
Abstract. Data on the methods employed for cross-linking of
DNA strands and for the synthesis of oligonucleotide duplexes
with cross-links between strands are summarised. Existing meth-
ods are systematised; their advantages and drawbacks are dis-
cussed. The examples of applications of DNA duplexes with
covalently cross-linked chains for the study of protein ± nucleic
acid recognition and mechanisms of action of nucleic acid-binding
proteins for gaining information about the spatial structure of
nucleic acids, and for the solution of other problems of molecular
biology are given. The bibliography includes 131 references.

I. Introduction

Studies of fine details of cellular processes related to the expres-
sion and processing of genetic information require that a new
generation of modified oligonucleotide derivatives be created that
can be used as tools in these studies.

Therefore, in recent years the chemical approach employing
modified oligonucleotides for the study of mechanisms of inter-
action of proteins with nucleic acids has been widely used in
combination with physicochemical methods, such as X-ray struc-
tural analysis andNMRspectroscopy. The directmodifications of
the nucleic acid chemical structure in protein ± nucleic acid com-
plexes and the analysis of properties of such synthetic systems has
made it possible to gain information about the spatial structure of
these complexes and the nature of protein-nucleic acid contacts.
Directed modification allows useful properties to be conferred on
oligonucleotides, such as resistance against nuclease degradation,
enhanced thermodynamic stability of the duplexes formed by
them, low toxicity, and the ability to penetrate cellular mem-
branes. It also favours selective recognition and site-specific
(including covalent) binding of DNA with proteins.1 ± 9

Oligonucleotides and their reactive derivatives are important
tools for the study of protein ± nucleic acid interactions in tran-
scription, translation, replication, repair, recombination, and
modification of nucleic acids. Until fairly recently, it was mainly
derivatives of single-stranded oligonucleotides that were used to
this end. Meanwhile, a great variety of processes, such as repair,
recombination, initiation of transcription by the corresponding
factors, etc., occur with the involvement of double-stranded
nucleic acids. Consequently, it is the double-stranded structures
that should be used as models and affinity reagents in studies of
these processes.

Modified nucleic acid duplexes have found use in elucidating
the mechanisms of action of enzymes that interact with nucleic
acids and in establishing the features of protein ± nucleic acid
recognition. The method based on the use of cross-linked nucleic
acid duplexes is one of the most promising and popular proce-
dures for investigation of protein ± nucleic acid interactions. DNA
duplexes with covalently cross-linked strands can be used as
models for the study of the majority of the aforementioned cell-
mediated processes and for the construction of affinity reagents
and `decoys' for proteins binding double-stranded DNA.10 ± 16

For example, if themechanism of action of an enzyme includes
the unwinding of the double helix of DNA, covalent cross-links
between the strands will prevent this process and thus strongly
suppress the action of the enzyme. Duplexes stabilised by cross-
linking can be potential inhibitors of nucleic acid-binding pro-
teins.10, 13 Duplexes with covalently cross-linked chains are prom-
ising for the isolation of proteins by affinity chromatography.
Covalent cross-links formed in specific positions can stabilise
thermodynamically unstable DNA structures.15, 17

Two main methods exist for the synthesis of this type of
compound. Historically, the first of them consists in non-specific
treatment of sufficiently long DNA molecules with bifunctional
alkylating agents, such as derivatives of psoralen, pyrroles, and
some other compounds.1 ± 5, 18 The second method, which leads to
the formation of DNA duplexes with covalently cross-linked
chains, is based on the use of derivatives of modified oligonucleo-
tides containing chemically reactive groups.

One of the first to begin the study of reactions between the
strands of DNA duplexes more than 30 years ago was a group of
Russian investigators from the Siberian Branch of the
Russian Academy of Sciences directed by Academician
D G Knorre.1 ± 3, 19 ± 23 These studies have ushered in the method
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of `targeted chemical modification' which has been used in the
structural analysis of nucleic acids. Conceptually, this method is
related to the construction of synthetic analogues of nucleases
specific for a definite type of DNA base. Later, this method gave
way to the method of `complementarily targeted modifica-
tion'.1 ± 3, 24 ± 31 The latter consists in the introduction of a reactive
alkylating group into an oligonucleotide. After hybridisation, this
group interacts site-specifically with the target DNA, i.e., it
alkylates the target at a predetermined position.

Thus, the majority of studies connected with the use of
alkylating reagents aimed at the modification of nucleic acids
dealt with the synthesis of highly reactive derivatives, which
reacted with the target nucleic acid resulting in labilisation of the
glycosidic bond in one of the nucleosides and, as a consequence, in
the cleavage of the phosphodiester bonds of the oligonucleo-
tide.1 ± 3 Irrespective of the nature of the alkylating reagent,
double-stranded complexes with covalently cross-linked chains
formed were unstable and underwent spontaneous hydrolysis in
aqueous solutions. These investigations gave information about
the reactions between the chains of double-stranded nucleic acids;
however, the synthesis of DNA duplexes with covalently cross-
linked chains was not the aim of these studies, and for this reason
they are not considered in detail in the present review.

This review encompasses studies devoted predominantly to
the preparation of synthetic oligonucleotide duplexes with cova-
lently cross-linked chains and to the methods of nonspecific cross-
linking of DNA chains. It does not consider covalently closed
structures of nucleic acids, such as cyclic oligonucleotides and
dumbbell-like structures, since this is an independent trend of
research, which is also being developed in recent years.

II. The main methods for the synthesis of cross-
linked DNA duplexes

It is known that bifunctional alkylating reagents that can form
cross-links between the chains (such as 2-chloroethylnitrosourea,
etc.) can also inhibit nucleic acid biosynthesis. In many cases, such
reagents are efficient antitumour drugs.5, 6, 32 ± 34 This is due to the
fact that nonspecific cross-linking of DNA chains is highly toxic
for the cell,5, 34 since it prevents expression of the genetic material.
The ability to form cross-links in double-stranded DNA is the
reason for the cytotoxicity of many compounds employed in
clinical practice.

A great number of compounds that can cross-link nucleic acid
chains have been described. Psoralen 7, 11, 12, 18, 35 ± 64 and pyr-
role 34, 65 ± 71 derivatives are the most popular to this end. Other
compounds used for the formation of interchain cross-links in
double-stranded nucleic acids include aziridinolbenzoquinones
(2,5-bisaziridino-1,4-benzoquinone 72, 73 or alkylaziridino-1,4-
benzoquinones),74 aziridinonitrobenzamides (5-aziridino-2-
nitro-4-nitrosobenzamide and 5-aziridino-4-hydroxylamino-2-
nitrobenzamide 75), anthracyclines (daunomycin,76 adriamycin,77

anthramycin,78, 79 mitomycin C 80 ± 83 and its analogues 84), mela-
mine derivatives, e.g., trishydroxymethyl(trimethyl)melamine,85

acridine derivatives, e.g., 1-nitro-9-(3-N,N-dimethylaminopropy-
l)aminoacridine,86 chloroambucyl,87, 88 4-hydroperoxycyclophos-
phamide,89 tris(2-chloroethyl)amine,90, 91 1,3-bis(2-chloro-ethyl)-
1-nitrosourea,92 2-aminomethylpyrrolidine(cyclo-butane-1,1-
dicarboxy)platinum(II),93 cisplatin,34, 80, 92, 94 and cis-diamminedi-
chloroplatinum(II).95

Synthetic cross-linked oligonucleotide duplexes are the most
convenient tools for the study of gene structure and functions.
Their application has a number of salient advantages over non-
specific alkylation of nucleic acids. The presently known bifunc-
tional electrophilic reagents usually recognise those sequences in
nucleic acids the length of which does not exceed two nucleotide
residues. As a rule, the reactions with the participation of these
reagents yield mixtures of monoadducts and products of intra-
strand cross-links. Heterogeneity of the reaction mixture resulting
from the alkylation of DNA with non-specific bifunctional

reagents 18 is often an obstacle in the studies of effects of individual
interstrand cross-links on DNA processing.

At present, the synthesis of oligonucleotide duplexes cross-
linked at the predetermined positions of the double helix is
complicated because the cross-links between the chains are either
unstable 96 or endow significant disturbances in the secondary
structure of DNA.35, 36 New approaches to the synthesis of DNA
duplexes with interstrand cross-links have recently appeared,
which permit cross-links to be created at any predetermined site
of the DNA duplex and to introduce several cross-links into the
same duplex.

The main requirements for the methods of synthesis of
modified oligonucleotides that are used in the preparation of
duplexes with covalently cross-linked chains can be formulated as
follows: (1) the possibility of targeted incorporation of modified
units into any predetermined position of the oligonucleotide
chain; (2) the applicability of standard procedures of oligonucleo-
tide synthesis, and (3) the possibility of incorporation of several
modified units into the same oligonucleotide for subsequent
synthesis of an oligonucleotide duplex with several cross-links
between the chains.

III. Methods for the synthesis of modified
oligonucleotides

Generally, an oligonucleotide can be modified at heterocyclic
bases, phosphate groups (internucleotide or terminal), or carbo-
hydrate residues. The potentialities of modern chemical synthesis
of nucleic acid fragments allow targeted incorporation of one or
several modified units (identical or different) into the oligonucleo-
tide.

Compounds carrying primary aliphatic amino groups as well
as aldehyde, carboxy, sulfhydryl, and phosphate groups are used
for the cross-linking of the duplex chains. The general requirement
for the formation of a cross-link is the localisation of the reactive
group at the end of a spacer (a cross-linking arm). The length of
the spacer can vary widely depending on the mutual arrangement
of the reactive groups within the duplex. Thus in the case of
psoralens, a relatively short, two-carbon-atoms-long spacer is
sufficient for the interaction with the opposite chain.37, 38

A functional group can be incorporated into the oligonucleo-
tide by the following methods:8

(a) using a modified nucleotide component carrying the
corresponding functional group in the chemical oligonucleotide
synthesis;

(b) incorporating a precursor compound into the oligomeric
chain followed by treatment with the corresponding reagents that
give the target-modified unit either in the course of the oligonu-
cleotide synthesis or after its completion;

(c) post-synthetic modification of an oligonucleotide.
The potentialities of the latter approach are limited. It can be

used only for preparing oligonucleotide analogues carrying
numerous statistically modified units (e.g., units with identical
heterocyclic bases undergoing modification). In the former two
methods, modification is envisaged in the very pattern of the
chemical synthesis of oligonucleotides.

