Blommers, F Natt, W Jahnke, B Cuenoud Biochemistry

mlg
37 17 714 (1998)

http://dx.doi.org/10.1021%2Fbi9816352
mlg
B Cuenoud, F Casset, D Husken, F Natt, R M Wolf

mlg
K-H Altmann, P Martin, H E Moser Angew. Chem., Int. Ed. 37

mlg
1288 (1998)

http://dx.doi.org/10.1002%2F%28SICI%291521-3773%2819980518%2937%3A9%3C1288%3A%3AAID-ANIE1288%3E3.3.CO%3B2-L
mlg
I Dubey, G Pratviel, B Meunier J. Chem. Soc., Perkin Trans. 1

mlg
3088 (2000)

http://dx.doi.org/10.1039%2Fb004431h
mlg
M Prhavc, E A Lesnik, V Mohan,M Manoharan Tetrahedron

mlg
Lett. 42 8777 (2001)

mlg
V A Korshun, D A Stetsenko, M J Gait. J. Chem. Soc., Perkin

mlg
Trans. 1 1092 (2002)

http://dx.doi.org/10.1016%2FS0040-4039%2801%2901908-6
http://dx.doi.org/10.1039%2Fb111434b
mlg
N N Dioubankova, A D Malakhov, D A Stetsenko, M J Gait

mlg
P E Volynsky, R G Efremov, V A Korshun ChemBioChem 4

mlg
841 (2003)

http://dx.doi.org/10.1002%2Fcbic.200300678
mlg
O Mitsunobu Synthesis 1 (1981)

http://dx.doi.org/10.1055%2Fs-1981-29317
mlg
A M Kawasaki,M D Casper, T P Prakash, S Manalili

mlg
H Sasmor,M Manoharan, P D Cook Tetrahedron Lett. 40 661

mlg
(1999)

http://dx.doi.org/10.1016%2FS0040-4039%2898%2902498-8
mlg
T P Prakash, M Manoharan, A M Kawasaki, E A Lesnik

mlg
S R Owens, G Vasquez Org. Lett. 2 3995 (2000)

http://dx.doi.org/10.1021%2Fol006555g
mlg
T P Prakash, A M Kawasaki, A S Fraser, G Vasquez

mlg
M Manoharan J. Org. Chem. 67 357 (2002)

mlg
A Karpeisky, C Gonzalez, A B Burgin, L Beigelman

mlg
Tetrahedron Lett. 39 1131 (1998)

http://dx.doi.org/10.1021%2Fjo0103975
http://dx.doi.org/10.1016%2FS0040-4039%2897%2910784-5
mlg
D M Brown, D B Parihar, Sir A Todd, S Varadarajan J. Chem

mlg
Soc. 3028 (1958)

http://dx.doi.org/10.1039%2Fjr9580003028
mlg
T S Zatsepin, E A Romanova, T S Oretskaya Usp. Khim. 71 586

mlg
(2002) [Russ. Chem. Rev. 71 513 (2002)]

http://dx.doi.org/10.1070/RC2002v071n06ABEH000714

=
=1
!

i

01>

101>

ﬁi

01>

01>

iﬁ

0>/

101>

01>

EEE
A 2 B
v

Nucleosides and oligonucleotides containing 2'-reactive groups: synthesis and applications

89

90.
91.
92.

93.
94.

95.

96.

97.

98.

99.

100.

101.

102.

103.
104.

105.

106.
107.

108.
109.

110.
111.
112.
113.

114.

115.
116.
117.
118.
119.
120.
121.
122.
123.
124.
125.
126.
127.
128.
129.
130.
131.

132.
133.

. Y Furukawa, Y Yoshioka, K Imai, M Honjo Chem. Pharm.
Bull. 18 554 (1970)

R Ranganaihen Tetrahedron Lett. 18 1291 (1977)

M Imazawa, T Ueda, T Ukita Chem. Pharm. Bull. 23 604 (1975)
K J Divakar, C B Reese J. Chen. Soc., Perkin Trans. 1 1625
(1982)

M L Hamm, J A Piccirilly J/. Org. Chem. 62 3415 (1997)

H Ozaki, S Momiyama, K Yokotsuka, H Sawai Nucleic Acids
Symp. Ser. 42 47 (1999)

H Ozaki, S Mom!yama, K Yokoisuka, H Sawai Teirahedron
Lett. 42 677 (2001)

K J Divakar, A Mottoh, C B Reese, Y S Sanghvi J. Chem
Soc., Perkin Trans. 1969 (1990)

S Chambert, I Gazutier-Lunecau, M Fontecave, J-L Decout

J. Org. Chem. 65 249 (2000)

A D Patel, W H Schrier, J Nagyvary J. Org. Chem. 45 4830
(1980)

K J Ryan, E M Acton, L Goodman J. Org. Chem. 36 2646
(1971)

C B Reese, C Simons, Z Pei-Zio J. Chem. Soc., Chem
Commun. 1809 (1994)

M Manoharan, L K Johnsor, K L Tivel, R H Springer,

P D Cook Bivoig. Med. Chem. Lett. 3 2765 (1993)

M Manoharan, K L Tivel, B Ross, P D Cook Gene 149 147
(1994)

US P. 5578 718 (1996)

M E Douglas, B Beijer, B S Sproat Bioorg. Med. Chem. Lett. 4
995 (1994)

J T Goodwin, S E Csborne, E J Scholle, G Glick J. Am. Chem.
Soc. 118 5207 (1996)

E J Maglott, G Glick Nuc!eic Acids Res. 26 1301 (1998)

C W Gundlach IV, T R Ryder, G D Glick Tetrahedron Lett. 38
4039 (1997)

X Wu, S Pitsch Bioconjugate Chem. 10 921 (1999)

A V Kachalovz, E M Zubin, T S Cretskaya Usp. Khim. 71
1171 (2002) [ Russ. Chem. Rev. 71 1041 (2002)]

U Brodbeck, J G Moffatt J. Org. Chem. 35 3552 (1970)

F Hansske, M J Robins Tetirahedron Leit. 24 1589 (1983)

F Hansske, D Madej, M J Rotins Tetrahedron 40 125 (1984)
A Tronchet, R Eenhamza, G Bernardinelli, M Geoffroy
Tetrahedron Lett. 31 531 (1990)

T-S Lin, M-Z Luo, M-C Liu, R H Clarke-Kazenburg,

Y-C Cheng, W H Prusoff, W R Mancini, G I Birnbaum,

E J Gabe, J Giziewicz J. Med. Chem. 34 2607 (1991)

A Matsuda, K Takenuki, H Itoh, T Sasaki, T Ueda Chem.
Pharm. Bull. 35 3967 (1987)

A Matsuda, H Itoh, K Takenuki, T Sasaki, T Ueda Chem.
Pharm. Bull. 36 945 (1988)

T Ueda, A Matsuda, Y Yoshimura, K Takenuki Nucleosides
Nucleotides 8 743 (1989)

K Takenuki, A Matsuda, T Ueda, T Sasaki, A Fujii,

K Yamagami J. Med. Chem. 31 1063 (1988)

K Takenuki, H Itoh, A Matsuda, T Ueda Chem. Pharm. Bull.
382947 (1990)

A Matsuda, K Takenuki, T Sasaki, T Ueda J. Med. Chem. 34
234 (1991)

K Omura, A K Sharma, D Swern J. Org. Chem. 41 957 (1976)
K Omura, D Swern Tetirahedron 34 1651 (1978)

J R McCarthy, D P Matthews, D M Stemerick, E W Huber,
P Bey, B J Lippert, R D Snyder, P S Suncara J. Am. Chem.
Soc. 113 7439 (1991)

D P Matthews, R A Persichetti, J S Sabol, K T Stewart,

J R McCarthy Nucleosides Nucleotides 12 115 (1993)

R B Appell, R J Duguid Org. Process Res. Dev. 4 172 (2000)
V Samano, M J Robins J. Org. Chem. 55 5186 (1990)

D B Dess, J C Martin J. Org. Chem. 48 4155 (1983)

D P Kjell, B J Slattery Nucleosides Nucleotides, 16 469 (1997)
M Dunkel, V Reither Bioorg. Med. Chem. Lett. 9 787 (1999)
K Takenuki, A Matsuda, T Ueda, T Sasaki, A Fujii,

K Yamagami J. Med. Chem. 31 1064 (1988)

A E A Hassan, S Sihuto, A Matsuda J. Org. Chem. 62 11 (1997)
R Buff, ] Hunz ker Helv. Chim. Acta 85 224 (2002)

M Sukeda, S Shuto, I Sugimoto, S Ichikaw:, A Matsuda

J. Org. Chem. 65 8988 (2000)

oo
S
Vv

=
=l
!

=
=l
!

6

01>

=
=1
!

=
=l
!

134.

135.

136.

137.

138.

139.

140.

141.
142.
143.
144.
145.
146.

147.
148.

149.

150.
151.

152.
153.

154.
155.
156.

157.
158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

A Matsuda, Y Nakajima, A Azuma, M Tanaka, T Sasaki

J. Med. Chem. 342917 (1991)

A Azuma, Y Nakajima, N Nishizono, N Minakawa,

M Suzuki, K Hanaoka, T Kobayashi, M Tanaka, T Sasaki,

A Matsuda J. Med. Chem. 36 4183 (1993)

K Hanaoka, M Suzuki, T Kobayashi, F Tanzawa, K Tanaka,
T Shibayamz, S Miura, T Ikeda, H Iwabuch, A Nakagawa,
Y Mitsuhashi, M Hisaoka, M Kaneko, A Tom da, Y Wataya,
T Nomura, T Sasaki, A Matsuda, T Tsuruo, S Kurakata Int. J.
Cancer 82 226 (1999)

T Takahash!, A Nakashima, J Kanazaw:a, K Yamaguchi,

S Akinaga, T Tamaoki, M Okabe Cancer Chemother
Pharmaco.. 41 268 (1998)

S M Freier, K H Alimann Nuc!eic Acids Res. 25 4429 (1997)
A Matsuda, M Inada, H Nare, E Ohtsuka, A Ono Bioorg.
Med. Chem. Lett. 32751 (1993)

A V Kachalova, T S Zatsepin, E A Romanova, D A Stetsenko,
M J Gait, T S Oretskaya Nucleosides Nucleotides Nucleic Acids
19 1693 (2000)

T S Zatsepin, A V Kachalova, E A Romanova, D A Stetsenko,
M J Gait, T S Oretskaya Bioorg. Khim. 27 45 (2001) 2

O M Gritsenko, E S Gromova Usp. Khim. 68 267 (1999) [Russ.
Chem. Rev. 68 241 (1999)]

B S Ermolinskii, S N Mikhailov Bioorg. Khim. 26 483 (2000) 2
E Efimtseva, S N Mikhailov Biokhimiya 67 1374 (2002)®

T P Prakasih, A M Kawasazki, E A Lesaik, S R Owens,

M Manoharan Org. Lett. 5403 (2003)

A Fraser, P Wheeler, P D Cook, Y S Sanghvi J. Heterocycl.
Chem. 30 1277 (1993)

M Egli Angew. Chem., In!. Ed. Engl 35 1394 (1996)

M Sekine, H Tsuruoka, S I'mura, H Kusuoku, T Wada,

K Furusawa J. Org. Chem. 61 4087 (1996)

H Tsuruoka, K Shohda, T Wada, M Sekine J. Org. Chem. 65
7479 (2000)

A Zehl, D Cech Liebigs Ann. Chem. 595 (1997)

N G Dolinnaya, Z A Shabarova Sov. Sci. Rev. D, Physicochem.
Biol. 13 1 (1995)

J C Leitze!, D G Lynn Chem. Rec. 153 (2001)

H Aurup, D M Williams, F Eckstein Biochemistry 31 9636
(1992)

W Pieken Ciba Found. Symp. 209 218 (1997)

B E Eaton, W A Picken Annu. Rev. Biochem. 64 837 (1995)

M J Kujau, A Sicbert, S Wolfl J. Biochem. Biophys. Methods 35
141 (1997)

E Zamaratski, J] Chattopadhyaya Tetrahedi-on 54 8183 (1998)
CJ Yu, H Wang, H Yowanto, J C Kim, L H Donllon, C Tao,
M Strong, Y Chong J. Org. Chem. 66 2537 (2001)

CJ Yu, Y Wan, H Yowanto, J Li, C Tao, M D James,

C L Tam, G F Blackburn, T J Meade J. Am. Chem. Soc. 123
11155 (2001)

J K Bashkin, J Xie, A T Dan’her, U S Sampati, J L-F Kao
J. Org. Chem. 61 2314 (1996)

H Asanuma, T Yoshida, T Ito, M Komiyama Tvfrahedron
Lett. 40 7995 (1999)

