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Abstract. Methods for specific covalent binding of modified
nucleic acids to proteins and enzymes with conservation of their
native structures are discussed. Possible applications of synthetic
nucleic acids containing reactive (nucleophilic and electrophilic)
groups and groups that can be photoactivated for testing pro-
tein —nucleic acid contacts and studying protein functioning are
considered. The structures of protein—nucleic acid conjugates
formed in the enzymatic reactions are described. Methods for the
isolation and analysis of covalently bound protein —nucleic acid
complexes are generalised. The main attention is given to methods
for determination of protein sites attached to nucleic acids. The
bibliography includes 226 references.

1. Introduction

Protein —nucleic acid interactions determine numerous processes
occurring in cells, viz., replication, transcription and translation of
DNA as well as RNA processing. Amino acid residues involved in
the formation of protein —nucleic acid complexes are identified by
various methods. These can be divided into two groups, viz.,
instrumental methods (e.g., X-ray diffraction analysis, NMR
spectroscopy, etc.) and molecular-biological methods (site-
directed mutagenesis of proteins, cross-linking, ezc.).
Undoubtedly, the most reliable information about the struc-
tures of NA —protein conjugates can be obtained from X-ray
diffraction data, however, isolation and crystallisation of the
corresponding complexes are not always possible.t In addition,
X-ray diffraction analysis often fails to establish the conforma-
tional reconstructions of the proteins in their interactions with NA
and to determine the effects of the nucleotide sequences of NA
flanking the protein-binding sites.? The dynamics of protein—nu-
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cleic acid complexes in solution is usually studied by NMR
spectroscopy, but the latter is often inapplicable to the study of
multisubunit complexes and processes associated with significant
changes in the structures of biopolymers. Other spectroscopic
methods, e.g., fluorescence spectroscopy including stop-flow
technique, Raman and small-angle X-ray scattering and electron
microscopy, provide little information about the structures of
NA —protein complexes.

Among other molecular-biological methods used in the anal-
ysis of NA —protein interactions, site-directed mutagenesis and
addressed chemical modification of proteins are most popular,
but they are rather laborious and sometimes provide incorrect
information due to changes in the biopolymer structure caused by
the substitution of the functional amino acid residues. Moreover,
this demands localisation of the protein domain involved in
binding. This group of methods also includes covalent binding of
proteins to NA, which is optimum for solution of many problems.
In the first place, it allows identification of the protein domain and
even particular amino acids interacting with a specific NA frag-
ment within the NA —protein complex.>~7 It is also used in the
study of multiprotein complexes formed upon replication, trans-
lation, etc. In particular, this can also be employed for identifica-
tion of a protein component interacting with a specific site in NA.8
This approach can be used in the study of cell extracts (partic-
ularly, for detecting proteins selectively interacting with specific
nucleotide sequences) and in the SELEX technology * for selection
of oligonucleotides with specific primary structures (e.g., NA
aptamers) that bind to proteins irreversibly.® 10

Covalent binding of proteins to NA has been used for the
study of NA —protein interactions virtually from the moment of
the origin of molecular biology, i.e., since the mid-1960 s.!! At
present, photoaffinity modification of proteins is the most popu-
lar; this is based on covalent binding of non-modified nucleic acids
to proteins upon UV irradiation.'> However, it can hardly be
regarded as a versatile procedure because of low yields of
conjugates, radiation-induced damage of biopolymers and the
necessity to identify the nucleotide unit to which the protein is
attached. The use of NA analogues that can be photoactivated to
generate radicals and biradicals under the influence of UV light
seems to be a more promising approach. It excludes the necessity

T Considerable progress in crystallisation of covalently bound NA —pro-
tein complexes and study of their structures by X-ray diffraction analysis
achieved in the past decade is considered in detail in the review by Verdine
and Norman.!

P SELEX is an abbreviation from ‘Systematic Evolution of Ligands by
EXponential enrichment’.
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to identify the nucleotide unit involved in binding and diminishes
the risk of destruction of biopolymers, since in this case irradiation
is performed under less destructive conditions (i.e., with longer
wavelengths). Several reviews devoted to the synthesis,'? proper-
ties 14 and applications '3~17 of NA analogues that can be photo-
activated are available.