The first method is the most versatile. It consists in prelimi-
nary formation of modified units and their subsequent incorpo-
ration into the oligonucleotide in the process of synthesis. This
method does not constrain either the number or the chemical
nature of the units to be introduced into the oligonucleotide chain.
Moreover, it significantly simplifies isolation of the target prod-
uct. Side reactions in the process of oligonucleotide synthesis are
minimised because all chemically reactive functional groups of the
oligonucleotide have been preliminarily protected. The initial
modification of the nucleoside to be inserted is usually carried
out in non-aqueous media, which permits the use of a broad
spectrum of modifying reagents, whereas post-synthetic modifi-
cations are usually performed in aqueous solutions.
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IV. The use of psoralens for the synthesis of
covalently linked DNA duplexes

Psoralens {7H-furo[3,2-g] [1]benzopyran-7-ones} { are polycyclic
aromatic compounds of the general formula 1; they have a planar
structure and are capable of intercalating between the base pairs
of the double helix.36, 39 ± 41

These compounds are specific to the thymidine and uridine
residues. On UV irradiation of DNA duplexes at l 320 ± 360 nm,
psoralen incorporates into the double helix and binds covalently
with the pyrimidine bases of DNA, preferentially with thymine, at
positions 5 and 6 to form four-membered rings (Scheme 1).37, 42, 43

Scheme 1

Psoralens can enter into photoaddition reactions with cyti-
dine. However, this reaction occurs 15 times more slowly than
with thymidine.44 In DNA, psoralens predominantly bind with
the 50-d(TpA) sequence.40, 43, 45, 46 The efficiency of psoralen
photoaddition to this sequence is at least one order of magnitude
higher than that to thymidine in any another environment. The
same regularities hold for the synthesis of cross-linked RNA
duplexes.11, 12, 47, 48

Since psoralen is a bifunctional reagent, the photo-induced
reaction can lead either to the monoadduct of the type 2, when the
psoralen molecule is added to only one chain of nucleic acid, or to
the bisadduct of the general formula 3. In the latter case, a duplex
with covalently cross-linked chains is formed. The formation of
the bisadduct 3 requires the absorption of two photons 49 and

occurs in two steps (Scheme 1).7, 11, 45 If the pyrone ring of
psoralen enters into the reaction at the first stage, the bisadduct
is not formed, since the furan ring of the monoadduct becomes
incapable of absorbing UV light.11

Intercalation of psoralen into the double helix, which usually
increases the thermodynamic stability of the duplex, is a prereq-
uisite for the reaction between the chains. The formation of
adducts can be accompanied by photoinactivation of psoralen,
which consists in photochemical degradation of the pyrone ring.38

The adducts of nucleic acids with psoralen are decomposed into
the original components on irradiation with UV light with a
wavelength that depends on the structure of the psoralen deriva-
tive;39, 40, 42, 45 as a rule, it is equal to 254 nm. Thus, the cross-
linking of DNA chains with psoralen is reversible.

In the absence of UV irradiation, psoralens are non-toxic. The
ability of these compounds to form cross-links between DNA
chains makes possible their application in in vitro and in vivo
studies of the DNA structure. Psoralens are used both in medicine
for photochemotherapy of some diseases 39, 40, 50, 51 and in inves-
tigations of some molecular-biological processes. Psoralen has
been used for the analysis of the secondary structure of
RNA35, 47, 48, 50 ± 52 and the structure of the DNA±RNA-poly-
merase transcription complex.12, 53 ± 55 Currently, psoralen deriv-
atives are used for the study of the secondary and tertiary structure
of nucleic acids as well as for the analysis of mechanisms of DNA
repair.56 ± 58

Methods of targeted incorporation of psoralen into oligonu-
cleotides (directly in oligonucleotide synthesis or after its comple-
tion and removal of protective groups) are of prime interest. The
monoadduct of psoralenwith the oligonucleotide can be produced
post-synthetically using an activating reagent.12, 59, 60 Such a
monoadduct was obtained in the reaction of a 50-phosphorylated
self-complementary oligonucleotide with 40-aminoalkyl-4,50,8-tri-
methylpsoralen in the presence of 1-ethyl-3-(3-dimethyl-
amino)propylcarbodiimide hydrochloride, EtN=C=N(CH2)3 ±
NMe2 .HCl (water-soluble carbodiimide, CDI). Hybridisation
and irradiation yield a DNA duplex, which is cross-linked at the
both ends.

The second method consists normally in the addition of
psoralen to the 50-end of the oligonucleotide in the oligonucleotide
synthesis. Phosphoramidite derivatives of psoralen are used at the
last stage of the synthesis.37, 38 A typical synthetic scheme for the
incorporation of psoralen into oligonucleotides is described in
Ref. 38: 4,50,8-trimethylpsoralen (4) was converted into the phos-
phoramidite 6 (Scheme 2) and the latter was used for the oligo-
nucleotide synthesis.

4,50,8-Trimethylpsoralen 4 was added to the 50-end of an 18-
membered oligonucleotide; the resulting oligonucleotide 7 was
introduced into the cross-linking reaction of DNA duplex chains
(Scheme 3). 4,50,8-Trimethylpsoralen 4 was shown 38 to be stable
both under conditions of synthesis and post-synthetic treatments
of the oligonucleotide. It is noteworthy that psoralen-containing
oligonucleotides of the type 7 are characterised by higher hydro-
phobicity, which is manifested in the increased retention time (in
comparison with non-modified analogues) on HPLC.38

In this case, the nucleotide sequence of the oligonucleotides
constituting the duplex was selected so that psoralen 4 intercalated
into a double helix and reacted with thymidine in the 50-d(TpA)/
30-d(ApT) sequence.61 It was found that the maximum yield of the
DNA duplex 8 could be obtained when the CH27O7CH2CH2

group was used as the spacer for the addition of psoralen to the
oligonucleotide (Scheme 3).

As a rule, the yield of the product 8 increases within the first
10 ± 30 min after the beginning of irradiation (360 nm, 20 8C) and
reaches 70%±80%after 60 min. A quantitative yield could not be
attained even with a 100-fold excess of the modified oligonucleo-
tide 7with respect to theDNAmatrix 38 due to partial inactivation
of psoralen in the irradiation.

The 50-d(TpA)/30-d(ApT) motif is present in signal sequences
of many genes. They represent potential targets for psoralen-
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modified oligonucleotides of the type 7. Thus oligonucleotides of
this type can serve as convenient probes for the study of gene
expression.

A method for the synthesis of psoralen-containing oligonu-
cleotides using a modified deoxyadenosine { phosphoramidite 9
has been proposed.37

4,50,8-Trimethylpsoralen 4 was attached to the C(8) atom of
deoxyadenosine through the sulfur atom and the pentamethylene
spacer. Subsequent phosphitylation afforded compound 9. To
achieve the maximum yield (90%) in the coupling of the phos-
phoramidite 9 with an oligonucleotide, 5-(4-nitrophenyl)-1H-
tetrazole was used instead of tetrazide; the duration of condensa-
tion was 8 min.

The optimum length of the spacer was established by molec-
ular modelling. In this particular case, the optimum length of the
spacer needed for the psoralen intercalation into the 50-d(TA)/30-
d(AT) site is five carbon atoms. An analogous derivative of
deoxyadenosine of the type 9 but with a two-carbon-atoms-long
spacer manifested a very weak cross-linking capacity. The effi-
ciency of photoaddition to the complementary matrix chain
exceeded 90% after 1-hr UV irradiation at l 345 nm. This
resulted in the formation of several products, which correspond
to different possibilities of psoralen incorporation into the double
helix. It was noted that psoralen was effectively incorporated both
into the 50-d(TA)/30-d(AT) and the 50-d(AT)/30-d(TA) sequences,
where it reacted both with the thymidine unit in the opposite chain
and the adjacent one.

Owing to the fact that the ends of DNA duplexes of the type 8
with covalently cross-linked chains remain free, various labels
(radioactive, fluorescent, or any other) can be easily attached to
these ends. In addition, such duplexes can be incorporated into
more extended DNA structures.37

The reaction of oligonucleotide methylphosphonates (OMP)
bearing the psoralen derivative, 40-[N-(2-aminoethyl)amino-
methyl]-4,50,8-trimethylpsoralen 10 (PS-OMP) attached to their
50-ends with single- and double-stranded DNA, has been studied.

Compound 10was coupled with the 50-end of OMP carrying a
phosphate group to give compound 11 (Scheme 4). Water-soluble
CDI was used for the activation of the phosphate group. It was
shown that the P ±N bond is resistant to nucleases; however, it is
cleaved in an acidic medium to give the original 50-phosphorylated
OMP.