K Yamana, Y Chashi, K Nunota, M Kitamura, H Nakano,
O Sangen, T Shimidzu Tetiahedron Lett. 32 6347 (1991)

K Yamana, R Aota, H Nakano Tetrahedron Lett. 36 8427
(1995)

K Yamana, Y Nishijima, T Ikeda, T Gokota, H Ozaki,

H Nakano, O Sangen, T Shimidzu Bioconjugate Chem.1 319
(1990)

D Ly, L Sanii, G B Schuster J. 4in. Chem. Soc. 121 9400 (1999)
C Sund, N Pur), J Chattopeadivyaya Tetrahedion 52 12275
(1996)

C Sund, N Puri, J Chattopadhyaya Nucleosides Nucleotides 16
755 (1997)

M Manoharar, K L Tivel, P D Cook Tetrahedron Lett. 36 3651
(1995)

M Manoharan, K L Tivel, T P Condon, L K Andrade,

I Barber-Peoch, G Inamati, S Shash, V Mohan, M J Graham,
C F Bennet, S T Crooke, P D Cook Nucleosides Nucleotides 16
1129 (1997)

M Manoharan, K L Tivel, M Zhao, K Nafisi, T L Netzel

J. Phys. Chem. 99 17461 (1995)

729


mlg
R Ranganathan Tetrahedron Lett. 18 1291 (1977)

http://dx.doi.org/10.1016%2FS0040-4039%2801%2992999-5
mlg
K J Divakar, C B Reese J. Chem. Soc., Perkin Trans. 1 1625

mlg
(1982)

http://dx.doi.org/10.1039%2Fp19820001625
mlg
M L Hamm, J A Piccirilly J. Org. Chem. 62 3415 (1997)

http://dx.doi.org/10.1021%2Fjo970096o
mlg
H Ozaki, S Momiyama, K Yokotsuka, H Sawai Tetrahedron

mlg
Lett. 42 677 (2001)

http://dx.doi.org/10.1016%2FS0040-4039%2800%2901926-2
mlg
K J Divakar, A Mottoh, C B Reese, Y S Sanghvi J. Chem

mlg
Soc., Perkin Trans. 1 969 (1990)

mlg
S Chambert, I Gautier-Luneau,M Fontecave, J-L Decout

mlg
J. Org. Chem. 65 249 (2000)

http://dx.doi.org/10.1039%2Fp19900000969
http://dx.doi.org/10.1021%2Fjo9908492
mlg
C B Reese, C Simons, Z Pei-Zhuo J. Chem. Soc., Chem

mlg
Commun. 1809 (1994)

http://dx.doi.org/10.1039%2Fc39940001809
mlg
M Manoharan, L K Johnson, K L Tivel, R H Springer

mlg
P D Cook Bioorg. Med. Chem. Lett. 3 2765 (1993)

mlg
M Manoharan, K L Tivel, B Ross, P D Cook Gene 149 147

mlg
(1994)

http://dx.doi.org/10.1016%2FS0960-894X%2801%2980760-5
http://dx.doi.org/10.1016%2F0378-1119%2894%2990423-5
mlg
M E Douglas, B Beijer, B S Sproat Bioorg. Med. Chem. Lett. 4

mlg
995 (1994)

mlg
J T Goodwin, S E Osborne, E J Scholle, G Glick J. Am. Chem

mlg
Soc. 118 5207 (1996)

http://dx.doi.org/10.1016%2FS0960-894X%2801%2980669-7
http://dx.doi.org/10.1021%2Fja960091t
mlg
E J Maglott, G Glick Nucleic Acids Res. 26 1301 (1998)

mlg
C W Gundlach IV, T R Ryder,G D Glick Tetrahedron Lett. 38

mlg
4039 (1997)

http://dx.doi.org/10.1093%2Fnar%2F26.5.1301
http://dx.doi.org/10.1016%2FS0040-4039%2897%2900868-X
mlg
X Wu, S Pitsch Bioconjugate Chem. 10 921 (1999)

http://dx.doi.org/10.1021%2Fbc9900901
mlg
A V Kachalova, E M Zubin, T S Oretskaya Usp. Khim. 71

mlg
1171 (2002) [Russ. Chem. Rev. 71 1041 (2002)]

mlg
F Hansske,M J Robins Tetrahedron Lett. 24 1589 (1983)

http://dx.doi.org/10.1016%2FS0040-4039%2800%2981717-7
mlg
F Hansske, D Madej,M J Robins Tetrahedron 40 125 (1984)

mlg
A Tronchet, R Benhamza, G Bernardinelli, M Geoffroy

mlg
Tetrahedron Lett. 31 531 (1990)

http://dx.doi.org/10.1016%2F0040-4020%2884%2985111-X
http://dx.doi.org/10.1016%2F0040-4039%2890%2987026-V
mlg
K Omura, D Swern Tetrahedron 34 1651 (1978)

http://dx.doi.org/10.1016%2F0040-4020%2878%2980197-5
mlg
M Dunkel, V Reither Bioorg. Med. Chem. Lett. 9 787 (1999)

http://dx.doi.org/10.1016%2FS0960-894X%2899%2900063-3
mlg
R B Appell, R J Duguid Org. Process Res. Dev. 4 172 (2000)

http://dx.doi.org/10.1021%2Fop9900939
mlg
A E A Hassan, S Shuto, A Matsuda J. Org. Chem. 62 11 (1997)

http://dx.doi.org/10.1021%2Fjo9613601
mlg
R Buff, J Hunziker Helv. Chim. Acta 85 224 (2002)

http://dx.doi.org/10.1002%2F1522-2675%28200201%2985%3A1%3C224%3A%3AAID-HLCA224%3E3.0.CO%3B2-L
mlg
M Sukeda, S Shuto, I Sugimoto, S Ichikawa, A Matsuda

mlg
J. Org. Chem. 65 8988 (2000)

http://dx.doi.org/10.1021%2Fjo000967l
mlg
K Hanaoka,M Suzuki, T Kobayashi, F Tanzawa, K Tanaka

mlg
T Shibayama, S Miura, T Ikeda, H Iwabuchi, A Nakagawa

mlg
Y Mitsuhashi, M Hisaoka,M Kaneko, A Tomida, Y Wataya

mlg
T Nomura, T Sasaki, A Matsuda, T Tsuruo, S Kurakata Int. J

mlg
Cancer 82 226 (1999)

mlg
T Takahashi, A Nakashima, J Kanazawa, K Yamaguchi

mlg
S Akinaga, T Tamaoki, M Okabe Cancer Chemother

mlg
Pharmacol. 41 268 (1998)

http://dx.doi.org/10.1002%2F%28SICI%291097-0215%2819990719%2982%3A2%3C226%3A%3AAID-IJC13%3E3.0.CO%3B2-X
http://dx.doi.org/10.1007%2Fs002800050739
mlg
S M Freier, K H Altmann Nucleic Acids Res. 25 4429 (1997)

http://dx.doi.org/10.1093%2Fnar%2F25.22.4429
mlg
A Matsuda,M Inada, H Nara, E Ohtsuka, A Ono Bioorg

mlg
Med. Chem. Lett. 3 2751 (1993)

http://dx.doi.org/10.1016%2FS0960-894X%2801%2980757-5
mlg
T P Prakash, A M Kawasaki, E A Lesnik, S R Owens

mlg
M Manoharan Org. Lett. 5 403 (2003)

http://dx.doi.org/10.1021%2Fol027131k
mlg
M Egli Angew. Chem., Int. Ed. Engl. 35 1894 (1996)

http://dx.doi.org/10.1002%2Fanie.199618941
mlg
M Sekine, H Tsuruoka, S Iimura, H Kusuoku, T Wada

mlg
K Furusawa J. Org. Chem. 61 4087 (1996)

mlg
H Tsuruoka, K Shohda, T Wada,M Sekine J. Org. Chem. 65

mlg
7479 (2000)

http://dx.doi.org/10.1021%2Fjo952073k
http://dx.doi.org/10.1021%2Fjo991097e
mlg
J C Leitzel, D G Lynn Chem. Rec. 1 53 (2001)

http://dx.doi.org/10.1002%2F1528-0691%282001%291%3A1%3C53%3A%3AAID-TCR8%3E3.3.CO%3B2-E
mlg
B E Eaton,W A Pieken Annu. Rev. Biochem. 64 837 (1995)

http://dx.doi.org/10.1146%2Fannurev.bi.64.070195.004201
mlg
M J Kujau, A Siebert, S Wolfl J. Biochem. Biophys. Methods 35

mlg
141 (1997)

mlg
E Zamaratski, J Chattopadhyaya Tetrahedron 54 8183 (1998)

http://dx.doi.org/10.1016%2FS0165-022X%2897%2900039-0
http://dx.doi.org/10.1016%2FS0040-4020%2898%2900457-8
mlg
C J Yu, H Wang, H Yowanto, J C Kim, L H Donilon, C Tao

mlg
M Strong, Y Chong J. Org. Chem. 66 2937 (2001)

mlg
C J Yu, Y Wan, H Yowanto, J Li, C Tao,M D James

mlg
C L Tam, G F Blackburn, T J Meade J. Am. Chem. Soc. 123

mlg
11 155 (2001)

http://dx.doi.org/10.1021%2Fjo001283g
http://dx.doi.org/10.1021%2Fja010045f
mlg
J K Bashkin, J Xie, A T Daniher, U S Sampath, J L-F Kao

mlg
J. Org. Chem. 61 2314 (1996)

http://dx.doi.org/10.1021%2Fjo9518213
mlg
H Asanuma, T Yoshida, T Ito,M Komiyama Tetrahedron

mlg
Lett. 40 7995 (1999)

mlg
K Yamana, Y Ohashi, K Nunota,M Kitamura, H Nakano

mlg
O Sangen, T Shimidzu Tetrahedron Lett. 32 6347 (1991)

http://dx.doi.org/10.1016%2FS0040-4039%2899%2901547-6
http://dx.doi.org/10.1016%2F0040-4039%2891%2980166-4
mlg
K Yamana, R Aota, H Nakano Tetrahedron Lett. 36 8427

mlg
(1995)

http://dx.doi.org/10.1016%2F0040-4039%2895%2901707-O
mlg
D Ly, L Sanii, G B Schuster J. Am. Chem. Soc. 121 9400 (1999)

http://dx.doi.org/10.1021%2Fja991753s
mlg
C Sund, N Puri, J Chattopadhyaya Tetrahedron 52 12 275

mlg
(1996)

http://dx.doi.org/10.1016%2F0040-4020%2896%2900731-4
mlg
M Manoharan,K L Tivel, P D Cook Tetrahedron Lett. 36 3651

mlg
(1995)

http://dx.doi.org/10.1016%2F0040-4039%2895%2900597-6
mlg
O M Gritsenko, E S Gromova Usp. Khim. 68 267 (1999) [Russ

mlg
Chem. Rev. 68 241 (1999)]

http://dx.doi.org/10.1070/rc1999v068n03ABEH000489
http://dx.doi.org/10.1070/RC2002v071n12ABEH000742

=
=
B

=
=]
!

2
=
!

=
=
!

=
=
!

=
=
!

=
=]
!

=
=
!

=
=
!

=
=
!

=
=
!

=
=
!

=
=
B

&

01>

&

01>

g

01>

= =
S =
vV vV

8 B
VY

730

T S Zatsepin, E A Romanova, T S Oretskaya

171.

172.

173.
174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.
201.
202.
203.
204.
205.
206.

207.
208.