Chemical methods for the attachment of proteins to NA are
based on either the use of non-specific binding reagents (e.g.,
formaldehyde '8-29), or selective introduction of reactive groups
into the protein or NA. A novel procedure for the covalent
binding of proteins to NA in the presence of metal complexes
has been developed recently.?! It was found that UV irradiation of
DNA in the presence of complexes with platinum-group metals
results in specific oxidation of guanosine residues within the
oligonucleotide.??~2* When such nucleotides come closer to the
protein, cross-linking occurs. However, despite the obvious orig-
inality of this technique, it has not found wide application because
of low yields of protein— NA conjugates and commercial inacces-
sibility of the most efficient metal complexes.

The present review is devoted to the use of modified NA for
the study of specific protein — nucleic acid interactions (here, we do
not consider the methods based on the use of chemically modified
proteins).>>~27 The review by Sheflyan et al.? published in 1996
was devoted to methods for covalent attachment of nucleic acids
and their derivatives to proteins; however, many new NA deriv-
atives have been synthesised in the past 7 years and, most
importantly, the methodology of determination of amino acid
residues covalently bound to NA has been finally stated and
brought to practice.

I1. Covalent binding of modified nucleic acids to
proteins

1. Methods for functionalisation of nucleic acids

Modified NA can be synthesised using chemical or enzymatic
methods. The former approach includes preparation of modified
nucleosides (as a rule, in the form of 3'-phosphoroamidite
derivatives) which are further used in automated oligonucleotide
synthesis. These nucleosides have to be stable under conditions of
the synthesis and post-synthetic workup, which is not always
possible. In addition, this method makes it possible to prepare
oligomers having no more than 80— 100 nucleotide units.

The enzymatic approach entails incorporation of modified
5'-nucleoside triphosphates into NA using various polymerases.
Asarule, C(5)-substituted pyrimidine and C(8)-substituted purine
nucleosides are used, the use of cytidine derivatives modified at
N(4) has also been described. In this case, the length of the NA
synthesised can reach thousands of nucleotides. However, the
limitations of the enzymatic chain elongation method consist of
impossibility of incorporation of certain modified nucleotides into
the chain. The enzymatic method enables statistical functionalisa-
tion of NA and if 5'-nucleoside triphosphate terminates the
growth of the oligonucleotide, it is the 3'-terminus of NA that is
modified.

Substituents can be introduced into NA in the course of post-
synthetic workup. Various reactive groups, e.g., aliphatic amino
groups, thiol groups, phosphorothionate internucleotide groups,
etc., can be used as substituents. An original procedure for the
introduction of reactive internucleotide groups by chemical liga-
tion of modified oligonucleotides has been developed in the
laboratory headed by Z A Shabarova at MSU (see a review 28
and Section 11.3).

2. Photoactivatable derivatives of nucleic acids

As mentioned above, the use of photoactivatable derivatives of
NA in the study of specific protein —nucleic acid interactions is a
promising approach. A comprehensive review by Meisenheimer
and Koch !4 published in 1997 dealt with a detailed consideration
of the mechanism and selectivity of covalent binding of side
groups of amino acid residues of a polypeptide chain to the

modified nucleotide units of nucleic acids containing photoacti-
vatable groups.

Arylazide derivatives have become especially popular among
other photoactivatable NA analogues due to their high reactiv-
ities.¥ Nucleosides containing arylazido groups can be introduced
into NA by both enzymatic and chemical methods.

The main disadvantages of arylazide derivatives of NA
include the lack of selectivity in the binding to proteins and large
size of the arylazido group, which can lead to disturbances in the
local structure of an NA —protein complex and to cross-linking
with remote protein fragments. Nevertheless, this type of modified
NA is widely used in the study of structures of protein—nucleic
acid complexes.

Arylazides can be introduced into NA

— at the internucleotide phosphorothioate bond of modified
oligonucleotides: 2931
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— in the course of a polymerase reaction using 5'-nucleoside
triphosphates 1-3 modified at the heterocyclic base as one of the
reactants (see Refs 32—43).
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§ Highly reactive short-living arylnitrene biradicals, which react with the
majority of amino acids, are formed upon irradiation of arylazido groups.
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The photoactivatable triphosphates 1a—f were prepared by
the acylation of 5-(2-aminovinyl)-2'-deoxyuridine-5'-triphos-
phate (4) with an activated ester of the corresponding azidoben-
zoic acid (5a—f).
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X = C¢Fs, succinimido.