On irradiation, PS-OMP specifically reacted with the tem-
plate. The presence in the duplex of less stable nucleotide pairs
(e.g., G .T or G .A) reduced the yields of the duplex with
covalently cross-linked chains.12 This is due to the decrease in
thermal stability of the original duplex. The formation of by-
products that result from the interaction between the chains in
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non-canonical duplexes depends on temperature: by-products are
formed at 20 8C and are absent at 40 8C. This can be explained by
dissociation of less stable non-canonical duplexes with an increase
in temperature. In the case of a canonical duplex, the temperature
dependence of the yield of the covalently cross-linked duplex is not
observed below its melting point. At higher temperatures, the
yield of the target product drops drastically. The efficiency of the
reaction between the chains of a DNAduplex is also influenced by
the ratio of the rate of this reaction to the rate of psoralen
photoinactivation. The yield of the cross-linked DNA duplex
increases with increasing PS-OMP concentration. However, if the
PS-OMP concentration is twice as high as that of the matrix, the
latter becomes saturated and the yield of the target product does
not further increase.12

The efficiency of the interaction of various oligonucleotides
with the target under identical conditions differs markedly,12

although the differences in the nucleotide sequences should not
be manifested at 4 8C. Molecular simulation has shown 12 that
psoralen can be inserted between the nucleotides of the target in
two modes: either between the terminal nucleosides N(n+1) and
N(n) or between the nucleosides N(n) and N(n71), where N(n+1) is
the 30-terminal nucleoside of the target and N(n) is the nucleoside
that is complementary to the 50-terminal nucleoside of PS-OMP
(Scheme 4). In the former case, the spatial structure of the reaction
centre is the most favourable for the photoaddition of psoralen.
The reaction between the chains is the most effective, when
thymidine occupies position (n+1) of the template and position
(n71) in OMP, which precedes the psoralen-modified unit, and
adenosine is in the positions n. In this case, the reaction occurs
with two possible sites and the yield of the duplex with covalently
cross-linked chains reaches 95%.

Oligonucleotides of the type 11 were used for the analysis of
the secondary structure of nucleic acids.12 It was shown, in
particular, that the cross-linking with the single-stranded region
of DNA occurs 10 ± 30 times more efficiently than with the
double-stranded one. Since OMP are characterised by enhanced
resistance in the cell, these oligonucleotide derivatives can be used
in in vivo studies.12

A series of PS-OMP that are complementary to the template
and non-template strands of a 57-membered DNA duplex con-
taining a 17-membered T7 promotor of RNA-polymerase were
synthesised.12 The effects of PS-OMP on in vitro transcription
were investigated. It was shown that PS-OMP, which is covalently
cross-linked with the encoding region of DNA, effectively sup-
pressed transcription, whereas the oligonucleotide cross-linked
with the non-coding region had little inhibitory effect. Thus, the
oligonucleotide that is covalently cross-linked to the template in
the promotor region prevents binding of polymerase with the
double helix of DNA either directly or by changing its conforma-
tion in the promotor region.

Being an agent that can directly react with DNA, psoralen can
induce various mutations.11 Study of mutagenesis is necessary for
the understanding of regularities of the origin of cancer, heredi-
tary diseases, and evolutionary processes.11, 56, 57 It remained

unclear which of the psoralen-induced mutations were generated
by themonoadduct andwhich resulted from the presence of cross-
links between the chains.

The use of a plasmid containing a single, definite damaged site
has made it possible to relate the initial damage of DNA induced
by psoralen to the origin of subsequent mutations.11 The use of
statistically modified DNA did not allow a correlation between
the nature of mutations and the type of the adduct. The cyclic
closed double-stranded plasmid containing the site-specifically
incorporated psoralen as a mono- or bis-adduct (in the latter case,
the cross-link is formed between the strands of the plasmid), has
been synthesised in vitro and incorporated into the cells of E. coli.
The recombinant DNA contained only one site with thymine in
the form of a monoadduct with psoralen. Synthesis of the
psoralen-containing plasmid was carried out using T4-DNA-
polymerase and an oligonucleotide with psoralen at the 30-end as
the primer. In this case psoralen did not influence either the
elongation of the chain or its subsequent ligation. The mono-
adduct was converted into the bisadduct by UV irradiation; the
plasmid with covalently cross-linked chains was isolated taking
advantage of its acquired ability to undergo reversible thermal
denaturing. In contrast to the plasmid with cross-linked chains,
denaturing of an ordinary plasmid is irreversible. The type and
frequency of mutations was followed using two different DNA
molecules. It was found that both types of psoralen-induced
damages (the formation of the both monoadduct and the cross-
links between the chains) can lead to severe genotoxic effects.11

This finding is consistent with the results obtained by other
authors.58, 62, 63

The mutation induced by the formation of the monoadduct
was eliminated by the repair mechanism of the cell. In the case of
the bisadduct, a great number of secondary mutations (deletions,
substitutions, inversions) evolved. The activity of DNA with
cross-linked chains was 1.6% of the native one.11

Thus, it was shown that it is by bisadducts that the toxicity of
psoralen is determined, and their formation results in severe
damage to DNA. Treatment of nucleic acids with psoralen was
shown to prevent replication and transcription processes.11

It was proposed 64 to couple psoralen with distamycin-like
imidazole 12 and pyrrole 13 derivatives in order to promote the
delivery of psoralen to specific sequences of DNA. Like the
oligopeptide distamycin, these compounds bind with DNA in
the region of the small groove.
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The use of oligonucleotides for the delivery of psoralen to
specific sequences of DNA has posed a number of problems. They
are connected with the low ability of the oligonucleotides to
penetrate through hydrophobic cellular membranes and their
susceptibility to nuclease hydrolysis. This circumstance restricts
the application of such compounds.

The derivatives 12 and 13 are devoid of these drawbacks and
can deliver psoralen to both GC-rich (imidazole analogues of
distamycin, 12) and AT-rich (pyrrole analogues, 13) regions of
DNA. It was found that the derivatives 12 and 13modify DNA 10
and 1000 times more efficiently than psoralen. Compound 13 is
100 times more efficient than compound 12. Hence, psoralen,
being attached to reagents that possess affinity with respect to
DNA, manifests enhanced efficiency in the formation of multiple
cross-links between the chains of extended DNA.

V. Cross-linked nucleic acid duplexes synthesised
using pyrrole derivatives

Bifunctional pyrrole derivatives 14, together with psoralen deriv-
atives, are widely used for cross-linking of chains of double-
stranded nucleic acids.34, 65 ± 71 Only bifunctional pyrrole deriva-
tives can cross-link the nucleic acid chains.

Cross-linking with pyrrole derivatives 14 involves exocyclic
amino groups of heterocyclic bases of DNA (usually, deoxygua-
nosine) and those functional groups of pyrrole derivatives that can
undergo nucleophilic attack. Hence, pyrrole derivatives are alky-
lating agents. A hypothetical mechanism of this reaction has been
proposed (Scheme 5).65

Scheme 5

Pyrrole derivatives as such are not specific reagents and can
react with many reaction centres of DNA. Therefore, treatment of
DNA with bifunctional pyrrole derivatives of the type 14 cannot
be used to introduce cross-links at predetermined positions of
DNA. The main drawback of pyrrole derivatives as antitumour
agents is their low selectivity (i.e., the affinity for sequences with
the length of no more than two nucleotides). Such limited
selectivity of pyrrole derivatives is due to the high probability of
occurrence of certain short repeated nucleotide sequences in the
genome.

Enhancement of selectivity of bifunctional pyrrole derivatives
is an important problem, particularly as regards their application
as therapeutic agents. This can be achieved through a more
targeted delivery of pyrrole derivatives to a definite genome
region, i.e., to a more rare nucleotide sequence. However, the
solution of this task demands that the affinity of such agents for
nucleic acids be increased.2, 34, 65 ± 71 As a rule, it is sufficient to
achieve selective interaction of the cross-linking reagent with
sequences more extended than four nucleotide pairs. The main
route for attacking the selectivity problem is the addition of a
bifunctional alkylating agent (which has little or no affinity for
nucleic acids) to compounds manifesting high affinity for definite
sequences of DNA, e.g., to oligopeptides.34, 65 ± 70

Synthesis of a new irreversible reagent 15 has been described.66

Compound 15 belongs to the group of pyrrolobenzodiazepine
dimers (PBD dimers). It binds with DNA through the small
groove and reacts with the amino group of guanine (Scheme 6).
The preferential sequence for the binding of this compound is the
Pu-G-Pu triplet, where Pu is the purine nucleotide (A or G). The
yield of the interstrand reaction product is about 50%.
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The synthesis of C(8)-linked PBD dimers of the type 16, which
are homologous to compound 15, has been described by the same
authors,67 and their relatively high affinity for DNA has been
demonstrated. The highest efficiency of the interchain reaction
was achieved with compounds 15 and 16b (three- and five-carbon-
atoms-linking groups, respectively).

Treatment of double-stranded DNA with any PBD dimers
increases the melting point of the duplexes.67 The presence of
cross-links in the linear double-stranded DNA prepared from the
ring plasmid accounts for its rapid renaturation into a double-
stranded form as the temperature decreases following thermal
denaturing.67 The ability of extended DNA to undergo rapid
renaturation is a sign of cross-linking between the chains. Thus,
PBD dimers can stabilise double-stranded DNA.

The cytotoxicity data 67 correlate with the yields of duplexes
with covalently cross-linked chains. The PBD dimer (n=3), i.e.,
compound 15, possesses the highest toxicity. On the other hand,
the monomer of the type 17 hardly exerts any noticeable effect on
the stability of DNA duplexes and is non-toxic.

Thus a possibility exists for the application of these com-
pounds for the treatment of tumours. Their main shortcoming is
relatively low affinity for DNA.

The mechanism of cross-linking of the DNA chains by bifunc-
tional pyrrole derivatives was investigated.65 It was found that all
the pyrrole derivatives including natural (e.g., the antitumour
antibiotic mitomycin C 18), and synthetic pyrroles 19 and 20 react
withDNAby the samemechanism, they are directed to a common
binding site and an alkylation site. Mitomycin C is converted into
a bifunctional alkylating agent following reduction with specific
enzymes. A binding site in DNA molecules, which is common for
all the pyrrole derivatives in question, has been identified.

The exocyclic amino group of deoxyguanosine in the
50-d(CG)/30-d(GC) sequence is the common target site in DNA
for all the alkylating pyrrole derivatives.65 The formation of a
cross-linked duplex requires the reaction of exocyclic amino
groups of both deoxyguanosines with pyrrole derivatives. The
structure of the adduct 21, the reaction product of two molecules
of deoxyguanosine and mitomycin C, is given below.