N A Whittemore, A N Mullenix, G B Inamati, M Manoharan,
P D Cook, A A Tuinmar, D C Baker, J Q Chambers
Bioconjugate Chem. 10 261 (1999)

M Manoharan, G Inamati, K L Tivel, B Conklin, B S Ross,
P D Cook Nucleosides Nucleotides 16 1141 (1997)

T H Keller, R Haner Nucleic Acids Res. 21 4499 (1993)

K Seio, T Wada, K Sakamoto, S Yokoyama, M Sekine J. Org
Chem. 63 1429 (1998)

K Seio, T Wada, K Sakamoto, S Yokoyam:, M Sekine Helv.
Chim. Acta 83 162 (2000)

A K M Anisuzzaman, F Alam, A H Soloway Fo.vhedron 9 891
(1990)

W Tjaks, A K M Anisuzzaman, L Liu, A H Soloway,

R F Barth, D J Perkins, D M Adams J. Med. Chem. 35 1628
(1992)

W Tjaks, A K M Anisuzzaman, A H Soloway Nucleosides
Nucleotides 11 1765 (1992)

R F Barth, A H Soloway, R G Fairchild, R M Brugger Cancer
70 2995 (1992)

A H Solowey, W Tjarks, B A Barnum, F G Rong, R F Barth,
I M Codogn:, J G Wilson Chem. Rev. 98 1515 (1998)

L Liu, R F Barth, W Tjarks, A H Soloway, A K M Anisuzzaman
Anticancer Res. 16 113 (1996)

A B Olejniczak, M Koziolkiewicz, Z J Lesnikowski Antisense
Nucleic Acid Dirug Dev. 1279 (2002)

T Mitsui, H Hayashi, K Yamana, H Nakano Nucleic Acids
Symp. Ser. 69 (1997)

K Yamana, T Misui, H Hayashi, H Nakano Teirahedron Lett
38 5815 (1997)

K Yamana, Y Ohashi, K Nunote, H Nakano Tefrahedron 53
4265 (1997)

T Mitsui, H Nakano, K Yamanra Tetrahediron Lett. 41 2605
(2000)

S K Silverman, M L Deras, S A Woodson, S A Scaringe,

T R Cech Biochemiztry 39 12465 (2000)

US P. 6090933 (2000)

US P. 6096 273 (2000)

US P. 6221 583 (2001)

L Milne, D M Perrin, D S Sigmin Proc. Nat!. Acad. Sci. USA
97 3136 (2000)

O P Kryatoviz, W H Connors, C F Bleczinski, A A Mokhir,
C Richert Org. Lett. 3987 (2001)

J Matulic-Adamic, L Beige'man, L W Dudyc:, C Gonzalez,
N Usman Bioorg. Med. Chem. Lett. 52721 (1995)

J Matulic-Adamic, V Serebryany, P Haeberli, V R Mokler,

L Beigelman Bioconjiugate Chem. 13 1071 (2002)

A M Aronov, S Suresh, F Buckner, W vian Voorhis,

C L M J Verlinde, F R Opperdoes, W G J Hol, M H Gelb
Proc. Nat!. Acad. Sci. USA 96 4273 (1999)

A Link, S van Caicnibergh, P Herdewijn Tetrahedron Lett. 39
5175 (1998)

B Backes, A A Virgilio,J A Elimann J. Am. Chem. Soc. 118
3055 (1996)

A Golisade, S vin Calenbergh, A Link Tetiahedron 56 3167
(2000)

J C Bressi, CL M J Verlinde, A M Aronov, M L Shaw, S S Shin,
L N Nguyer, S Suresh, F S Buckner, W C van Voorhis,

I D Kuntz, W G J Hol, M H Gelb J. Med. Chem. 44 2080
(2001)

A Golisade, J C Bressi, S van Calenbergh, M H Gelb, A Link
J. Comb. Chem. 2 537 (2000)

A Golisade, C Herforth, L Quirijnen, L Mees, A Link Bioorg
Med. Chem. 10 159 (2002)

N N Polushin Tetrahedron Lett. 37 3231 (1996)

US P. 5902879 (1999)

N N Polushin Collect. Czech. Chem. Commun. Symp. Ser. 2 145
(1999)

J J Rack, E S Krider, T J Meade J. Am. Chem. Soc. 122 6287
(2000)

E S Krider, J J Rack, N L Frank, T J Meade /inoiz. Chem. 40
4002 (2001)

N L Frank, T J Meade Inorg. Chem. 42 1039 (2003)

K L Dombi, U E Siener, C RicheriJ. Comb. Chem. 545 (2003)

2009.

210.

211.

212.

213.

214.

215.

216.

217.

218.
219.
220.
221.
222.

223.

224.

225.

226.

227.
228.
229.
230.
231.
232.
233.
234.
235.
236.
237.
238.
239.

240.
241.

242.

243.

244.

I Barber-Peoc’h, M Manoharan, P D Cook Nucleosides
Nucleotides 16 1407 (1997)

M A Maier, I Barber-Peoc’h, M Manoharan Tetfrahedron Lett.
437613 (2002)

W H Connors, S Naranayarn, O P Kryatovz, C Richert Org
Lett. 5247 (2003)

E M Zubin, E A Romanova, E M Volkov, V N Tashlitsky,

G A Korshunovi, Z A Shabarova, T S Oretskaya FEBS Lett
456 59 (1999)

J-T Hwang, M M Greenberz Org. Lett. 1 2021 (1999)

J-T Hwang, M M Greenberg J/. Org. Chem. 66 363 (2001)

H Salo, P Virta, H Hakelia, T P Prakasih, A M Kawasaki,

M Manoharan, H Lénnberg Bioconugate Cheim. 10 815 (1999)
J P Tam, J C Spetzler Biomed. Peptides Proteins Nucleic Acids 1
123 (1995)

N Polushin, A Malykh, O Malykh, M Zenkovi, N Chumakova,
V Vlassov, S Kouyavkin Nucleosidies Nucleotides Nucleic Acids
20 507 (2001)

V Banuls, J-M Escudier, C Zedde, C Claparois, B Donnadieu,
H Plaisencie Eur. J. Org. Chem. 4693 (2001)

X Wu, S Pisch Helv. Chim. Acta 83 1127 (2000)

W Gueschlbauer, K Jankowski Nucleic Acids Res. 8 1421 (1980)
L-S Kan, R Bauman, P Bhan, P S Miller J. Chin. Chem. Soc.

( Taipei) 40 469 (1993)

H Aurup, T Tuschl, F Benseler, ] Ludwug, F Eckstein Nucleic
Acids Res. 22 20 (1994)

C Hendrix, B Devreese, J Rozenski, A van Aershot,

A De Bruyn, J van Beeumen, P Herdewijn Nucleic Acids Res.
23 51 (1995)

L Beigelman, A Karpeisky, J Matulic-Adamic, P Haerberli,

D Sweedler, N Usman Nucleic Acids Res. 23 4434 (1995)

P S Miller, P Bhan, L-S Kan Nucleosides Nucleotides 12 785
(1993)

F Wincott, A Di Renzo, C Shaffer, S Grimm, D Tracz,

C Workman, D Sweedler, N Usman Nucleic Acids Res.23 2677
(1995)

F Benseler, D M Williams, F Eckstein Nucleosides Nucleotides
11 1333 (1992)

O Heindenreich, F Benseler, A Fahrenholz, F Eckstein J. Biol.
Chem. 269 2131 (1994)

M Scherr, C Kl¢bha, R Haner, A Ganser, ] W Engels Bioorg
Med. Chem. Lett. 7 1791 (1997)

G Walcher, W Phleiderer Helv. Chim. Acta 79 1067 (1996)

B Greiner, W Phleiderer Helv. Chim. Acta. 81 1528 (1998)

N N Polushizy, I P Smirnov, A N Verentchikov, J M Coull
Tetrahedron Lett. 37 3227 (1996)

L G Kuznetsova, E M Volkov, E A Romanova, V N Tashlitskii,
T S Oretskaya, Z A Shabarova Bioorg. Khim. 17 1289 (1991)?
L G Kuznetsova, E A Romanova, E M Volkov, V N Tashlitskii,
T S Oretskaya, N F Krynetskaya, Z A Shabarova Bioorg.
Khim. 19 455 (1993) 2

K Yamana, T Miisui, H Nakano Tetrahedron 55 9143 (1999)
P Sergiev, S Dokudovskey:z, E Romanova, A Topin,

A Bogdanov, R Brimacombe, O Dontsova Nuc/leic Acids Res.
26 2519 (1998)

T E Edwards, T M Okonogi, B H Robinson, S T Sigurdsson
J. Am. Chem. Soc. 123 1527 (2001)

S T Sigurdsson, T Tuschl, F Eckstein RNA 1 575 (1995)

S T Sigurdsson, F Eckstein Nucleic Acids Re:. 24 3129 (1996)
S Alefelder, S T Sigurdsson Bioorg. Med. Chem. 8 269 (2000)

S I Antsypovich, E M Volkov, T S Oretskaya, E A Romanova,
V N Tashlitskii, M Blyumenfel’d, Z A Shabarova Bioorg.
Khim. 21774 (1995) 2

S I Antsypovich, T S Oretskaya, E M Volkov, E A Romanova,
V N Tashlitsky, M Blumenfeld, Z A Shabarova Nucleosides
Nucleotides 15 923 (1996)

S I Antsypovich, T S Oretskaya, E A Romanova, E M Volkov,
V N Tashlitskii, M Vasser, Z A Shabarova Bioorg. Khim. 22
264 (1996)2

S I Antsypovich, T S Oretskeya, E A Romenova, EM Volkov,
V N Tashlitsky, M Vasser, Z A Shabarova FEES Lett. 378 224
(1996)



mlg
N A Whittemore, A N Mullenix, G B Inamati,MManoharan

mlg
P D Cook, A A Tuinman, D C Baker, J Q Chambers

mlg
Bioconjugate Chem. 10 261 (1999)

http://dx.doi.org/10.1021%2Fbc980095i
mlg
K Seio, T Wada, K Sakamoto, S Yokoyama,M Sekine J. Org

mlg
Chem. 63 1429 (1998)

mlg
K Seio, T Wada, K Sakamoto, S Yokoyama,M Sekine Helv

mlg
Chim. Acta 83 162 (2000)

http://dx.doi.org/10.1021%2Fjo971797o
http://dx.doi.org/10.1002%2F%28SICI%291522-2675%2820000119%2983%3A1%3C162%3A%3AAID-HLCA162%3E3.0.CO%3B2-Y
mlg
A K M Anisuzzaman, F Alam, A H Soloway Polyhedron 9 891

mlg
(1990)

http://dx.doi.org/10.1016%2FS0277-5387%2800%2981356-X
mlg
A H Soloway,W Tjarks, B A Barnum, F G Rong, R F Barth

mlg
I M Codogni, J G Wilson Chem. Rev. 98 1515 (1998)

http://dx.doi.org/10.1021%2Fcr941195u
mlg
A B Olejniczak, M Koziolkiewicz, Z J Lesnikowski Antisense

mlg
Nucleic Acid Drug Dev. 12 79 (2002)

http://dx.doi.org/10.1089%2F108729002760070821
mlg
K Yamana, T Mitsui, H Hayashi, H Nakano Tetrahedron Lett

mlg
38 5815 (1997)

mlg
K Yamana, Y Ohashi, K Nunota, H Nakano Tetrahedron 53

mlg
4265 (1997)

http://dx.doi.org/10.1016%2FS0040-4039%2897%2901329-4
http://dx.doi.org/10.1016%2FS0040-4020%2897%2900131-2
mlg
T Mitsui, H Nakano, K Yamana Tetrahedron Lett. 41 2605

mlg
(2000)

mlg
S K Silverman,M L Deras, S A Woodson, S A Scaringe

mlg
T R Cech Biochemistry 39 12465 (2000)

http://dx.doi.org/10.1016%2FS0040-4039%2800%2900215-X
http://dx.doi.org/10.1021%2Fbi000828y
mlg
L Milne, D M Perrin, D S Sigman Proc. Natl. Acad. Sci. USA

mlg
97 3136 (2000)

mlg
O P Kryatova,W H Connors, C F Bleczinski, A A Mokhir

mlg
C Richert Org. Lett. 3 987 (2001)

http://dx.doi.org/10.1073%2Fpnas.050544597
http://dx.doi.org/10.5555%2Fol0003782
mlg
J Matulic-Adamic, L Beigelman, L W Dudycz, C Gonzalez

mlg
N Usman Bioorg. Med. Chem. Lett. 5 2721 (1995)

mlg
J Matulic-Adamic, V Serebryany, P Haeberli, V R Mokler

mlg
L Beigelman Bioconjugate Chem. 13 1071 (2002)

http://dx.doi.org/10.1016%2F0960-894X%2895%2900463-4
http://dx.doi.org/10.1021%2Fbc025525q
mlg
A M Aronov, S Suresh, F Buckner,W van Voorhis

mlg
C L M J Verlinde, F R Opperdoes, W G J Hol, M H Gelb

mlg
Proc. Natl. Acad. Sci. USA 96 4273 (1999)

http://dx.doi.org/10.1073%2Fpnas.96.8.4273
mlg
A Link, S van Calenbergh, P Herdewijn Tetrahedron Lett. 39

mlg
5175 (1998)

mlg
B Backes, A A Virgilio, J A Ellmann J. Am. Chem. Soc. 118

mlg
3055 (1996)

http://dx.doi.org/10.1016%2FS0040-4039%2898%2901057-0
http://dx.doi.org/10.1021%2Fja9535165
mlg
A Golisade, S van Calenbergh, A Link Tetrahedron 56 3167

mlg
(2000)

mlg
J C Bressi, C LMJ Verlinde, AMAronov,ML Shaw, S S Shin

mlg
L N Nguyen, S Suresh, F S Buckner, W C van Voorhis

mlg
I D Kuntz,W G J Hol, M H Gelb J. Med. Chem. 44 2080

mlg
(2001)

http://dx.doi.org/10.1016%2FS0040-4020%2800%2900228-3
http://dx.doi.org/10.1021%2Fjm000472o
mlg
A Golisade, J C Bressi, S van Calenbergh,M H Gelb, A Link