DNA duplexes containing only adenosine and thymidine
residues have been studied byWou et al.65 These duplexes differed
in the nature of nucleosides in several nucleotide pairs. To obtain
evidence for the involvement of the exocyclic amino group of
guanine in the reaction between the chains, deoxyguanosine was
substituted by inosine. This gave the duplexes containing the
50-d(ACGT)/30-d(TICA) and 50-d(ACIT)/30-d(TICA) fragments.
When even one deoxyguanosine was substituted by inosine, the
interchain cross-linking product disappeared completely. It was
also shown 65 that the reaction in the 50-d(CG)/30-d(GC) sequence
occurs at least ten times more efficiently than in any other
sequence.

The structure of compounds thus obtained was established by
an analysis of the products of total enzymic hydrolysis of the
cross-linked duplexes and by mass spectroscopy. It is by this
method that the structure of compound 21 has been established.65

The same method has been used for structural elucidation of the
adducts of the synthetic pyrrole derivatives 19 and 20. It should be
emphasised that computer simulation of a cross-linked DNA
duplex revealed a relatively significant distortion of the native
B-form of the DNA helix irrespective of the nature of the pyrrole
derivatives, which is associated with the torsional rearrangement
of the DNA structure.

Unfortunately, the attempts to rationalise the reason for such
specificity failed. The reaction between the chains is a multistage
process, which includes the formation of a mono- and then of a
bis-adduct. Each of these stages can be responsible for the
specificity. Since both the synthetic pyrrole derivatives 19 and 20
and natural compounds having a more complicated structure
manifest identical specificity, it was concluded 65 that the specific-
ity of pyrrole derivatives is inherent in the common elements of
their structure. On the other hand, the significant differences in the
efficiency of pyrrole derivatives as the reagents that cross-link
DNA chains point to the important role of individual structural
features of pyrrole derivatives.

Recent developments in this area 68, 69 have been mainly
focussed on the enhancement of the selectivity of pyrrole deriva-
tives. In order to increase the efficiency of affinity binding of the
alkylating reagent with the nucleic acid target, it was pro-
posed 68, 69 to prepare its conjugate with an oligopeptide that can
specifically recognise the small groove of the double helix. The
affinity reagent 22 containing the oligopeptide distamycin, which
recognises the 50-d(AATT) sequence (through the small groove),
and pyrrole derivative, which recognises the 50-d(CG) sequence,
was obtained.68, 69

n= 4(a), 5(b).
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Thus, the affinity reagent 22 selectively recognises the nucleo-
tide sequence 50-d(CGAATT)/30-d(GCTTAA) and produces a
cross-link between the chains. The activity of this reagent was
tested bothwith a synthetic duplex and a linearised plasmid. It was
found that the derivative 22 is three orders of magnitude more
efficient as a cross-linking reagent than a pyrrole derivative non-
bound with the peptide. After thermal denaturation and cooling,
the plasmid treated with this reagent underwent rapid renatura-
tion into a double-stranded form, which can be explained by the
presence of cross-links between the chains.

The effect of compound 22 on DNA samples with different
nucleotide sequences was studied. It was found that only theDNA
containing the 50-d(CGAATTCG)/30-d(GCTTAAGC) sequence
efficiently reacted with compound 22 (the yield of the cross-linked
product is about 70% with respect to DNA). This sequence
contains both 50-d(AATT), the binding site for distamycin, and
50-d(CG), the consensus binding site for pyrrole derivative. By-
products were formed in all the cases studied as a result of the
reaction of compound 22with two deoxyguanosine residues of the
same DNA chain.

The synthesis of a series of bifunctional reagents that are
homologous to compound 22 has been described.69 In these
reagents (23, 24), 2,3-bis(hydroxymethyl)pyrrole is also linked to
the oligopeptide distamycin. They differ from compound 22 only
in the length of the linker connecting pyrrole derivative with the
oligopeptide. Compounds 22 ± 24 are three orders of magnitude
more efficient and more selective than ordinary pyrrole deriva-
tives. They can form both intrachain and interchain cross-links in
DNA depending on the nucleotide sequence in the cross-linking
site of pyrrole derivatives. The interchain cross-link is formed in
the duplex containing the 50-d(CGAATT)/30-d(GCTTAA)
sequence, while the intrachain cross-link is formed in the case of
the 50-d(GGAATT)/30-d(CCTTAA) sequence.

The structures of nucleosides linked through pyrrole deriva-
tives and isolated following total enzymic hydrolysis of internu-
cleotide bonds are identical for both the interchain and intrachain
reaction products. Comparison of binding efficiency of various
substrates with each of compounds 22 ± 24 revealed that both
binding sites [50-d(CG)/30-d(GC) (pyrrole derivative) and
50-d(AATT)/30-d(TTAA) (distamycin)] play an important role.
Nucleotide substitution in any of these sites (CG for GC or A .T
for G .C) sharply decreased the efficiency of the reaction. Thus,
the 50-d(CGAATTCG)/30-d(GCTTAAGC) sequence was found
to be the consensus sequence.69

Compounds 22 ± 24 were brought into reaction with a line-
arised plasmid containing twenty seven 50-d(AATT)/30-d(TTAA)
sites conjugated with 50-d(GC)/30-d(CG).69 The efficiency of the
interchain reaction was estimated according to Hartley.5, 70, 71

This method is based on the ability of DNA with covalently
cross-linked chains to undergo rapid renaturation into a double-
stranded form after thermal denaturation. The efficiency of this
reaction increased 69 with an increase in the reagent :DNA ratio
up to 5 : 1 (these conditions favour saturation of the peptide-
binding sites). The highest yield (80%) was observed on treatment
of the oligonucleotide duplexes containing the
50-d(CGAATTCG)/30-d(GCTTAAGC) sequence with the com-
pound 22. For the 50-d(CGAAAAACG)/30-d(GCTTTTTGC)
sequence, the yield of the cross-linked product was about 50%,

whereas that for the 50-d(GC...)/30-d(CG...) sequences was no
more than 10%. In the case of compound 23, the yield for the
50-d(CGAATTCG)/30-d(GCTTAAGC) sequence was 40%.
Sigurdsson and Hopkins 69 could not rationalise the decreased
efficiency of this reaction with an increase in the linker length.
Probably, this is due to the geometrical disorientation of pyrrole
derivative in the reaction centre.

The structures of compounds thus obtained were analysed by
studying the composition of products of total enzymic hydrolysis
of duplexes with covalently cross-linked chains. Even prolonged
hydrolysis of DNA with covalently cross-linked chains by a
mixture of snake venom phosphodiesterase and alkaline phos-
phatase did not result in its complete disintegration into nucleo-
sides. Increased amounts of snake venom phosphodiesterase in
combination with endonucleases (DNAase I and DNAase II)
were used for complete hydrolysis of the phosphodiester bonds
of the duplex. The cytotoxicity of the compounds in question was
relatively low and comparable with that of natural pyrrole
derivatives.

The use of compounds of the type 22 ± 24 for cross-linking of
DNA chains has a number of advantages over psoralen deriva-
tives. Psoralen recognises the large groove of DNA and binds
thymidine residues in 50-d(TA)/30-d(AT) sequences through inter-
calation into the double helix. In contrast, pyrrole derivatives
coupled with peptides (compounds 22 ± 24) recognise the small
groove. It is noteworthy that a more extended (six nucleotides)
sequence is recognised in this case, and the reagent itself remains
outside the double helix of DNA without causing its destabilisa-
tion. However, the use of such targeted-action agents is now
limited due to the lack of the general concept of the design of
oligopeptides that bind to a predetermined nucleic acid
sequence.34

Thus, a series of compounds capable of cross-linking nucleic
acid chains has been described.11, 12, 18, 34 ± 95 Each of them binds
with the duplex at a definite site and produces covalent cross-links
with two nucleotides from the opposite chains. However, the
majority of compounds described in the literature have a number
of disadvantages. They are devoid of high binding specificity with
a unique site in nucleic acids. This results, as a rule, in the
formation of multiple interchain and intrachain cross-links.
These reagents are not versatile, because they cannot form cross-
links at predetermined positions between nucleic acid chains, but
interact only with definite heterocyclic bases. In some cases, they
destabilise the double helix at the cross-linking region, which
results in disturbances in the geometry of the canonical spatial
structure of nucleic acids. Psoralens, pyrrole derivatives, and
other compoundsmentioned above have found use both in clinical
practice (as antitumour agents) and in the study of mechanisms of
functioning of somemolecular-biological systems.Nevertheless, it
is a new generation of chemically designed synthetic systems
devoid of the above drawbacks that will be helpful for the study
of peculiarities of structural organisation and mechanisms of
functioning of intracellular structures at the molecular level.

VI. The main methods for the synthesis of nucleic
acid duplexes with cross-links in predetermined
positions of the double helix

The use of nucleic acid duplexes with cross-links at predetermined
positions of the double helix is the most promising for the study of
protein ± nucleic acid recognition and mechanisms of action of
enzymes. As a rule, synthesis of such duplexes requires the use of
reactive oligonucleotide derivatives containing modified nucleo-
sides. The use of these derivatives has a number of advantages
over the above-described methods. In particular, they provide a
full control over the localisation of cross-links to be incorporated
between the chains and the completion of the synthetic process.
Various types of reactive derivatives have been proposed.

R is an oligopeptide.
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The synthesis of a series of oligonucleotides 25 containing
N4,N4-ethano-5-methyldeoxycytidine dCe has been de-
scribed.97 ± 99 These oligonucleotides interact with the comple-
mentary chain of DNA, and N4,N4-ethano-5-methyldeoxycyti-
dine reacts with the oppositely located nucleotide immediately
after hybridisationwith the complementary target oligonucleotide
under mild conditions and without treatment with activating
reagents.97 This method was named `hybridisation-triggered alky-
lation'.

A phosphoramidite derivative of 5-methyldeoxycytidine car-
rying a triazole residue at position 4 was used in the synthesis of
oligonucleotides of the type 25. Oligonucleotides 26 containing
this residue are stable under the conditions of the phosphorami-
dite procedure of oligonucleotide synthesis.

Treatment of the oligonucleotide 26 with ethyleneimine con-
verts it into the oligonucleotide 25 in quantitative yield.97 This
makes it possible to incorporate a reactive acid-labile group into
the oligonucleotide following all acidic treatments needed for the
removal of the dimethoxytrityl group in the process of oligonu-
cleotide synthesis.

N4,N4-Ethano-5-methyldeoxycytidine is unstable under con-
ditions of standard treatment of oligonucleotides with ammonia
(5 h, 55 8C, concentrated NH4OH). Therefore, the 9-fluorenyl-
methoxycarbonyl group 97 (Fmoc) was used to protect the exocy-
clic amino groups of the nucleosides; this protective group is
removed faster and under milder conditions of b-elimination than
the benzoyl group routinely used for this purpose. Fmoc-pro-
tected deoxyadenosine and deoxycytidine phosphoramidites were
synthesised. Attempts to obtain a Fmoc-derivative of deoxygua-
nosine in satisfactory yield failed. Conditions have been selected
for removal of the protective groups with retention of the ethyl-
eneimine ring of compound 25.

The reaction with the oligonucleotide template is carried out
for several days (the semi-conversion period is about 30 h at
24 8C).98 The efficiency of the reaction between the chains
substantially depends on the nature of the nucleotide that reacts
with the dCe unit of compound 25. The following order of the
efficiency of this reaction was established: A&T�C&G. The
reaction occurs with each of the four bases to a certain degree. In
some cases, only one by-product is formed in the interchain
reaction. It is assumed 98 that under these conditions the reaction
involves not only the opposite base in the other chain, but also one
of the neighbouring bases of the duplex. The melting point of

duplexes with cross-linked chains is increased, on the average, by
15 8C (from 22 8C to 37 8C for a 21-membered AT-enriched
duplex consisting of fifteen A .T pairs and six G .C pairs).

The main disadvantage of this method is the necessity of
substitution of standard nucleoside phosphoramidites on Fmoc-
containing ones. The Fmoc-group is extremely labile, therefore
the yields of Fmoc-protected nucleosides are low and deoxyino-
sine must be used instead of deoxyguanosine. Moreover, the rate
of the interchain reaction is too low (semiconversion period is
30 h) and therefore these oligonucleotides cannot be used as
inhibitors of mRNA expression in vitro. On the other hand, the
proposed method of interchain cross-linking 97 is devoid of such
shortcomings as the necessity of activation of the alkylating
function and low level of specificity. The latter can be due to the
excessive reactivity of the alkylating group.

The majority of the known methods for the preparation of
duplexes with covalently cross-linked chains are based on the
interaction of a single-stranded DNA with oligodeoxy-
ribonucleotide containing a reactive group. Recent reports sug-
gest an alternative variant, which consists in the cross-linking of
an oligonucleotide to double-stranded DNA within a triple helix
(triplex).7, 88, 100 ± 109 Thus, a method has been proposed for
specific cross-linking of dCe oligonucleotides with units of the
type 25 described above to double-stranded DNA within the
triplex.100 In this case, the oligonucleotide is recognised by
Hugsteen's pairs and intercalates into the large groove of the
target DNA duplex. In the dCe+ .G .C triplex, the electrophilic
methylene group of N4,N4-ethano-5-methyldeoxycytidine comes
close to the N(7)- and O(6)-nucleophilic centres of deoxyguano-
sine.

The ethyleneimine ring interacts with one of the guanine bases
of the double helix of the target DNA. The reaction between the
chains occurs under physiological conditions in more than 95%
yield and is completed within 16 h. This method can be promising
for specific in vivo inhibition ofDNA transcription and replication
due to the formation of an untwistable triplex.100, 101

As has been mentioned above, one of the main problems
connected with the introduction of new functional groups into the
oligonucleotide is that under conditions of automated synthesis
the DNA chain that is elongated is exposed to the action of acids,
bases, and electrophilic reagents. The functional group to be
introduced must withstand these treatments either as such or
after protection. Since N4,N4-ethano-5-methyldeoxycytidine is
sensitive to nucleophiles,101 it can be incorporated only into
oligothymidylates but not into an oligonucleotide containing
nucleosides of all the four types, because only the former do not
require post-synthesis ammonia treatment to remove protective
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groups. This restricts the possible application of such oligonucleo-
tides as substrates that can covalently bind to the DNA target. An
attempt to apply this synthetic scheme to deoxyadenosine was
even less successful.110 It was found that N6,N6-ethanodeoxyade-
nosine was a weaker electrophile than N4,N4-ethano-5-methyl-
deoxycytidine.

In a recent study, devoted to the synthesis of oligonucleotide
duplexes with covalently cross-linked chains Shabarova et al.13

also described modification of the heterocyclic bases of deoxy-
cytidin. Two approaches to the design of DNA duplexes with
cross-links between oligonucleotides in the predetermined posi-
tions of the double helix were proposed. The first one consisted in
the formation of an amide bond between the amino and carboxy
groups of modified bases localised in the opposite chains, while
the second one entails the formation of a covalent `bridge' as the
Schiff's base between the two amino groups using dialdehydes of
the aliphatic series. To this end, deoxycytidine in the self-comple-
mentary oligonucleotide 50-d(TAATGCATTA) was replaced by a
5-methyldeoxycytidine derivative containing an aliphatic amino
group (oligonucleotide 10n, 27) or a carboxy group (oligonucleo-
tide 10c, 28). These functional groups occupied terminal positions
at the spacer linked to the exocyclic amino group of 5-methyl-
deoxycytidine. In the formation of the DNA duplex 29, the
carboxy and amino groups turned to be close to each other,
which enabled the reaction resulting in the formation of an amide
bond between the chains to occur.

Synthesis of a self-complementary oligonucleotide precursor,
which is common for compounds 27 and 28, viz., 50-d(TAATG-
C*ATTA) 29, where C* is the cytidine residue containing triazole
at position 4, was carried out by the phosphoramidite method,
and the triazolyl derivative of thymidine 30 was introduced in the
reaction.

After completion of the synthesis, the polymer with the
immobilised oligonucleotide was divided into two equal parts.
One of them was treated with ethylenediamine to give compound
27, while the other one was treated with b-aminopropionic acid to
give compound 28. The reaction between the chains was carried
out with water-soluble CDI as the condensation reagent at 0 8C,
which facilitated the formation of a double-stranded complex.

It must be noted that this system favours the formation of
three types of oligonucleotide duplexes: (10n) : (10c), (10n) : (10n),
and (10c) : (10c), since the original oligonucleotide is self-comple-
mentary. It was found that the (10n) : (10n) complex was the most
stable, presumably owing to the electrostatic contacts between the
amino and phosphate groups of the opposite chains. The predom-
inance of the (10n) : (10n) complex in solution is responsible for the
low yield of the target product, which can be formed from the
(10n) : (10c) complex. The optimum pH value for this reaction lies
in the range of 5.5 ± 6.0. Any deviation from this interval increases
the amount of by-products as a result of modification of hetero-
cyclic bases with carbodiimide. In addition, the formation of an
adduct of the oligonucleotide (10c) with carbodiimide involving
the carboxy group took place as a side process.

In the alternative version, the reaction between the chains of
the 50-d(TAATGC*ATTA)/30-d(ATTAC*GTAAT), (10n) : (10n),
duplex was carried out with glutaraldehyde. The Schiff's base
formed initially was reduced with sodium borohydride to give a
stable secondary amine. The yield of the target, cross-coupled
duplex was brought to 20%.

The low yield can be explained by several reasons. First,
besides the aliphatic amino groups that have been introduced,
oligonucleotides contain other reaction centres capable of react-
ing with glutaraldehyde (e.g., exocyclic amino groups of hetero-
cyclic bases). Second, it is difficult to select conditions where two
aliphatic amino groups of the modified duplex will react with the
same molecule of glutaraldehyde, since the reaction is carried out
with an excess of the aldehyde. Third, most probably, the
optimum mutual arrangement of reactive amino groups was not
realised, since they were localised in adjacent base pairs. Prelimi-
nary molecular modelling of the optimummutual arrangement of
reactive groups in the reaction centre has now become a standard
procedure.

At the same time, it was demonstrated that oligonucleotides
containing an aliphatic amino and a carboxy group can be used
for the synthesis of DNA duplexes with an amide bond between
the chains.13 It must be noted that the systemwas designed in such
a way as to enable polymerisation of the duplex with covalently
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cross-linked chains under the action of DNA-ligase. This gives a
DNA-like polymer containing a repeating consensus Pribnow
sequence, which is the main binding site for RNA-polymerase in
the initiation of transcription. This requires unwinding of the
DNA double helix with the formation of an open complex. As the
presence of cross-links between DNA chains prevents unwinding,
these compounds can be used for the study of initiation of
transcription and, apparently, for influencing this process.

Gottikh et al.111 have synthesised an unusual oligonucleotide
derivative 31 with covalently cross-linked chains. This compound
has a `snail-like' structure and represents a chimeric oligonucleo-
tide comprising an a-nucleotide cluster. Unlike ordinary DNA,
the a- and b-oligonucleotides form a parallel duplex, which allows
the chimeric oligonucleotide to occur as an intramolecular duplex.
The cross-link is formed between the amino group attached
through a spacer to a thymidine analogue in a single-stranded
region and the 30-terminal phosphate of the a-fragment. As
expected, no reaction occurred directly between these groups
because of steric hindrances. Therefore, an amino acid
NH27(CH2)n7COOH (n=1, 2, 7) was coupled with the termi-
nal phosphate of the a-fragment activated in the form of
N-hydroxybenzotriazole ester. Then the reaction was carried out
between the incorporated carboxy and amino groups using water-
soluble CDI as the coupling reagent.