mlg
J. Comb. Chem. 2 537 (2000)

mlg
A Golisade, C Herforth, L Quirijnen, L Maes, A Link Bioorg

mlg
Med. Chem. 10 159 (2002)

http://dx.doi.org/10.1021%2Fcc0000343
http://dx.doi.org/10.1016%2FS0968-0896%2801%2900253-X
mlg
N N Polushin Tetrahedron Lett. 37 3231 (1996)

http://dx.doi.org/10.1016%2F0040-4039%2896%2900537-0
mlg
J J Rack, E S Krider, T J Meade J. Am. Chem. Soc. 122 6287

mlg
(2000)

mlg
E S Krider, J J Rack, N L Frank, T J Meade Inorg. Chem. 40

mlg
4002 (2001)

http://dx.doi.org/10.1021%2Fja9939643
http://dx.doi.org/10.1021%2Fic010396v
mlg
N L Frank, T J Meade Inorg. Chem. 42 1039 (2003)

mlg
K L Dombi,U E Steiner, C Richert J. Comb. Chem. 5 45 (2003)

http://dx.doi.org/10.1021%2Fic025567q
http://dx.doi.org/10.1021%2Fcc020069y
mlg
M A Maier, I Barber-Peoc'h, M Manoharan Tetrahedron Lett

mlg
43 7613 (2002)

http://dx.doi.org/10.1016%2FS0040-4039%2802%2901732-X
mlg
W H Connors, S Naranayan, O P Kryatova, C Richert Org

mlg
Lett. 5 247 (2003)

mlg
E M Zubin, E A Romanova, E M Volkov, V N Tashlitsky

mlg
G A Korshunova, Z A Shabarova, T S Oretskaya FEBS Lett

mlg
456 59 (1999)

http://dx.doi.org/10.1021%2Fol020212w
http://dx.doi.org/10.1016%2FS0014-5793%2899%2900921-7
mlg
J-T Hwang, M M Greenberg Org. Lett. 1 2021 (1999)

mlg
J-T Hwang, M M Greenberg J. Org. Chem. 66 363 (2001)

http://dx.doi.org/10.1021%2Fol991196e
http://dx.doi.org/10.1021%2Fjo000917g
mlg
H Salo, P Virta, H Hakala, T P Prakash, A M Kawasaki

mlg
M Manoharan, H L È nnberg Bioconjugate Chem. 10 815 (1999)

http://dx.doi.org/10.1021%2Fbc990021m
mlg
N Polushin, A Malykh, O Malykh,MZenkova, N Chumakova

mlg
V Vlassov, S Kozyavkin Nucleosides Nucleotides Nucleic Acids

mlg
20 507 (2001)

http://dx.doi.org/10.1081%2FNCN-100002326
mlg
V Banuls, J-M Escudier, C Zedde, C Claparols, B Donnadieu

mlg
H Plaisancie Eur. J. Org. Chem. 4693 (2001)

http://dx.doi.org/10.1002%2F1099-0690%28200112%292001%3A24%3C4693%3A%3AAID-EJOC4693%3E3.0.CO%3B2-J
mlg
X Wu, S Pitsch Helv. Chim. Acta 83 1127 (2000)

http://dx.doi.org/10.1002%2F1522-2675%2820000607%2983%3A6%3C1127%3A%3AAID-HLCA1127%3E3.0.CO%3B2-B
mlg
M Scherr, C Klebba, R Haner, A Ganser, J W Engels Bioorg

mlg
Med. Chem. Lett. 7 1791 (1997)

http://dx.doi.org/10.1016%2FS0960-894X%2897%2900313-2
mlg
N N Polushin, I P Smirnov, A N Verentchikov, J M Coull

mlg
Tetrahedron Lett. 37 3227 (1996)

http://dx.doi.org/10.1016%2F0040-4039%2896%2900536-9
mlg
K Yamana, T Mitsui, H Nakano Tetrahedron 55 9143 (1999)

http://dx.doi.org/10.1016%2FS0040-4020%2899%2900484-6
mlg
P Sergiev, S Dokudovskaya, E Romanova, A Topin

mlg
A Bogdanov, R Brimacombe, O Dontsova Nucleic Acids Res

mlg
26 2519 (1998)

mlg
T E Edwards, T M Okonogi, B H Robinson, S T Sigurdsson

mlg
J. Am. Chem. Soc. 123 1527 (2001)

http://dx.doi.org/10.1093%2Fnar%2F26.11.2519
http://dx.doi.org/10.1021%2Fja005649i
mlg
S T Sigurdsson, F Eckstein Nucleic Acids Res. 24 3129 (1996)

http://dx.doi.org/10.1093%2Fnar%2F24.16.3129
mlg
S Alefelder, S T Sigurdsson Bioorg. Med. Chem. 8 269 (2000)

http://dx.doi.org/10.1016%2FS0968-0896%2899%2900280-1
mlg
S I Antsypovich, T S Oretskaya, E A Romanova, EMVolkov

mlg
V N Tashlitsky,M Vasser, Z A Shabarova FEBS Lett. 378 224

mlg
(1996)

http://dx.doi.org/10.1016%2F0014-5793%2895%2901445-4

=
=
!

VRVAVEVERVRY

=
=l
!

e
==
! !

8 B
% v

=
=
!

=
Y

B AR A
Y vV

i
S
V.

=
V. V V.

o
=
!

i

01>

=
=
!

01>}

ﬁi s
SHS NS
vV V

Nucleosides and oligonucleotides containing 2'-reactive groups: synthesis and applications

731

245.

246.

247.
248.
249.
250.
251.
252.
253.
254.

255.
256.

257.

258.

259.
260.

261.
262.
263.
264.
265.
266.
267.
268.
269.
270.
271.

272.
273.

274.

275.

276.

2717.

278.
279.

280.
281.

282.

283.

284.

285.

286.

287.
288.

E M Zubin, S I Antsypovich, T S Oretskaya, E A Romanova,
E M Volkov, V N Tashlitskii, Z A Shabarova Bioorg. Khim. 23
809 (1997)2

E M Zubin, S T Antsypovich, T S Oretskaya, E A Romanova,
E M Volkov, N G Dolinnaya, Z A Shabarova Nucleosides
Nucleotides 17 425 (1998)

L Zhu, P S Lukeman, J W Canary, N C Seemzn J. Am. Chem
Soc. 125 10178 (2003)

S K Silverman, T R Cech Eiochemistry 38 14224 (1999)

S I Chamberiin, K M Weeks J. Aim. Chem. Soc. 122 216 (2000)
D M John, K M Weeks Chem. Biol. 7 405 (2000)

D M John, K M Weeks Biochemistry 41 6566 (2002)

M Beban, P S Mjler Bioconjigate Chem. 11 599 (2000)

A 'Y Louie, T J Meade Proc. Na!l. Acad. Sci. USA 95 6663
(1998)

T J Meade, J F Kayyem Angew
(1995)

E S Krider, T J Meade J. Bioinorg. Chem. 3 222 (1998)

D B Hall, R E Holmin, J K Barton Nature (London) 382 731
(1996)

P J Dandliker, R E Holmin, J K Barton Science 275 1465
(1997)

M A Farrow, F Aboul-ela, D Cwer, A Karpeisky, L Beigelman,
M J Gait Biochem.stiy 37 3096 (1998)

J Hall, D Husken, R Haner Nucleic Acids Res. 24 3522 (1996)
D A Stetsenko, A A Arzumanov, V A Korshun, M J Gait
Mol. Biol. 34 998 (2000) ©

S B Cohen, T R Cech J. Am. Chem. Soc. 119 6259 (1997)

M L Hamm, J A Piceirilly J/. Cig. Chem. 64 5700 (1999)

R Johnson, C B Reese, Z Pei-Zhuo Tetrahedron 51 5093 (1995)
C L Dantzmar, L L Kiesselng J. Am. Chem. Soc. 118 11715
(1996)

M Manoharan, L K Andrade, P D Cook Org. Lett. 1311
(1999)

USP. 5719271 (1998)

US P. 5543507 (1996)

T S Zatsepir, D A Stetsenko, A A Arzumariov, E A Romanova,
M J Gait, T S Oretskaya Bioconjiigate Cheim. 13 822 (2002)

H Tsuruoka, K Shohda, T Wada, M Sekine J/. Crg. Chem. 62
2813 (1997)

L L H De Fallois, J L Decout, M Fontecave J. Chem. Soc.,
Perkin Trans. 12587 (1997)

J Coves, L L H D¢ Fallois, L Le Fape, J-L Decouti, M Fontecave
Biochemistry 35 8595 (1996)

M Fontecave Cell Mol. Life Sci. 1 684 (1998)

B Roy, S Chambert, M Lepoivre, A M Aubertin, J Balzarini,
J L Decout J. Med. Chem. 46 2565 (2003)

J Stubbe, W A van der Dork Chem. Bio!. 2 793 (1995)

CL M J Verlinde, M Callens, S van Calenbergh, A Van Aershot,
P Herdewiijn, V Hannaert, P A Michels, F R Opperdoes,

W G J Hol J. Med. Chem. 37 3605 (1994)

S van Calenbergh, C L M J Verlinde, J Soenens, A De Bruyn,
M Callens, N M Blaton, O M Peeters, J Rozensky, W G J Hol
P Herdewiijn J. Med. Chem. 38 3838 (1995)

A M Aronov, C L M J Verjinde, W G J Ho, M H Gelb

J. Med. Chem. 41 4790 (1998)

D H Smith, J Pepin, A H Stich Br. Med. Bull. 54 341 (1998)

S Suresh, J C Bressi, K J Kennedy, C L M J Verlinde,

M H Gelb, W G Hol J. Mo.. Eiol. 309 423 (2001)

E Uhlmann, A Peyman Chem. Rev. 90 543 (1990)

J F Milligan, M D Matteucci, J C Martin J. Med. Chem. 36
1923 (1993)

C Boiziau, N T Thuong,J J Toulme Proc. Natl. Acad. Sci. USA
89 768 (1992)

M Kulka, C C Smith, L Aurelian, R Fishelevich, K Meade,

P Miller, P O P Ts’o Proc. Natl. Acad. Sci. USA 86 6868 (1989)
B Mestre, A Ariumanov, M Singh, F Bouwme, S Litvak,

M J Gait Riochim. Biophy:. Acta 1445 86 (1999)

B F Baker, H Khalili, N We, J R Morrow J. Am. Chem. Soc
119 8749 (1997)

D S Wilson, J W Szostak Anni. Rev. Biochem. 68 611 (1999)
G M Emilssor,, R R Breaker Cell. Mol. Life Sici. 59 596 (2002)
B N Trawick, A T Daniher, J K Bashkin Chem. Rev. 98 939
(1998)

‘hem., Int. Ed. Engl. 34 352

= = =2
V V. V.

5B
Y

i
=1
V

0i>)

B B
=
V'

GEE B GEEB
VI VYV V VERVEVEYV

=
86
Y

289.

290.

291.
292.

293.
294.

295.

296.

297.
298.

299.

300.

301.
302.

303.

304.
305.

306.
307.
308.
309.
310.
311.
312
313.
314.
315.

316.
317.

318.

319.

320.
321.

322.
323.

324.
325.
326.
327.
328.
329.
330.
331.
332.
333.
334.

335.