Owing to the presence of an interchain cross-link in compound
31, this is highly resistant to nuclease degradation. It has been
shown that RNAase H cleaves an oligoribonucleotide in the
chimeric duplex involving compound 31. The study 111 illustrates
the possibility of conferring useful properties to a compound by
cross-linking of oligonucleotide chains. Presumably, the oligonu-
cleotide derivative 31 can be effectively used for the regulation of
RNA expression.111

A method for the synthesis of DNA duplexes in which the
chains are cross-linked through a substituted pyrophosphate
group was developed (Scheme 7).96 This involves the reaction
between the activated terminal phosphate group linked to an
oligonucleotide through a spacer and the spatially close internu-
cleotide phosphate group of the complementary oligonucleotide.
The activation of the terminal phosphate group was carried out
with water-soluble CDI.

TheDNAduplexes containing a trisubstituted pyrophosphate
internucleotide group in one of the chains are stable in aqueous
buffer solutions (pH 6.0 ± 8.75) in the absence of strong nucleo-
philes. At the same time, they are readily and selectively cleaved at
this group with nucleophilic reagents, such asN-methylimidazole,
amines, and some amino acids. In this case, the nucleophilic
substitution reaction involves both phosphate groups of the
trisubstituted pyrophosphate group and is accompanied by a
cleavage of the interchain bond and transfer of one of the duplex
residues to the nucleophile.96 In contrast with DNA duplexes
containing a disubstituted pyrophosphate internucleotide group
in one of the chains, the reaction of nucleophilic substitution at the
phosphorus atom in theDNAduplexes containing a trisubstituted
pyrophosphate interchain internucleotide group can occur with

Scheme 7

the involvement of both di- and tri-substituted phosphate groups
to yield a complex mixture of oligonucleotides. Obviously, such
DNA duplexes will be unstable in cell cultures. The method
considered allows the synthesis of DNA duplexes with a reactive
group between the chains. The interest in the synthesis of such
compounds is connected with the possibility of their application
for binding with proteins.

A method of preparation of cross-linked duplexes involving
deoxyadenosine residues was proposed.112 N6-(2-Aminoethyl)-
deoxyadenosine (32) is converted into the phosphoramidite deriv-
ative 33, which can be incorporated at any predetermined position
of an oligonucleotide.N6-(2-Aminoethyl)deoxyadeno-sine 32was
obtained by treatment of 6-iododeoxyadenosine with ethylenedi-
amine, and the amino group was protected by subsequent treat-
ment of the reaction product withS-ethyltrifluorothioacetate. The
trifluoroacetyl protection is ideally suited for the incorporated
aliphatic amino group.

A dinucleoside monophosphate containing the N6-modified
deoxyadenosine 32 with an aliphatic amino group was synthes-
ised.112 The synthesis was carried out by the phosphoramidite
method in solution; the yield was 95%. Higher oligonucleotides
were not synthesised; however, thismethod is amodel study aimed
at the incorporation into oligonucleotides of compound 33 as a
potential tool for interchain cross-linking.

The oligonucleotide synthesis involving the phosphoramidite
derivative 33 was free of side reactions.112 However, the effective-
ness of this modification for the synthesis of duplexes with
covalently cross-linked chains is unclear. It was proposed 112 to
perform the reaction between the chains in the following way:112

after hybridisation with the template, the aliphatic amino group
has to be localised in the vicinity of the pyrimidine base of the
complementary chain. The reaction of this base with the bisulfite
ion at positions 5 and 6 facilitates the subsequent nucleophilic
attack at position 4. The aliphatic amino group of N6-(2-amino-
ethyl)deoxyadenosine 32 will act as the nucleophile. This method
of interchain cross-linking must not bring significant disturbance
to the structure of the double helix. A disadvantage of this method
is its inapplicability to cross-linking of oligonucleotides to
extended DNA, since in the presence of the bisulfite anion
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deoxycytidine in single-stranded regions can undergo side con-
versions into 20-deoxyuridine, which is undesirable.

VII. The use of sulfhydryl derivatives for the
synthesis of cross-linked nucleic acid duplexes

Oligonucleotides containing SH-groups have received wide
acceptance in recent years. They not only allow the synthesis of
various types of oligonucleotide derivatives, but also of cross-
linkedDNAduplexes in the predetermined positions of the double
helix. The so-called `convertible nucleoside approach' of oligonu-
cleotide synthesis has become widespread.113 It consists in the
incorporation of a precursor of the modified nucleoside carrying
an SH group into the oligonucleotide that is synthesised. This
precursor carries a different group, which is usually more resistant
to synthetic and post-synthetic treatments. Later (sometimes even
after hybridisation with the template), the precursor is converted
into the target nucleoside with a thio group, which becomes
involved in the reaction between the chains.

This strategy has considerable promise for it permits an access
to various types of modified oligonucleotides from the same
precursor because the incorporation of a functionalised linker is
performed after completion of the oligonucleotide synthesis. This
approach does not envisage the synthesis of a new starting
monomer or a new modified oligonucleotide in order to change
the length of the linker or the nature of the functional group.
Another advantage of thismethod is that it allows a post-synthetic
addition to oligonucleotide derivatives of ligands (oligopeptides,
etc.) unable to withstand the treatments used in the oligonucleo-
tide synthesis.

A characteristic feature of this method is that the monomer
used in the synthesis contains a leaving group, which undergoes
nucleophilic substitution. When a bifunctional nucleophile is
used, reactive oligonucleotide derivatives are formed. At the
same time, the bifunctional nucleophile fulfils the function of a
linker.

In order to attain the maximum efficiency, a number of
conditions must be observed.113 The nucleoside in question must
be stable under conditions of automated synthesis of DNA and be
rapidly and completely converted into a reactive derivative by a
nucleophile. Incorporation of a linker must cause minimum
disturbance to the structure of the DNA double helix. As a rule,
this process should not involve the terminal oligonucleotide units
so as to retain the possibility of further enzymic reactions, such as
radioactive labelling, elongation of the oligonucleotide, or its
incorporation into a plasmid.

Ferentz and Verdine 113 have `converted' deoxyinosine into
modified deoxyadenosine. Earlier, these authors had shown 114

that O6-phenyldeoxyinosine 34 was quantitatively converted into
N6-alkyldeoxyadenosine 35 on aminolysis with alkylamines.

O6-Phenyldeoxyinosine 30-phosphoramidite was synthesised
and introduced into automated synthesis to give the oligonucleo-
tide 50-d(GCGAI*TTCGC) 36, where I* is the residue of the
nucleoside 34. After completion of the synthesis, the oligonucleo-
tide 36 was treated with bis(2-aminoethyl) disulfide or bis(3-
aminopropyl) disulfide, resulting in compound 37.

The oligonucleotide 37 obtained was self-complementary and
formed a duplex in which the modified bases are localised in
neighbouring units. Treatment of the duplex with dithiothreitol
led to the conversion of the disulfide into thiol and then the
disulfide bond between the chains was closed by oxidation with
the atmospheric oxygen. This binding is reversible. Repeated
treatment of the duplex with dithiothreitol results in the cleavage
of the interchain cross-link. It was shown 113 that the products of
enzymic hydrolysis of the DNA duplex with covalently cross-
linked chains contain the dinucleoside 38; the shape of the helix of
the DNA duplex corresponds to the B-form of DNA, while the
modified bases form ordinary Watson ±Crick pairs.

Computer simulation has revealed that the linker is localised
in the large groove of DNA and does not cause any significant
distortions in the spatial structure of the duplex. The original
duplex and the duplex with covalently cross-linked chains have
similar melting curve profiles. This indicates that the cross-linking
between the chains does not disturb the duplex structure itself.
Under these conditions, the melting point of the duplex with
covalently cross-linked chains (75 8C) was by 18 8C higher than
that for the original duplex in 1 MNaCl, whereas in 0.1 MNaCl it
was by 30 8C higher.

Thus, the formation of a disulfide bond between the chains has
a number of advantages. First, it increases significantly the
stability of the DNA duplex. Second, it does not result in
noticeable distortions in the DNA structure. DNA duplexes with
chains linked by disulfide bonds can be used for the study of
processes involving the unwinding of DNA by enzymes, e.g.,
transcription, replication, and recombination.

Yet another approach to the synthesis of a DNA duplex with
covalently cross-linked chains by the `convertible nucleoside
approach' has been described.14 O6-[2-(p-Nitrophenyl)ethyl]-2-
fluorodeoxyinosine 115, 116 was introduced into a self-complemen-
tary 18-membered oligonucleotide in the process of oligonucleo-
tide synthesis. Treatment of this oligonucleotide with
bis(aminoalkyl) disulfides (Scheme 8) or N-(2-methylthioethyl)-
amine 39 led to the substitution of the êuorine atom for N-(o-
aminodithioalkyl)amino group or the N-(2-methylthioethyl)a-
mino group.14

Following treatment with dithiothreitol, the reaction between
the chains was carried out in the presence of atmospheric oxygen.
The presence of a cross-link was proved by an analysis of a
correlation between the melting point of the duplex with cova-
lently cross-linked chains and the ability of these cross-links to
induce entropic stabilisation of DNA.117

dR is the 20-deoxyribose residue.
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Scheme 8

The melting point of the duplex cross-linked by a bis(2-
aminoethyl) disulfide linker (n=2) was lower than that of the
duplex cross-linked with a bis(3-aminopropyl) disulfide linker
(n=3). Presumably, a shorter linker causes greater torsional
tension in the DNA structure. Comparison with an oligonucleo-
tide duplex containing the (2-methylthioethyl)amino groups
revealed that this modification as such has little effect on the
melting point of the duplex.14

The DNA duplexes thus synthesised with covalently cross-
linked chains were used for the study of DNA methylation. This
process plays an important role in the development of mammals
and in the resistance of bacteria to viral infections.14 DNA-5-
cytosine-methyltransferase (CMTase) catalyses transfer of the
methyl group from S-adenosyl-L-methionine to cytosine. The
enzyme recognises the symmetrical site of DNA, viz.
50-d(GGCC)/30-d(CCGG), and transfers the methyl group to the
internal deoxycytidine residue of each chain. It was assumed 14

that if the methylation site contains an interchain cross-link, the
unwinding of the DNA double helix as an element of the enzyme
action mechanism will be hampered considerably during the
transfer of the methyl group.