V N Silnikov, V V Vlassov Usp. Khim. 70 562 (2001) [Russ
Chem. Rev. 70 491 (2001)]

D G Knorre, V V Vlassov, V F Zarytova Biochimie 65 785
(1985)

C F Bennett Antisense Nucleic Acid Drug Dev. 12 215 (2002)
J Sung, T Garestier, C Helene Curr. Opin. Struct. Biol. 6 327
(1996)

N Schmid, J-P Behr Tetrahedion Lett. 36 1447 (1995)

V Demidov, M Frank-Kamenetskii, M Egholm, O Buchardt,
P E Nielsen Nucleic Acids Res. 212103 (1993)

K G Ragunathan, H-J Schneider 4ngew. Chem ., int. Ed. Engl
351219 (1996)

D S Sergeyev, T S Godovikova, V F Zarytova Nucleic Acids
Res. 23 4400 (1995)

T J Povsic, P B Dervan J. Am. Chem. Soc. 112 9428 (1990)

E A Lukhtanov, M A Podyminogin, I V Kutyavin,

R B Meyer, H B Gamper Nucleic Acids Res. 24 683 (1996)

A Fire, S Xu, M K Montgomery, S A Kosias, S E Driver,

C C Mello Natiwre (London) 391 806 (1998)

S M Elbashir,J Hardworth, W Lendeckel, A Yacin, K Weber,
T Tuschl Nature (London) 411 494 (2001)

S M Elbashir, W Lendeckel, T Tuschl Genes Dev. 15 188 (2000)
S Parrish, J Fleenor, S Xu, C Mello, A Fire Mo/ Cell 6 1077
(2000)

S M Elbashir, J Martinez, A Paikaniowska, W Lendeckel,

T Tuschl EMBO J. 20 6877 (2001)

A D J Scadder, C W J Smith EMBO Rep.2 1107 (2001)

D A Braasch, S Jensen, Y Liu, K Kaur, K Arzr, M A White,
D R Corey Biochem:stiry 42 7967 (2003)

H Grosshens, F J Slack J. Cell Biol. 156 17 (2002)

E G Moss Curr. Biol. 12 R688 (2002)

M T McManus, P A Sharp Nature Rev. Gere!. 3737 (2002)

S Gottesman Genes Dev. 16 2829 (2002)

A M Kopylov, V A Spiridonova Mol. Biol. 34 1097 (2000)
T Hermann, D J Patel Science 287 €20 (2000)

C Tuerk, L Gold Science 249 505 (1990)

A D Ellingtor, J W Szostak Natuie (London) 346 818 (1990)
W Kusser J. Biotechnol. 74 27 (2000)

J L Beck, M L Coigrave, S F Ralph, M M Sheil Mass
Spectrom. Rev. 20 61 (2001)

C G Huber, H Oberacher Mass Spectrom. Rev. 20 310 (2001)
V K Jayasena, L Gold Proc. Nat!. Acad. Sci. USA 94 10612
(1997)

C Cazenave, M Chevrier, T T Nguyen, C Helene Nucleic Acids
Res. 1510507 (1987)

P S Eder, R J Devine, J M Dagle, ] A Walder Antisense Res.
Dev. 1141 (1991)

H Orum, J Wengel Curr. Opin. Mol. Ther. 3239 (2001)

A N Elayadi, D R Corey Curr. Opin. Investig. Drugs 2 558
(2001)

C H Tung, S Siein Bioconjugate Chem. 11 605 (2000)

R I Mahato, Y Takakura, M Hashida J. Drug Target 4 337
(1997)

R L Juliano, S Akhtar Antisense Res. Dev. 2 165 (1992)

A R Thierry, A Dritschilo Nucleic Acids Res. 20 5691 (1992)
C R Dass J. Pharm. Pharmacol. 54 3 (2002)

P Milhaud, J P Bolgartz, B Lebleu Drug Delivery 3 67 (1996)
M Fresta, R Chillenu, S Spampinato, S Scuito, G Puglisi

J. Pharm. Sci. 87 616 (1998)

S Wang, R J Lee, G Cauchon, D G Gorenstein, P S Low Proc.
Natl. Acad. Sci. USA 92 3318 (1995)

M P Selvam, S M Buck, R A Blay, R E Mayner, P A Mied,
J S Epstein Antiviral Res. 33 11 (1996)

M Monsigny, P M:doux, R Mayer, A C Roche FEiosci. Rep. 19
125 (1999)
G Lambert, E Fzital, P Couvreur Adv. Drug Deliv. Rev. 47 99

(2001)

S W Poxon, P M Mitchell, E Liang, J A Hughes Drug Delivery
3255 (1996)

I Lebedeva, L Benimetskayz, C A Stein, M Vilenchik Eur. J.
Pharmacol. Eiophairmacol. 50 101 (2000)

M Teplova, S T Wailace, V Tereshko, G Minasov, A M Symons,
P D Cook, M Manoharan, M Eg'i Proc. Nat!. Acad. Sci. USA
96 14240 (1999)


mlg
L Zhu, P S Lukeman, J W Canary, N C Seeman J. Am. Chem

mlg
Soc. 125 10178 (2003)

mlg
S K Silverman, T R Cech Biochemistry 38 14224 (1999)

http://dx.doi.org/10.1021%2Fja035186r
http://dx.doi.org/10.1021%2Fbi991333f
mlg
S I Chamberlin, K M Weeks J. Am. Chem. Soc. 122 216 (2000)

mlg
D M John, K M Weeks Chem. Biol. 7 405 (2000)

http://dx.doi.org/10.1021%2Fja9914137
http://dx.doi.org/10.1016%2FS1074-5521%2800%2900121-6
mlg
D M John, K M Weeks Biochemistry 41 6866 (2002)

mlg
M Beban, P S Miller Bioconjugate Chem. 11 599 (2000)

http://dx.doi.org/10.1021%2Fbi025611d
http://dx.doi.org/10.1021%2Fbc000004t
mlg
A Y Louie, T J Meade Proc. Natl. Acad. Sci. USA 95 6663

mlg
(1998)

mlg
T J Meade, J F Kayyem Angew. Chem., Int. Ed. Engl. 34 352

mlg
(1995)

http://dx.doi.org/10.1073%2Fpnas.95.12.6663
http://dx.doi.org/10.1002%2Fanie.199503521
mlg
E S Krider, T J Meade J. Bioinorg. Chem. 3 222 (1998)

mlg
D B Hall, R E Holmin, J K Barton Nature (London) 382 731

mlg
(1996)

http://dx.doi.org/10.1007%2Fs007750050225
http://dx.doi.org/10.1038%2F382731a0
mlg
P J Dandliker, R E Holmin, J K Barton Science 275 1465

mlg
(1997)

mlg
MA Farrow, F Aboul-ela, D Owen, A Karpeisky, L Beigelman

mlg
M J Gait Biochemistry 37 3096 (1998)

http://dx.doi.org/10.1126%2Fscience.275.5305.1465
http://dx.doi.org/10.1021%2Fbi972695v
mlg
J Hall, D Husken, R Haner Nucleic Acids Res. 24 3522 (1996)

http://dx.doi.org/10.1093%2Fnar%2F24.18.3522
mlg
S B Cohen, T R Cech J. Am. Chem. Soc. 119 6259 (1997)

http://dx.doi.org/10.1021%2Fja9707421
mlg
M L Hamm, J A Piccirilly J. Org. Chem. 64 5700 (1999)

http://dx.doi.org/10.1021%2Fjo9903508
http://dx.doi.org/10.1016%2F0040-4020%2895%2998706-N
mlg
C L Dantzman, L L Kiesseling J. Am. Chem. Soc. 118 11 715

mlg
(1996)

http://dx.doi.org/10.1021%2Fja962265c
mlg
M Manoharan, L K Andrade, P D Cook Org. Lett. 1 311

mlg
(1999)

http://dx.doi.org/10.1021%2Fol9906209
mlg
T S Zatsepin, D A Stetsenko, A A Arzumanov, E A Romanova

mlg
M J Gait, T S Oretskaya Bioconjugate Chem. 13 822 (2002)

mlg
H Tsuruoka, K Shohda, T Wada,M Sekine J. Org. Chem. 62

mlg
2813 (1997)

http://dx.doi.org/10.1021%2Fbc020016%2B
http://dx.doi.org/10.1021%2Fjo970021k
mlg
L L H De Fallois, J L Decout,M Fontecave J. Chem. Soc.

mlg
Perkin Trans. 1 2587 (1997)

http://dx.doi.org/10.1039%2Fa701820g
mlg
J Coves, L L H De Fallois, L Le Pape, J-L Decout,MFontecave

mlg
Biochemistry 35 8595 (1996)

http://dx.doi.org/10.1021%2Fbi960355o
mlg
B Roy, S Chambert, M Lepoivre, A M Aubertin, J Balzarini

mlg
J L Decout J. Med. Chem. 46 2565 (2003)

http://dx.doi.org/10.1021%2Fjm0256225
mlg
J Stubbe,W A van der Donk Chem. Biol. 2 793 (1995)

http://dx.doi.org/10.1016%2F1074-5521%2895%2990084-5
mlg
A M Aronov, C L M J Verlinde, W G J Hol,M H Gelb

mlg
J. Med. Chem. 41 4790 (1998)

http://dx.doi.org/10.1021%2Fjm9802620
mlg
S Suresh, J C Bressi, K J Kennedy, C L M J Verlinde

mlg
M H Gelb, W G Hol J. Mol. Biol. 309 423 (2001)

http://dx.doi.org/10.1006%2Fjmbi.2001.4588
mlg
B Mestre, A Arzumanov, M Singh, F Boulme, S Litvak

mlg
M J Gait Biochim. Biophys. Acta 1445 86 (1999)

http://dx.doi.org/10.1016%2FS0167-4781%2899%2900019-6
mlg
B F Baker, H Khalili, N Wei, J R Morrow J. Am. Chem. Soc

mlg
119 8749 (1997)

http://dx.doi.org/10.1021%2Fja971050f
mlg
D S Wilson, J W Szostak Annu. Rev. Biochem. 68 611 (1999)

mlg
G M Emilsson, R R Breaker Cell. Mol. Life Sci. 59 596 (2002)

http://dx.doi.org/10.1146%2Fannurev.biochem.68.1.611
http://dx.doi.org/10.1007%2Fs00018-002-8452-4
mlg
B N Trawick, A T Daniher, J K Bashkin Chem. Rev. 98 939

mlg
(1998)

http://dx.doi.org/10.1021%2Fcr960422k
mlg
C F Bennett Antisense Nucleic Acid Drug Dev. 12 215 (2002)

http://dx.doi.org/10.1089%2F108729002760220806
mlg
J Sung, T Garestier, C Helene Curr. Opin. Struct. Biol. 6 327

mlg
(1996)

http://dx.doi.org/10.1016%2FS0959-440X%2896%2980051-0
mlg
N Schmid, J-P Behr Tetrahedron Lett. 36 1447 (1995)

http://dx.doi.org/10.1016%2F0040-4039%2895%2900027-A
mlg
K G Ragunathan, H-J Schneider Angew. Chem., Int. Ed. Engl

mlg
35 1219 (1996)

http://dx.doi.org/10.1002%2Fanie.199612191
mlg
E A Lukhtanov, M A Podyminogin, I V Kutyavin

mlg
R B Meyer, H B Gamper Nucleic Acids Res. 24 683 (1996)

http://dx.doi.org/10.1093%2Fnar%2F24.4.683
mlg
A Fire, S Xu,M K Montgomery, S A Kostas, S E Driver

mlg
C C Mello Nature (London) 391 806 (1998)

http://dx.doi.org/10.1038%2F35888
mlg
S M Elbashir, J Hardworth,W Lendeckel,A Yalcin,K Weber

mlg
T Tuschl Nature (London) 411 494 (2001)

http://dx.doi.org/10.1038%2F35078107
mlg
R Johnson, C B Reese, Z Pei-Zhuo Tetrahedron 51 5093 (1995)

mlg
S M Elbashir,W Lendeckel, T Tuschl Genes Dev. 15 188 (2000)

http://dx.doi.org/10.1101%2Fgad.862301
mlg
S Parrish, J Fleenor, S Xu, C Mello, A Fire Mol. Cell 6 1077

mlg
(2000)

http://dx.doi.org/10.1016%2FS1097-2765%2800%2900106-4
mlg
S M Elbashir, J Martinez, A Patkaniowska, W Lendeckel,

mlg
T Tuschl EMBO J. 20 6877 (2001)

mlg
A D J Scadden, C W J Smith EMBO Rep. 2 1107 (2001)

http://dx.doi.org/10.1093%2Femboj%2F20.23.6877
http://dx.doi.org/10.1093%2Fembo-reports%2Fkve244
mlg
D A Braasch, S Jensen, Y Liu, K Kaur, K Arar,M A White

mlg
D R Corey Biochemistry 42 7967 (2003)

mlg
H Grosshans, F J Slack J. Cell Biol. 156 17 (2002)

http://dx.doi.org/10.1021%2Fbi0343774
http://dx.doi.org/10.1083%2Fjcb.200111033
mlg
E G Moss Curr. Biol. 12 R688 (2002)

mlg
M T McManus, P A Sharp Nature Rev. Genet. 3 737 (2002)

http://dx.doi.org/10.1016%2FS0960-9822%2802%2901206-X
http://dx.doi.org/10.1038%2Fnrg908
mlg
S Gottesman Genes Dev. 16 2829 (2002)

http://dx.doi.org/10.1101%2Fgad.1030302
mlg
T Hermann, D J Patel Science 287 820 (2000)

http://dx.doi.org/10.1126%2Fscience.287.5454.820
mlg
A D Ellington, J W Szostak Nature (London) 346 818 (1990

mlg
W Kusser J. Biotechnol. 74 27 (2000)

http://dx.doi.org/10.1038%2F346818a0
http://dx.doi.org/10.1016%2FS1389-0352%2899%2900002-1
mlg
J L Beck, M L Colgrave, S F Ralph,M M Sheil Mass

mlg
Spectrom. Rev. 20 61 (2001)

mlg
C G Huber, H Oberacher Mass Spectrom. Rev. 20 310 (2001)

mlg
V K Jayasena, L Gold Proc. Natl. Acad. Sci. USA 94 10 612

mlg
(1997)

http://dx.doi.org/10.1002%2Fmas.1003
http://dx.doi.org/10.1002%2Fmas.10011
http://dx.doi.org/10.1073%2Fpnas.94.20.10612
mlg
C H Tung, S Stein Bioconjugate Chem. 11 605 (2000)

http://dx.doi.org/10.1021%2Fbc0000334
mlg
C R Dass J. Pharm. Pharmacol. 54 3 (2002)

http://dx.doi.org/10.1211%2F0022357021771887
mlg
M Fresta, R Chillemi, S Spampinato, S Scuito, G Puglisi

mlg
J. Pharm. Sci. 87 616 (1998)

http://dx.doi.org/10.1021%2Fjs9702978
mlg
M P Selvam, S M Buck, R A Blay, R E Mayner, P A Mied

mlg
J S Epstein Antiviral Res. 33 11 (1996)

mlg
M Monsigny, P Midoux, R Mayer, A C Roche Biosci. Rep. 19

mlg
125 (1999)

http://dx.doi.org/10.1016%2FS0166-3542%2896%2900993-X
http://dx.doi.org/10.1023%2FA%3A1020114611517
mlg
G Lambert, E Fattal, P Couvreur Adv. Drug Deliv. Rev. 47 99

mlg
(2001)

http://dx.doi.org/10.1016%2FS0169-409X%2800%2900116-2
mlg
I Lebedeva, L Benimetskaya, C A Stein, M Vilenchik Eur. J

mlg
Pharmacol. Biopharmacol. 50 101 (2000)

mlg
MTeplova, S T Wallace, V Tereshko,GMinasov, AMSymons

mlg
P D Cook,M Manoharan,M Egli Proc. Natl. Acad. Sci. USA

mlg
96 14 240 (1999)

http://dx.doi.org/10.1016%2FS0939-6411%2800%2900088-6
http://dx.doi.org/10.1073%2Fpnas.96.25.14240
mlg
V N Silnikov, V V Vlassov Usp. Khim. 70 562 (2001) [Russ

mlg
Chem. Rev. 70 491 (2001)]

http://dx.doi.org/10.1070/RC2001v070n06ABEH000610

2
=
v

ﬁ i
S lS
Y W

i

0>

=
g: g' E E g g EE
V vV vV vV vV Vv Y W

=
=
!

5B
Y

732

T S Zatsepin, E A Romanova, T S Oretskaya

336.

337.

338.

339.

340.
341.

342.

343.

344.

345.

346.

347.

348.

349.

350.

351.

352.

353.

354.

355.

356.

357.

358.

359.

360.

361.

362.

363.

304.

365.

366.

367.

368.

369.

A Arzumanov, A P Walsh, V K Rz wanshi, R Kumar, J Wengel,
M J Gait Biochem:stry 40 14 645 (2001)

J C Schmitz, D Yu, S Agrawa’, E Chu Nuc/!eic Acids Res. 29
415 (2001)

P Sazani, S H Kang, M A Maier, C Wei, J Dillman,

J Summerton, M Manoharan, R Kole Nucleic Acids Res.

29 3965 (2001)

V Dapic, P J Bates, J O Trent, A Rodger, S D Thomas,

D M Miller Biochemisti'y 41 3676 (2002)

T C Mou, D M Gray Nucleic Acids Res. 30 749 (2002)

M Ma, L Benimetskaya, I Lebedeva, J Digniam, G Takle,

C A Stein Nat. Biotechnol. 18 58 (2000)

M Rydh-Rinder, O G Berge, T Hokfelt Brain Res. Mol. Brain

Res. 86 23 (2001)

B P Monia, E A Lesnik, C Gonzalez, W F Lima, D McGee,

C J Guinosso, A M Kawasaki, P D Cook, S M Freier J. Biol.
Chem. 268 14514 (1993)

G Krupp Biochimie 75 135 (1993)

B Larrouy, C Boiziau, B Sproat, J J Toulme Nucleic Acids Res.

23 3434 (1995)

M Teplova, G Minesov, V Tereshko, G B Inamati, P D Cook,
M Manoharan, M Egli Nat. Struct. Bio!. 6 535 (1999)

O Khatsenko, R Morgan, L Truong, C York-Defalco,
H Sasmor, B Conklin, R S Geary Antisense Nucleic Acid

Drug Dev. 10 35 (2000)

R S Geary, T A Watanabe, L Truong, S Freier, E A Lesnik,

N B Sioufi, H Sasmor, M Manoharan, A A Levin
J. Pharmacol. Exp. Ther. 296 890 (2001)

P Sazani, F Gemignani, S H Kang, M A Maier, M Manoharan,

M Persmark, D Eortner, R Kole Nat. Biotechnol. 20 1228

(2002)

D R Corey Oncogene 21 631 (2002)
T A Vickers, J R Wyatt, T Burckin, C F Benreti, S M Freier
Nucleic Acids Res. 29 1239 (2001)

H Torigoe, R Shimizume, A Sazre:, H Shindo Biochemistry 38

14653 (1999)
J L Asensio, R Carr, T Brown, A N Lane J. Am. Chem. Soc

121 11063 (1999)
H Torigoe, Y Hari, M Sekiguch', S Obika, T Imanishi J. Biol

Chem. 276 2354 (2001)

A M Stutz, J Hoeck, F Natt, B Cuenoud, M Woisetschlager

J. Biol. Chem. 276 11759 (2001)
N Puri, A Majumdar, B Cuencud, F Natt, P Mariin, A Boyd,

P S Miller, M M Seidman J. Bio!. Chem. 276 25991 (2001)

N Puri, A Majumdar, B Cuencud, F Natt, P Martin, A Boyd,
P S Miller, M M Seidman Riochemistry 41 7716 (2002)

T Carlomargo, M J J Blonmumers, J Meiler, B Cuenoud,

C Griesinger J. Am. Chem. Soc. 123 7264 (2001)

K B Wiberg Acc. Chem. Res. 29 229 (1996)

S W Blume, J Lebowitz, W Zacharias, V Guarcello,

C A Mayfield, S W Ebbinghous, P Bates, D E Jones, J Trent,

N Vigneswarar, D M Miller Nucleic Acids Res. 27 695 (1999)

A Majumdar, N Puri, B Cuencud, F Natt, P Mariin, A Khorlin,

N Dyatkinz, A J George, P S Miiler, M M Seldman J. Biol

Chem. 278 11072 (2003)

M Sollogcoub, R Darby, B Cuenoud, T Brown, K R Fox
Biochemistry 41 7224 (2002)

G Ya Sheflyan, E A Kubarcve, E S Gromova Usp. Khim. 65
765 (1996) | Rutss. Chem. Rev. 65 709 (1996)]

V Pingoud, E Kubareva, G Stenge!, P Friedhoff, J M Bujnicki,

C Urbanke, A Sudina, A Pingoud J. Biol. Chem. 277 14306

(2002)

A Pingoud, A Jeltsch Eur. J. Biochem., 246 1 (1997)

O V Vorob’eva, S A Vasil’ev, A S Karyagina, T S Oretskaya,

E A Kubareva Mol. Biol. 34 1074 (2000) ©

K M Meisenheimer, T H Koch Crit. Rev. Biochem. Mol. Biol.
32101 (1997)

E A Kubarevz, E M Volkov, N L Vinogradovz, I A Kanevsky,

T S Oretskeya, S A Kumertsova, M G Brevnov,

E S Gromova, G A Nevinsky, Z A Shabarova Gene

157 167 (1995)

S S Parikh, G Waicher, G D Jones, G Slupphaug, H E Krokan,
G M Blackburri, J A Tainer Proc. Natl. Acad. Sci. USA 97 5083
(2000)

370

371

372

373

374

375.

376.

377.

378.

379.

380.

382.
383.
384.
385.
386.
387.
388.

389.
390.

391.

392.

393.

394.

39s.

396.

397.

398.

399.

400.

401.

402.

403.

404.

405.
406.

. M Ghosh, N V Kumar, U Varshuey, K V Chary Nucleic Acids
Res. 28 1906 (2000)

. O M Gritsenko, E V Koudan, S N Mikhailov, B S Ermolinsky,
A van Aerschot, P Herdew!jn, E S Gromova Nicleosides
Nucleotides Nucleic Acids 21 753 (2002)

. S N Mikhailov, B S Ermolinsky, E V Efimtseva, M G Brevnov,
O M Gritsenko, E S Gromova, A van Aerschot, P Herdewijn
Nucleosides Nucleotides 18 1469 (1999)

. S N Mikhailov, B S Ermolinsky, E V Efimtseva, G P Moiseyev,
V L Tunitskaya, E E Rusakova, S N Kochetkov,

O M Gritsenko, E S Gromova, A van Aerschot, P Herdewijn
Collect. Czech. Chem. Commun., Symp. Ser. 2 141 (1999)

. O M Gritsenko, S N Mikhailov, E V Efimtseva,

A van Aerschot, P Herdewijn, E S Gromova Nucleosides

Nucleotides Nucleic Acids 19 1805 (2000)

V L Tunitskayz, E E Rusakova, L'V Memelovi, SN Kochetkov,

A van Aerschot, P Herdewijr, E V Efimtsevi, B S Ermolinsky,

S N Mikhailov FEES Lett. 442 20 (1999)

D V Turutin, T S Zatsepin, M A Timchenko, E A Kubareva,

T S Oretskaya Mol. Biol. 36 877 (2002)¢

S Antsypovich, E Kubareva, V Tashlitsky, T Oretskaya,

Z Shabarova Eur. J. Biochem. 255 414 (1998)

S I Antsypovitch, T S Oretsicaya Usp. Khim. 67 274 (1998)

[Russ. Chem. Rev. 67 245 (1998)]

Y Lin, Q Qiu, S C Gill, S D Jayasena Nucleic Acids Res. 22

5229 (1994)

cllinek, C Bell, L A Beebe, B D Feistner,

S C Gill, F M Jucker, N Janjic Chem. Bio!. 2 683 (1995)
. D Jellinek, L S Green, C Bell, C K Lynnot, N Gill,
C Vargeese, G Kirschenheuter, D P C McGee, P Abesinghe,
W A Pieken Biochemistry 34 11363 (1995)
J S Nelson, L Giver, A D Eliington, R L Letsinger
Biochemistry 35 5339 (1996)
M F Kubik, C Bell, T Fitzwater, S R Watson, D M Tasset
J. Immunol. 159 259 (1997)
N Teramoto, H Ichinary, N Kawazoe, Y Imarishi, Y Ito
Biotechol. Bioeng. 75 463 (2001)
N Kawazoe, N Teramoto, H Ichinari, Y Imarishi, Y Ito
Biomacromolecules 2 681 (2001)
S W Lee, B A Sullenger J. Exp. Med. 184 315 (1996)
S W Lee, B A Sullenger Nat. Biotechnol. 15 41 (1997)
S Twai, S Katzoka, M Wakasz, E Ohtsuka, H Nakamura
FEBS Lett. 368 315 (1995)
N Baidya, O C Uhlenbeck Biochemistry 34 12363 (1995)
D Dertinger, T Dale, O C Uhienbeck J. Mo/, Eiol. 314 649
(2001)
E A Kubareva, N L Vasilenko, O V Vorobjeva, E M Volkov,
T S Oretskaya, G A Korshunova, G A Nevisky Biochem. Mol.
Biol. Int. 46 597 (1998)
A E Sudina, E M Volkov, E A Kubareva Moscow University
Chem. Bull. Suppl. 41 122 (2000)
H Aurup, A Siebert, F Benseler, D Williams, F Eckstein
Nucleic Acids Res. 22 4963 (1994)
K Yamana, T Gokota, H Ozaki, H Nakano, O Sangen,
T Shimidzu Nucleosides Nucleotides 11 383 (1992)
K Yamana, R Iwase, S Furtani, H Tsuchida, H Zako,
T Yamaoka, A Murakami Nuc!eic Acids Res. 277 2387 (1999)
K Yamana, H Zako, K Asziuma, R Iwase, H Nakano,
A Murakami Angew. Chem., int. Ed. 40 1104 (2001)
R Iwase, S Furutani, T Yamaoka, K Yamana, A Murakami
Nucleic Acids Symp. Ser. 35 117 (1996)
R Iwase, H Tsuchida, T Yamaoka, K Yamana, A Murakami
Nucleic Acids Symp. Ser. 36 205 (1997)
R Iwase, K Mahara, K Yamana, A Yamaoka, A Murakami
Nucleic Acids Symp. Ser. 42 115 (1999)

E Palecek, M Fojta Anal. Chem. 73 74A (2001)

A E Beilstein, M T Tierney, M W Grinstaff Comments Inorg.
Chem. 22 105 (2000)