It turned out that the enzyme actually induces a distortion of
the double helix. In order to establish a correlation between the
effect of interchain cross-linking and the recognition of the
methylation site by the enzyme, the equilibrium binding has been
studied under non-catalytic conditions. It was found that the
duplex with a dithiaoctamethylene bridge between the chains
binds to the enzyme with the same efficiency as does the non-
modified duplex, whereas the duplex with a dithiahexamethylene
bridge binds 43 times more weakly. Thus, the presence of a cross-
link between the chains has no effect on the enzyme binding with
DNA (at least, for a longer linker). Moreover, in the latter case
cross-linking between the chains results in allosteric activation of
the protein binding. Most probably, this is due to the fact that the
presence of an interchain cross-link generates torsional tension,
which decreases the thermodynamic barrier to DNA unwinding.
However, in contrast to cross-linking, methylation occurs much
more slowly in comparison with the natural duplex. Nevertheless,
under conditions of substrate saturation both duplexes with
covalently cross-linked chains serve as substrates for CMTase
and the degree of methylation is 10% relative to that of the non-
modified duplex. This study illustrates the applicability of DNA
duplexes with covalently cross-linked chains for gaining insight
into the mechanisms of action of DNA-recognising enzymes.

Erlanson et al.14 have carried out computer simulation of the
spatial structure of DNA duplexes with covalently cross-linked
chains. The data obtainedwere comparedwith the results of X-ray
analysis.118 The molecular dynamics methods were used to study
the effect of the interchain cross-linking on the secondary struc-

ture of DNA. This made it possible to estimate the extent of
distortions induced by cross-linking in the duplex structure and to
evaluate its effect on the dynamic behaviour of DNA. Spatial
structures of the self-complementary decanucleotide
50-d(GCGAATTCGC) in the form of a duplex and of two
modified duplexes with the same primary structure and a cross-
link between the amino groups of deoxyadenosine residues in the
central A .T pair were studied. The lengths of the linkers were six
(dithiahexamethylene) or eight dithiaoctamethylene) atoms (the
nitrogen atoms were not taken into account).

It was shown 118 that the canonical B-form of DNA and the
Watson ±Crick type of base pairing are preserved by all DNA
duplexes in question. The parameters of the duplex helices with
covalently cross-linked chains, of the large and small grooves, and
of the base pairs, as well as the torsional angles of the sugar ± -
phosphate backbone are also mostly similar to the corresponding
parameters for the crystalline structure of the non-modified
duplex. Yet, the presence of cross-links between the chains endows
certain disorder in the geometry of the double helix. The devia-
tions observed are insignificant: no more than 1.2 �A from the
canonical B-form of DNA and no more than 1.3 �A from the
experimentally determined parameters for the crystal of a non-
modified duplex. These changes are more substantial with the
shorter interchain linker. The dynamic properties of the duplexes
with covalently cross-linked chains are also similar to those of the
non-modified duplex. Certain changes are observed in a region
adjacent to the cross-linking site and are especially pronounced in
the case of a shorter linker. Structural distortions of general
character are manifested in decreased mobility at the cross-link
site irrespective of the linker length.

Thus, the changes in structural parameters originate mostly
from the modification of the amino groups of deoxyadenosines
rather than from the presence of a cross-link between the chain.
On the whole, the presence of a cross-link between the chains
induces insignificant changes in the duplex structure;118 therefore,
these duplexes may be used for the study of proteins that interact
with nucleic acids.

Yet another original procedure for obtaining DNA duplexes
with covalently cross-linked chains on the basis of thiols has been
proposed.119 Two residues of N3-(2-mercaptoethyl)thymidine 40
were incorporated into an oligodeoxyribonucleotide and two
residues of N3-(2-mercaptoethyl)uridine 41, into an oligoribonu-
cleotide.

The phosphoramidite derivative of compound 40 was
attached to the 50- and 30-ends of an oligodeoxyribonucleotide in
the automated synthesis. The disulfide bond between the ends of a
hairpin was closed by oxidation of the thio groups with atmos-
pheric oxygen. The structure of the interchain cross-link at the end
of the hairpin formed by two residues of compound 40 is shown
below:

R1 and R2 are fragments of the oligonucleotide chain; n=2, 3.
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The structures of a covalently closed hairpin and its natural
analogue are shown in Scheme 9. Their conformational structure
was studied by NMR spectroscopy. It was found that the
8-membered double-stranded region in both hairpins has a
canonical B-form; structurally both hairpins are completely iso-
morphic.

Scheme 9

In this case, the presence of an interchain cross-link neither
influences the spatial structure of the hairpin nor interferes with
the native B-conformation of the double helix. It should be noted
that although in this study the cross-link was formed at the end of
the DNA duplex, the modified nucleoside could be incorporated
into any predetermined position of an oligonucleotide. This
method can thus be applied for obtaining a set of various cross-
linked oligonucleotide duplexes.

Thus, the synthesis of duplexes with covalently cross-linked
chains based on sulfhydryl derivatives has a number of advantages
over the use of alkylating agents, which do not ensure sequence-
specific cross-linking of chains. The latter circumstance restricts
their application in the engineering of interchain cross-links.

The disulfide method was used to cross-link fragments of the
ribozyme RNA chain.17 The reaction was carried out between
spatially close (but not complementary) regions of the RNA
chain. Hence, here we do not deal with the formation of cross-
links between the RNA chains within the duplex; however, this
method is so elegant that it deserves special mention. Eckstein et
al.17 took advantage of modification of the 20-positions of certain
sugar residues. Oligoribonucleotides with incorporated 20-amino-
20-deoxyribonucleotides were synthesised for this purpose. Syn-
thesis of 20-amino-20-deoxyribonucleosides has been described
earlier.120 ± 126

The sulfhydryl groups were introduced as follows. First, the
oligoribonucleotides were treated with the bifunctional reagent 42
(Scheme 10) containing the isothiocyanate and a protected sulf-
hydryl group. It was shown that compound 42 selectively reacts
with the 20-amino groups of the modified ribonucleotides.17

The reaction between the fragments of the ribozyme chain was
initiated by dithiothreitol, which deprotected the sulfhydryl
groups. This enabled the reaction between the ribozyme chains
under the action of atmospheric oxygen (Scheme 10). The pres-
ence of a cross-link between the chains was confirmed by limited
alkaline hydrolysis. One cleavage of the ribozyme chain at the site
between the modified residues gave a single product with the same
molecular weight as that of the original ribozyme.

Ribozymes with covalently cross-linked chains obtained by
the above-described procedure were used to study the tertiary
structure of the ribozyme in relation to the catalytic mechanism of
RNA cleavage. The parameters of the ribozyme tertiary structure
obtained earlier by X-ray analysis (Scheme 11, A) and fluores-
cence resonance energy transfer (FRET) solution measurements
(Scheme 11, B) were different. [Ribbon representation of the
tertiary structures of the hammerhead ribozyme based on (A)
X-ray crystallography and (B) FRET solution measurements.
Ribozymes and substrates are coloured black and light gray,
respectively. Residues that are close in space according to the
X-ray structure and the FRETmodel (dark gray) are connected by
solid lines and the broken lines represent the corresponding long
distances in the other model.] At the same time, both putative
structures had identical general geometry. The difference between
them lay in the orientation of the two helical regions of RNA
relative to each other (helices I and II, Scheme 11). In order to
compare these two spatial models of the ribozyme and to choose

the model corresponding to the genuine biologically active struc-
ture, synthetic ribozymes with covalently cross-linked chains were
used.

The authors 17 have succeeded in stabilising the spatial struc-
ture of the ribozyme according to each of the putative models.
After hybridisation of the modified ribozymes with a non-hydro-
lysable substrate analogue containing a deoxynucleoside in the
reaction centre, the reactionmixtures were treatedwith oxygen for
30 h. This permitted a highly efficient reaction between the chains
irrespective of the localisation of the modified units in the
ribozymes (Scheme 12). Roman numerals indicate the number of
the helices. An arrow indicates the site of cleavage. Residues
contained a 20-amino function and utilised for cross-linking are
filled by dark gray colour. The yield of the ribozymes with
covalently cross-linked chains after all purification procedures
was 15%.

The cross-links between the chains stabilised the spatial
structure of the ribozyme in accordance with the predetermined
one, whichmade it possible tomeasure the catalytic activity of two
synthetic ribozymes with different spatial structures. As expected,
the catalytic activity of the ribozyme depends on the localisation
of the cross-link between the chains. The cross-link between the
adjacent regions of the helices corresponding to the X-ray model
(Schemes 11, 12, A) had practically no effect on the catalytic
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activity of the ribozyme.On the other hand, the cross-link between
the adjacent nucleotides according to the other model
(Schemes 11, 12, B) decreased the rate of the ribozyme-induced
cleavage of the corresponding substrate by three orders of
magnitude. It was thus concluded that the X-ray model corre-
sponds to the real structure and that the previous methods that
have previously been used in the study of the tertiary structure of
RNA are inadequate. The results obtained by Eckstein et al.17

have provided the basis for further studies on ribozymes.127

VIII. Synthesis of cross-linked nucleic acid
duplexes using sugar moieties of nucleosides

In contrast to studies devoted to the modification of heterocyclic
bases and phosphate groups of oligonucleotides, reports on the
reactions between chains involving sugar residues are scarce.