T S Zatsepin, S Yu Andreev, T Hianik, T S Creiskaya Usp
Khim. 72 602 (2003) [Rus.. Chem. Rev. 72 537 (2003)]

US P. 6063 573 (2000)

US P. 6071 699 (2000)

E K Wilson Chem. Eng. News 76 47 (1998)


mlg
A Arzumanov, A P Walsh, VKRajwanshi, R Kumar, J Wengel

mlg
M J Gait Biochemistry 40 14 645 (2001)

mlg
J C Schmitz, D Yu, S Agrawal, E Chu Nucleic Acids Res. 29

mlg
415 (2001)

http://dx.doi.org/10.1021%2Fbi011279e
http://dx.doi.org/10.1093%2Fnar%2F29.2.415
mlg
V Dapic, P J Bates, J O Trent, A Rodger, S D Thomas

mlg
D M Miller Biochemistry 41 3676 (2002)

mlg
T C Mou, D M Gray Nucleic Acids Res. 30 749 (2002)

http://dx.doi.org/10.1021%2Fbi0119520
http://dx.doi.org/10.1093%2Fnar%2F30.3.749
mlg
M Ma, L Benimetskaya, I Lebedeva, J Dignam, G Takle

mlg
C A Stein Nat. Biotechnol. 18 58 (2000)

mlg
M Rydh-Rinder, O G Berge, T Hokfelt Brain Res. Mol. Brain

mlg
Res. 86 23 (2001)

http://dx.doi.org/10.1038%2F81113
http://dx.doi.org/10.1016%2FS0169-328X%2800%2900248-5
mlg
G Krupp Biochimie 75 135 (1993)

http://dx.doi.org/10.1016%2F0300-9084%2893%2990035-Q
mlg
M Teplova, G Minasov, V Tereshko, G B Inamati, P D Cook

mlg
M Manoharan, M Egli Nat. Struct. Biol. 6 535 (1999)

http://dx.doi.org/10.1038%2F9304
mlg
P Sazani, F Gemignani, S H Kang,MA Maier, MManoharan

mlg
M Persmark, D Bortner, R Kole Nat. Biotechnol. 20 1228

mlg
(2002)

mlg
D R Corey Oncogene 21 631 (2002)

http://dx.doi.org/10.1038%2Fnbt759
http://dx.doi.org/10.1038%2Fsj.onc.1205063
mlg
T A Vickers, J R Wyatt, T Burckin, C F Bennett, S M Freier

mlg
Nucleic Acids Res. 29 1239 (2001)

mlg
H Torigoe, R Shimizume, A Sarai, H Shindo Biochemistry 38

mlg
14 653 (1999)

http://dx.doi.org/10.1093%2Fnar%2F29.6.1293
http://dx.doi.org/10.1021%2Fbi990832d
mlg
J L Asensio, R Carr, T Brown, A N Lane J. Am. Chem. Soc

mlg
121 11 063 (1999)

mlg
H Torigoe, Y Hari,M Sekiguchi, S Obika, T Imanishi J. Biol

mlg
Chem. 276 2354 (2001)

http://dx.doi.org/10.1021%2Fja991949s
http://dx.doi.org/10.1074%2Fjbc.M007783200
mlg
A M Stutz, J Hoeck, F Natt, B Cuenoud, M Woisetschlager

mlg
J. Biol. Chem. 276 11 759 (2001)

mlg
N Puri, A Majumdar, B Cuenoud, F Natt, P Martin, A Boyd

mlg
P S Miller,M M Seidman J. Biol. Chem. 276 28991 (2001)

http://dx.doi.org/10.1074%2Fjbc.M010260200
http://dx.doi.org/10.1074%2Fjbc.M103409200
mlg
N Puri, A Majumdar, B Cuenoud, F Natt, P Martin, A Boyd

mlg
P S Miller,M M Seidman Biochemistry 41 7716 (2002)

http://dx.doi.org/10.1021%2Fbi025734y
mlg
T Carlomango,M J J Blommers, J Meiler, B Cuenoud

mlg
C Griesinger J. Am. Chem. Soc. 123 7364 (2001)

mlg
K B Wiberg Acc. Chem. Res. 29 229 (1996)

http://dx.doi.org/10.1021%2Fja002592r
http://dx.doi.org/10.1021%2Far950207a
mlg
S W Blume, J Lebowitz, W Zacharias, V Guarcello

mlg
C A Mayfield, S W Ebbinghous, P Bates, D E Jones, J Trent

mlg
N Vigneswaran, D M Miller Nucleic Acids Res. 27 695 (1999)

mlg
A Majumdar, N Puri, B Cuenoud, F Natt, P Martin, A Khorlin

mlg
N Dyatkina, A J George, P S Miller, M M Seidman J. Biol

mlg
Chem. 278 11 072 (2003)

http://dx.doi.org/10.1093%2Fnar%2F27.2.695
http://dx.doi.org/10.1074%2Fjbc.M211837200
mlg
M Sollogoub, R Darby, B Cuenoud, T Brown, K R Fox

mlg
Biochemistry 41 7224 (2002)

http://dx.doi.org/10.1021%2Fbi020164n
mlg
G Ya Sheflyan, E A Kubareva, E S Gromova Usp. Khim. 65

mlg
765 (1996) [Russ. Chem. Rev. 65 709 (1996)]

mlg
V Pingoud, E Kubareva,G Stengel, P Friedhoff, J M Bujnicki

mlg
C Urbanke, A Sudina, A Pingoud J. Biol. Chem. 277 14 306

mlg
(2002)

http://dx.doi.org/10.1074%2Fjbc.M111625200
mlg
E A Kubareva, EMVolkov, N L Vinogradova, I A Kanevsky

mlg
T S Oretskaya, S A Kuznetsova,M G Brevnov

mlg
E S Gromova, G A Nevinsky, Z A Shabarova Gene

mlg
157 167 (1995)

http://dx.doi.org/10.1016%2F0378-1119%2894%2900771-J
mlg
S S Parikh, G Walcher, G D Jones, G Slupphaug, H E Krokan

mlg
G M Blackburn, J A Tainer Proc. Natl. Acad. Sci. USA 97 5083

mlg
(2000)

http://dx.doi.org/10.1073%2Fpnas.97.10.5083
mlg
M Ghosh, N V Kumar, U Varshney, K V Chary Nucleic Acids

mlg
Res. 28 1906 (2000)

mlg
OMGritsenko, E V Koudan, S N Mikhailov, B S Ermolinsky

mlg
A van Aerschot, P Herdewijn, E S Gromova Nucleosides

mlg
Nucleotides Nucleic Acids 21 753 (2002)

http://dx.doi.org/10.1093%2Fnar%2F28.9.1906
http://dx.doi.org/10.1081%2FNCN-120016478
mlg
V L Tunitskaya, E E Rusakova, L V Memelova, SNKochetkov

mlg
A van Aerschot, P Herdewijn, E V Efimtseva, B S Ermolinsky

mlg
S N Mikhailov FEBS Lett. 442 20 (1999)

http://dx.doi.org/10.1016%2FS0014-5793%2898%2901625-1
mlg
S Antsypovich, E Kubareva, V Tashlitsky, T Oretskaya

mlg
Z Shabarova Eur. J. Biochem. 255 414 (199

mlg
S I Antsypovitch, T S Oretskaya Usp. Khim. 67 274 (1998)

mlg
[Russ. Chem. Rev. 67 245 (1998)]

http://dx.doi.org/10.1046%2Fj.1432-1327.1998.2550414.x
mlg
L S Green, D Jellinek, C Bell, L A Beebe, B D Feistner

mlg
S C Gill, F M Jucker, N Janjic Chem. Biol. 2 683 (1995)

http://dx.doi.org/10.1016%2F1074-5521%2895%2990032-2
mlg
J S Nelson, L Giver, A D Ellington, R L Letsinger

mlg
Biochemistry 35 5339 (1996)

http://dx.doi.org/10.1021%2Fbi952917u
mlg
N Teramoto, H Ichinary, N Kawazoe, Y Imanishi, Y Ito

mlg
Biotechol. Bioeng. 75 463 (2001)

mlg
N Kawazoe, N Teramoto, H Ichinari, Y Imanishi, Y It

mlg
Biomacromolecules 2 681 (2001)

http://dx.doi.org/10.1002%2Fbit.10078
http://dx.doi.org/10.1021%2Fbm000148a
mlg
S Iwai, S Kataoka, M Wakasa, E Ohtsuka, H Nakamura

mlg
FEBS Lett. 368 315 (1995)

http://dx.doi.org/10.1016%2F0014-5793%2895%2900683-Z
mlg
D Dertinger, T Dale, O C Uhlenbeck J. Mol. Biol. 314 649

mlg
(2001)

http://dx.doi.org/10.1006%2Fjmbi.2001.5132
mlg
K Yamana, R Iwase, S Furutani, H Tsuchida, H Zako

mlg
T Yamaoka, A Murakami Nucleic Acids Res. 27 2387 (1999)

http://dx.doi.org/10.1093%2Fnar%2F27.11.2387
mlg
K Yamana, H Zako, K Asazuma, R Iwase, H Nakano

mlg
A Murakami Angew. Chem., Int. Ed. 40 1104 (2001)

http://dx.doi.org/10.1002%2F1521-3773%2820010316%2940%3A6%3C1104%3A%3AAID-ANIE11040%3E3.0.CO%3B2-2
mlg
B T Young, S K Silverman Biochemistry 41 12271 (2002)

http://dx.doi.org/10.1021%2Fbi0264869
http://dx.doi.org/10.1070/RC2001v070n06ABEH000610
http://dx.doi.org/10.1070/RC1996v065n08ABEH000277
mlg
T S Zatsepin, S Yu Andreev, T Hianik, T S Oretskaya Usp

mlg
Khim. 72 602 (2003) [Russ. Chem. Rev. 72 537 (2003)]

http://dx.doi.org/10.1070/RC2003v072n06ABEH000807

o =
= =
E B

PR A o
58 BB a
Y Y W i

=
=
!

=
8 B
VRV

=
=
!

B B
VRY

=
=]
!

=
S
!

=
g" EZE
V. Y N

e
S S]
VY

Nucleosides and oligonucleotides containing 2'-reactive groups: synthesis and applications

407.

408.

409.

410.

411.

412.

413.

414.

415.

416.

417.

418.
419.

420.

421.

422.
423.

424.

425.

426.
427.

428.
429.
430.
431.
432.

433.

434.

435.

436.

437.

438.

439.

440.

441.

442.

R M Umek, S W Lin, J Vielmetter, R H Terbrueggen,

B Irvine, C J Yu,J F Kayyem, H Yowanto, G F Blackburn,
D H Farkas, Y P Chen J. Mol. Diagn. 3 74 (2001)

K Yamana, T Mitsui, J Yoshioka, T Isuno, H Nakano
Bioconjugate Chem. 7 715 (1996)

H M Desmukh, S P Joglekar, A D Broom Bioconjugate Chem.
6 578 (1995)

K Yamana, S Kumamoto, H Nakano, Y Matsuo, Y Sigue
Chem. Let!. 1132 (2001)

K Yamana, S Kumnazmoto, T Hasegawa, H Nakano, Y Sigue
Chem. Let!. 506 (2002)

V Kertesz, N A Whittemore, G B Inamaii, M Manoharan,

P D Cook, D C Ezker, J Q Chamibers Electrocanalysis (N.Y.)
12 889 (2000)

S T Sigurdsson Methods 18 71 (1999)

G Glick Biopo.ymers 48 83 (1998)

S T Sigurdsson Methods Enzymol. 318 155 (2000)

D J Earnshew, B Masquidz, S Muller, S T Sigurdsson,

F Eckstein, E Westhof, M J Gait J. Mol. Bio!. 274 197 (1997)
T K Stage-Zimmermann, O C Uhlenibeck Nat. Strict. Biol. 8
863 (2001)

K F Blount, O C Uhlenbeck Biochemistry 41 6334 (2002)

E J Maglott, ] T Goodwin, G D Glick J. Am. Chem. Soc. 121
7461 (1999)

G A Korshunova, NV Sumbatyan, A N Topin, M T Mchedlidze
Mol. Biol. 34 966 (2000) ©

K L Buchmueller, BT H:ll, M S Plaiz, K M Weeks J. Am.
Chem. Soc. 125 10850 (2003)

K L Buchmueiler, K M Weeks Biochemistry 42 13869 (2003)

S T Chamberlin, E J Merino, K M Weeks Proc. Natl. Acad. Sci.
US4 99 14688 (2002)

T E Edwards, T M Ckonogi, S T Sigurdsson Chem. Biol. 9 699
(2002)

T E Edwards, S T Sigurdsson Biochem. Biophys. Res. Comimiun
303 721 (2003)

T E Edwards, S T Sigurdsson Eiochemistry 41 14 843 (2002)

O Schiemanr, A Weber, T E Edwards, T F Prisner,

S T Sigurdsson. J. Am. Chem. Soc. 125 3434 (2003)

F Burlina, A Favre, J-L Fourrey Bivorg. Med. Chem. 5 1999
(1997)

D J Earnshow, M J Gait Biopolymeis 48 39 (1998)

M J Fedor J. Mol. Bin!. 297 269 (2000)

W A Pieken, D B Olsen, F Benseler, H Aurup, F Eckstein
Science 253 314 (1991)

O Heidenreich, F Benseler, A Fahrenholz, F Eckstein J. Biol.
Chem. 269 2131 (1994)

L Beigelmar, J A McSwiggern, K G Draper, C Gonzalez,

K Jensen, A M Karpeisky, A S Modak, J Matulic-Adzmic,

A B DiReno, P Haeberli, D Sweed'er, D Tracz, S Grimm,

F E Wincott, V G Thackray, N Usman J. Bio!. Chem. 270
25702 (1995)

T CJarvis, F E Wincott, LJ Aiby,J A McSw.ggen, L Belgeman,
J Gustofson, A DiRenzo, K Levy, M Arthur, J Maiulic-
Adamic, A Karpeisky, C Gonzaler, T M Woolf, N Usman,

D T Stncheomb J. Biol. Chem. 271 29 107 (1996)

D J Earnshaw, M L Hamm, J A Piccirilli, A Karpeisky,

L Beigelman, B S Ross, M Manoharan, M J Gait Biochemistry
40 7350 (2001)

A Beaudry, J DeFoe, S Zinnen, A Burgin, L Beigelman Chem.
Biol. 7 323 (2000)

S P Zinnen, K Domenico, M Wiisorn, B A Dick nsor, A Beaudry,
V Mokler, A T Diniler, A Burgin, L Beigelmen RN A 8 214
(2002)

G Paolella, B S Sproat, A I Lamond EMBO J. 11 1913 (1992)
M Cieslak, J Niewiarowskz, M Nawrot, M Koz olkiewicz,

W J Stec, C S Clerniewski J. Eiol. Chem. 277 6779 (2002)

K F Blount, N L Grover, V Mokler, L Beigelman,

O C Uhlenbeck Chem. Biol. 9 1009 (2002)

C Hendrix, M Mzhicu, J Anne, S ven Calenbergh,

A vin Aerschot, J Content, P Herdewin Biochem. Biophy.s.
Res. Commun. 210 67 (1995)

M L Hamm, J P Schwans, J A Piccirilli J. Am. Chem. Soc. 122
4223 (2000)

=
=
vV

g

01>

oo
A B
v

01>

=
S
!

443

444

445.

446.

447.

448.

449.
450.

451.

. M L Hamm, D Niko'ic, R B van Breemen, J A Ficeirilli J. Am
Chem. Soc. 122 12069 (2000)

. K Raines, P A Gottlieb RNA 4 340 (1998)

J P Schwans, C N Cortez, J M Olvera, J A Piceivilli J. Am.

Chem. Soc. 125 10012 (2003)

R Stromberg, S Hahne, A S Sjogren, B M Sjoberg Biochem.

Biophys. Res. Commun. 183 842 (1992)

A S Sjogren, E Peitersson, B M Sjoberg, R Stromberg Nucleic

Acids Res. 25 648 (1997)

A S Sjogren, R Siromberg, B M Sjoberg Nucleic Acids Res. 25

3543 (1997)

S Shan, D Herschlag Biochemistry 38 10958 (1999)

S Shan, G J Narlikar, D Herschizg Biochem!stiry 38 10976

(1999)

D V Morrissey, P A Lee, D A Johnson, S L Overly,

J A McSwigger, L Beigelmzrn, V R Mok'er, L Maloney,

C Vargeese, K Bowman, J T O'Brien, C S Shaffer, A Conrad,

P Schmid, J D Mowrey, D G Mzce ak, P A Pavco, L M Blatt

J. Viral Hepat. 9 411 (2002)

& — Russ. J. Bioorg. Chem. ( Engl. Transl.)
b Biochemistry (Engl. Transl.)
¢— Mol. Biol. (Engl. Transl.)

733


mlg
K Yamana, T Mitsui, J Yoshioka, T Isuno, H Nakano

http://dx.doi.org/10.1021%2Fbc960064s
mlg
K Yamana, S Kumamoto, H Nakano, Y Matsuo, Y Sigue

mlg
Chem. Lett. 1132 (2001)

http://dx.doi.org/10.1246%2Fcl.2001.1132
mlg
K Yamana, S Kumamoto, T Hasegawa, H Nakano, Y Sigue

mlg
Chem. Lett. 506 (2002)

mlg
V Kertesz, N A Whittemore, G B Inamati,M Manoharan

mlg
P D Cook, D C Baker, J Q Chambers Electroanalysis (N.Y.)

mlg
12 889 (2000)

http://dx.doi.org/10.1246%2Fcl.2002.506
http://dx.doi.org/10.1002%2F1521-4109%28200008%2912%3A12%3C889%3A%3AAID-ELAN889%3E3.0.CO%3B2-K
mlg
S T Sigurdsson Methods 18 71 (1999)

mlg
G Glick Biopolymers 48 83 (1998)

http://dx.doi.org/10.1006%2Fmeth.1999.0758
http://dx.doi.org/10.1002%2F%28SICI%291097-0282%281998%2948%3A1%3C83%3A%3AAID-BIP8%3E3.3.CO%3B2-5
mlg
S T Sigurdsson Methods Enzymol. 318 165 (2000)

http://dx.doi.org/10.1016%2FS0076-6879%2800%2918051-6
mlg
D J Earnshaw, B Masquida, S Muller, S T Sigurdsson

mlg
F Eckstein, E Westhof,M J Gait J. Mol. Biol. 274 197 (1997)

http://dx.doi.org/10.1006%2Fjmbi.1997.1405
mlg
T K Stage-Zimmermann, O C Uhlenbeck Nat. Struct. Biol. 8

mlg
863 (2001

http://dx.doi.org/10.1038%2Fnsb1001-863
mlg
K F Blount, O C Uhlenbeck Biochemistry 41 6834 (2002)

http://dx.doi.org/10.1021%2Fbi025596c
mlg
E J Maglott, J T Goodwin, G D Glick J. Am. Chem. Soc. 121

mlg
7461 (1999)

http://dx.doi.org/10.1021%2Fja9913075
mlg
K L Buchmueller, B T Hill, M S Platz, K M Weeks J. Am.
Chem. Soc. 125 10850 (2003)

http://dx.doi.org/10.1021%2Fja035743%2B
mlg
K L Buchmueller, K M Weeks Biochemistry 42 13869 (2003)

mlg
S I Chamberlin, E J Merino,K M Weeks Proc. Natl. Acad. Sci.
USA 99 14688 (2002)

http://dx.doi.org/10.1021%2Fbi035476k
http://dx.doi.org/10.1073%2Fpnas.212527799
mlg
T E Edwards, T M Okonogi, S T Sigurdsson Chem. Biol. 9 699
(2002)

mlg
T E Edwards, S T Sigurdsson Biochem. Biophys. Res. Commun.
303 721 (2003)

http://dx.doi.org/10.1016%2FS1074-5521%2802%2900150-3
http://dx.doi.org/10.1016%2FS0006-291X%2803%2900411-X
mlg
T E Edwards, S T Sigurdsson Biochemistry 41 14 843 (2002

mlg
O Schiemann, A Weber, T E Edwards, T F Prisner,
S T Sigurdsson. J. Am. Chem. Soc. 125 3434 (2003)

http://dx.doi.org/10.1021%2Fbi026299a
http://dx.doi.org/10.1021%2Fja0274610
mlg
F Burlina, A Favre, J-L Fourrey Bioorg. Med. Chem. 5 1999
(1997)

mlg
D J Earnshow,M J Gait Biopolymers 48 39 (1998)

http://dx.doi.org/10.1016%2FS0968-0896%2897%2900144-2
http://dx.doi.org/10.1002%2F%28SICI%291097-0282%281998%2948%3A1%3C39%3A%3AAID-BIP5%3E3.0.CO%3B2-A
mlg
M J Fedor J. Mol. Biol. 297 269 (2000)

http://dx.doi.org/10.1006%2Fjmbi.2000.3560
mlg
L Beigelman, J A McSwiggen, K G Draper, C Gonzalez,
K Jensen, A M Karpeisky, A S Modak, J Matulic-Adamic,
A B DiRenzo, P Haeberli, D Sweedler, D Tracz, S Grimm,
F E Wincott, V G Thackray, N Usman J. Biol. Chem. 270
25 702 (1995)

mlg
T C Jarvis, F E Wincott, L J Alby, JA McSwiggen, L Beigelman,
J Gustofson, A DiRenzo, K Levy,M Arthur, J Matulic-
Adamic, A Karpeisky, C Gonzalez, T M Woolf, N Usman,
D T Stinchcomb J. Biol. Chem. 271 29 107 (1996)

http://dx.doi.org/10.1074%2Fjbc.270.43.25702
http://dx.doi.org/10.1074%2Fjbc.271.46.29107
mlg
A Beaudry, J DeFoe, S Zinnen, A Burgin, L Beigelman Chem.
Biol. 7 323 (2000)

mlg
S P Zinnen,KDomenico,MWilson, BADickinson,ABeaudry,
V Mokler, A T Daniher, A Burgin, L Beigelman RNA 8 214
(2002)

http://dx.doi.org/10.1016%2FS1074-5521%2800%2900110-1
http://dx.doi.org/10.1017%2FS1355838202014723
mlg
M Cieslak, J Niewiarowska,M Nawrot, M Koziolkiewicz,
W J Stec, C S Cierniewski J. Biol. Chem. 277 6779 (2002)

mlg
K F Blount, N L Grover, V Mokler, L Beigelman,
O C Uhlenbeck Chem. Biol. 9 1009 (2002)

http://dx.doi.org/10.1074%2Fjbc.M102325200
http://dx.doi.org/10.1016%2FS1074-5521%2802%2900218-1
mlg
C Hendrix,M Mahieu, J Anne, S van Calenbergh,
A van Aerschot, J Content, P Herdewijn Biochem. Biophys.
Res. Commun. 210 67 (1995)

mlg
M L Hamm, J P Schwans, J A Piccirilli J. Am. Chem. Soc. 122
4223 (2000)

http://dx.doi.org/10.1006%2Fbbrc.1995.1628
http://dx.doi.org/10.1021%2Fja993027v
mlg
Bioconjugate Chem. 7 715 (1996)

mlg
M L Hamm, D Nikolic, R B van Breemen, J A Piccirilli J. Am

mlg
Chem. Soc. 122 12 069 (2000)

http://dx.doi.org/10.1021%2Fja000379p
mlg
J P Schwans, C N Cortez, J M Olvera, J A Piccirilli J. Am

mlg
Chem. Soc. 125 10012 (2003

http://dx.doi.org/10.1021%2Fja035175y
mlg
A S Sjogren, E Pettersson, B M Sjoberg, R Stromberg Nucleic

mlg
Acids Res. 25 648 (1997)

mlg
A S Sjogren, R Stromberg, B M Sjoberg Nucleic Acids Res. 25

mlg
3543 (1997

http://dx.doi.org/10.1093%2Fnar%2F25.3.648
http://dx.doi.org/10.1093%2Fnar%2F25.17.3543
mlg
S Shan, D Herschlag Biochemistry 38 10 958 (1999

mlg
S Shan, G J Narlikar, D Herschlag Biochemistry 38 10 976

mlg
(1999)

http://dx.doi.org/10.1021%2Fbi990388e
http://dx.doi.org/10.1021%2Fbi9903897
mlg
D V Morrissey, P A Lee, D A Johnson, S L Overly

mlg
J A McSwiggen, L Beigelman, V R Mokler, L Maloney,

mlg
C Vargeese, K Bowman, J T O'Brien, C S Shaffer, A Conrad

mlg
P Schmid, J D Morrey, D G Macejak, P A Pavco, L M Blatt

mlg
J. Viral Hepat. 9 411 (2002)

http://dx.doi.org/10.1046%2Fj.1365-2893.2002.00383.x

	Introduction
	Synthesis of modified nucleosides containing reactive groups in the 2'-position
	Synthesis of nucleosides containing nucleophilic groups
	Synthesis of nucleosides containing electrophilic groups

	Synthesis of conjugates based on 2'-modified nucleosides and oligonucleotides
	Synthesis of nucleoside 2'-conjugates
	Solid-phase synthesis of oligonucleotide conjugates
	Solution synthesis of oligonucleotide conjugates

	The use of nucleosides, nucleotides and oligonucleotides containing reactive groups in the 2'-position
	The use of nucleosides and nucleotides
	The use of 2'-modified oligonucleotides and their conjugates

	Conclusion
	References