A method for the synthesis of a duplex was proposed,15 which
entails the formation of a cross-link between the amino group
attached through a spacer to position 2 of the sugar residue of
adenosine, on the one hand, and the aldehyde group in a non-
nucleoside insert of the complementary chain, on the other hand.

Synthesis of this type of compound has been patented.16 In this
case, the aldehyde group results from enzymic elimination of
uracyl by uracyl-DNA-glycosylase from 20-deoxyuridine incorpo-
rated into the oligonucleotide. The elimination of the heterocyclic

base is accompanied by the sugar ring opening and the formation
of the aldehyde group. Treatment of the latter with the primary
amine gives a Schiff's base, which is reduced to give a stable
secondary amine. However, enzymic treatment does not yet allow
the preparative synthesis of these compounds, which restricts their
application as therapeutic agents.

As mentioned above, the main drawback of many procedures
employed in the synthesis of cross-linked DNA duplexes is their
low specificity. It is the specific cross-linking of DNA chains that
allows the development of the most convenient tools for the study
of protein-nucleic acid interactions. Therefore, in recent years
most studies have been aimed at the elaboration of methods of
site-specific cross-linking of chains in synthetic DNA duplexes.

A series of publications 128 ± 131 are devoted to elaboration of a
new effective method for the synthesis of cross-linked DNA
duplexes that involves sugar residues of nucleosides. This method
required the use of oligonucleotides modified at the carbohydrate
fragment and containing a primary aliphatic amino group or a
carboxy group. The existing procedures for incorporation of
modified units into oligonucleotides permit introducing them
into any predetermined position of the oligonucleotide chain or
incorporate several modified units into the same oligonucleotide
by a standard protocol of solid-phase phosphoramidite oligonu-
cleotide synthesis.

The reaction between the primary amino group and the
carboxy groups selected for the cross-linking of the duplex chains
is activated by water-soluble CDI and results in the formation of
an amide bond between the chains.

In the early 90's, severalmethods for the synthesis of 20-amino-
20-deoxynucleotides were developed.120 ± 126 High reactivity of the
20-amino groups of 20-amino-20-deoxynucleosides in acylation
reactions120 ± 122 has led to an idea of formation of a cross-link
between the 20-amino group in one chain and the carboxy group
derived upon acylation of the 20-amino-20-deoxynucleoside of the
complementary chain by a dicarboxylic acid anhydride. However,
preparation of purine 20-amino-20-deoxynucleosides by transgly-
cosylation (substitution of a heterocyclic base) of preformed
20-amino-20-deoxyuridine 123, 124 inevitably resulted in the forma-
tion of a complex mixture of products and extremely low yield of
the target product.

Thus, a non-nucleoside insert was used instead of purine
20-amino-20-deoxynucleosides. On the one hand, this disturbs the
hydrogen bonds in the pair in which one heterocylic base is
missing. On the other hand, the use of this nucleoside substitution
has a number of benefits. Compound 43 can be synthesised by a
combination of simple high-yielding chemical reactions.128, 129

The distance of three carbon atoms between the phosphate
groups, which is characteristic of natural oligonucleotides, is
preserved in the structure of the non-nucleoside insert. This
compound is resistant to synthetic and post-synthetic treatments
of the oligonucleotide.

Synthesis of specifically protected pyrimidine 20-amino-20-
deoxynucleosides 44 and 45 has been described.120, 121 The reac-
tion between the chains of a modified duplex is performed in the
following steps. First, a carboxy group is introduced into one
chain. This is achieved by acylating the amino group incorporated
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into the oligonucleotide with a dicarboxylic anhydride.Molecular
simulation allowed one to select succinic anhydride as the acylat-
ing reagent. Then the reaction between the chains was conducted
in a morpholinoethyl sulfonate buffer (pH 5.0 ± 6.7) for 1 ± 3 days
at 0 ± 20 8C using water-soluble CDI as a condensation reagent
(Scheme 13).

Previously, it had been demonstrated 128, 129 that the reaction
between the strands of modified DNA duplexes with a primary
aliphatic amino group in one of them and a carboxy group in the
other proceeds muchmore efficiently with the free amino group of
20-amino-20-deoxycytidine. This is explained by the fact that the
pKa value for this amino group (6.2) 121 ismuch lower than that for
the amino group of aliphatic amines, so this group exists mainly in
a deprotonated form under the reaction conditions.

The effects of some other factors, such as the mutual arrange-
ment of modified units, their number, nucleotide environment,
thermodynamic stability of the precursor duplex, etc., on the
efficiency of the reaction between the chains, were studied.130, 131

Under optimum conditions, the yield of the corresponding DNA
duplexes with covalently cross-linked chains reached 85% for
certain systems.

The yields of the target products differ considerably for a 20-
and a 25-membered systems (26% and 85%, respectively). This is
accounted for by the fact that the efficiency of the reaction
increased with an increase in the melting point of the original
modified duplex.

Depending on the nucleotide environment of the modified
units, the yield of the target product varied from 50% to
85%.130, 131 Substitution of 20-amino-20-deoxyuridine for
20-amino-20-deoxy-arabino-adenosine does not affect significantly
the yield of the DNA duplex with covalently cross-linked chains.

The thermodynamic stability of DNA duplexes with incorpo-
rated modified units was in all cases lower than that of non-
modified duplexes of the same primary structure. The decrease in
the melting point depends on the length and the composition of
the DNA duplex. In contrast, for duplexes with covalently cross-
linked chains the melting point was higher than that for the
corresponding modified and non-modified duplexes. The increase
in the melting point was 4 ± 8 8C relative to natural analogues,
while that for the corresponding modified duplexes was
15 ± 33 8C.128, 129

Duplexes with covalently cross-linked chains are much more
resistant to the action of a mixture of snake venom phosphodies-
terase and alkaline phosphatase than those devoid of interchain
cross-links. Under conditions where natural and modified
duplexes are completely hydrolysed to give nucleosides, duplexes
with covalently cross-linked chains maintain their structure by no
less than 70%. Such a low level of hydrolysis under these
conditions is due to the presence of a cross-link between the
chains.

Comparative kinetics of enzymic hydrolysis of a 25-membered
duplex with covalently cross-linked chains and of a non-modified
duplex of the same primary structure by snake venom phospho-
diesterase was carried out.132 Under selected conditions, enzymic
hydrolysis of single-stranded oligonucleotides and a non-modified
duplex occurred at a high rate. Single-stranded oligonucleotides

were completely hydrolysed to give nucleotides in 5 min, whereas
the duplex with covalently cross-linked chains was not completely
hydrolysed under identical conditions even in 3 h. Relatively easy
splitting of two or three units was observed together with
accumulation of products of partial hydrolysis with chains short-
ened by no more than 3 ± 8 units. After scission of eight units, the
reaction is appreciably retarded. Thus, the presence of a cross-link
between the chains causes strong inhibition of the effect of snake
venom phosphodiesterase.

In order to prove the ability of compounds obtained to serve
as substrates of enzymes binding with unique nucleotide sequen-
ces of DNA and to confirm their structure, DNA duplexes with
covalently cross-linked chains were site-specifically cleaved with
restriction endonuclease Alu I.130, 131 The primary structure of
covalently cross-linked DNA duplexes corresponded to the 25-
membered non-modified DNA duplex; its nucleotide sequence is
shown in Scheme 14. The recognition site of restriction endonu-
clease Alu I is given in italics; the sites of incorporation of the
corresponding modified units 43 and 44 are underlined.

The position of cross-links between the chains relative to the
recognition site of restriction endonuclease Alu I in DNA
duplexes determines the composition of the hydrolysate. The
formation of oligonucleotides of different lengths resulting from
hydrolysis of DNA duplexes with covalently cross-linked chains
and the non-modified duplex is illustrated by Scheme 14.

Scheme 14

The composition of reaction mixtures for all DNA duplexes is
in agreement with the theoretical Scheme 14. Thus, it has been
shown that the presence of cross-links between the chains in
synthetic DNA duplexes does not prevent their cleavage with
restriction endonuclease Alu I. The formation of a series of
products of a definite length confirms the presence and position
of cross-links between the chains in the synthetic DNA duplexes.

The experimental results 128 ± 131 suggest that DNA duplexes
with covalently cross-linked chains can be used as efficient `traps'
for proteins binding with nucleic acids.

50 CGGTAGAGCTCACTTTCCGAGTGGC 30

30 GCCATCTCGAGTGAAAGGCTCACCG 50

p* is 32P-phosphate.

+Alu I

Alu I

Alu I

50
p*

p*

+Alu I

Alu I

p*

50
p*

Alu I

+Alu I

p*

25

25

p*

+Alu I

Alu I

50
p*

p*

+

+

+

+

+
+

+

+

17

34
34

17
p*

p*

p* p*

p*
p*

8

p*
8

16 16
p*

Alu I

Het=U, CBz; R1 ±R4 are fragments of oligonucleotide chains.

O
pH 6.0

CDI(CH2)2HN

(CH2)2

HO

O

+

NH2

O
Het

O

P

OR2

O O7

O7O

O

P

R1O

O

O

HN

O O7P

OR4

O

P

R3O

O O7

(CH2)2

O

HN

O

(CH2)2

R1O

P

O

O O7

O7O

OR2

P

O

Het
O

NH

O

O

HN

O O7P

OR4

O

P

R3O

O O7

Scheme 13

260 S I Antsypovich, T S Oretskaya



IX. Conclusion

The data presented in this review testify to the existence of efficient
methods for preparing DNA duplexes with covalently cross-
linked chains. Cross-linking ofDNA chains can be achieved either
nonspecifically (statistically) or at predetermined positions of the
double helix.

Owing to existing methods, the synthesis of these compounds
is no longer a very complicated task. DNA duplexes with
covalently cross-linked chains have become a convenient tool for
the study of protein ± nucleic acid interactions. Convincing evi-
dence for the significant potential of this approach can be derived
from the investigations cited in the review.
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