The electron-withdrawing groups in the benzene ring of the
arylazide stabilise the nitrene formed upon irradiation of the
azide, as a result of which the yield of the protein—nucleic acid
conjugate increases.**

The introduction of amino and hydrazide groups at C(4) of
pyrimidine and their subsequent acylation or alkylidenylation is
yet another approach to the synthesis of triphosphates containing
an arylazide group. The synthesis of the corresponding com-
pounds 6 and 7 has been described.*>—4°
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The photoreagents 1—3, 6 and 7 were used for the study of the
human replication protein A,3>30-33 HIV-1 reverse transcrip-
tase,>* DNA polymerases,> 3¢ helicase Rep from E. coli?® and
excision repair proteins (BER, Base Excision Repair).3”-%% The
previously obtained data on the structures of DNA polymerases
have been reviewed.*® The use of arylazide derivatives of NA for
structure — function studies has also been described.!>~18

Lavrik et al.%° have developed an original procedure for
sensitised photomodification of DNA polymerase [ which
involves the use of an arylazido group. First, a nucleotide
containing an arylazido group at the 3'-end was synthesised from
a primer using DNA polymerase B. Then, pyrene-containing
uridine-5'-triphosphate that binds to polymerase is added to the
reaction mixture, and the resulting complex is irradiated with light
with the wavelength of 365—-450 nm. Irradiation induces the
excitation of the pyrenyl residue and the fluorescence-resonance-
energy transfer (FRET) to the arylazido group (Fig. 1). The
activation of the latter brings about covalent binding of the
3'-end of the primer to the polymerase. Such a binary system
allows the use of significantly longer irradiation wavelengths
required for the formation of NA —protein conjugates in compar-
ison with those commonly used for the photoactivation of
arylazide derivatives (325—350 nm). The use of this approach
has made it possible to reduce the photodamage of DNA and
proteins and to increase (by an order of magnitude) the initial rate
of photomodification. Later, this approach was repeatedly used
for the study of functioning of DNA polymerases in both model
systems and cellular extracts.>* 6165

(—b DNA polymerase 47

365—-450 nm

2'-deoxyuridine
5'-triphosphate

Figure 1.  Sensitised modification of DNA polymerase.

Among other commonly used photoactivatable NA deriva-
tives, mention can be made of 5-halogenopyrimidine and 8-halo-
genopurine nucleosides, e.g., 5-bromo- (8a) 33-%0- 72 and 5-iodo-2'-
deoxyuridine (8b),3!-40:67.73-95 5.jodo-2'-deoxycytidine (9)77-%6
and 8-bromo-2 -deoxyguanosine (10).%7
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Photolysis of these photoactivatable NA produces stable
radicals which react with electron-donor amino acid residues of
proteins, particularly, with aromatic and sulfur-containing side
groups. In the case of bromo derivatives, the optimum wavelength
of the UV light necessary for the abstraction of the halogen atom
is 308 nm, while that for iodo derivatives is 325 nm. The increase
in the wavelength reduces photoinduced damage of proteins and
NA, but decreases the yields of the photoaddition products. By
virtue of their small size (the van der Waals radii of iodine and
bromine atoms correspond approximately to that of the methyl
group), halogen atoms do not induce any significant changes in
the structure of NA and do not prevent protein—nucleic acid
recognition. This makes halogen derivatives of NA highly attrac-
tive tools for probing protein —nucleic acid contacts in the binding
sites of biopolymers.

Halogen derivatives of NA were used in the studies of a broad
array of NA-recognising proteins, such as the transcription factor
NF-kB:;3? the transcription factor binding the CCAAT motif of
DNA (CBF);® the restriction — modification enzymes EcoP151,%
EcoRI,78-37 EcoRII,*3-949 EcoRV,895 Ssoll,8 CviBIII and
Taql;®!' homing endonuclease PI-Scel;?®-80 the eukaryotic ribo-
some L5 protein;®® the herpes simplex virus helicase — primase
subcomplex;®3-90 the replication terminator Tus,%” HIV-1 inte-
grase;’*77 the repair protein MutS;”’ the protein HMG1;°! the
replication protein A;8? the recombination proteins RAGI and
RAG2;% telomerase of Euplotes aediculatus;” the protein SSB;*?
the fibroblast growth factor (bFGFss);’° vimentine;”! the phage
capsid protein MS2 73 as well the multiprotein centromeric com-
plex (CBF3).%8

Nucleoside derivatives in which the oxo group in the hetero-
cyclic base is substituted for the thioxo group, e.g., 4-thiothymi-
dine (11)3498-100 and 6-thio-2'-deoxyguanosine (12),'01-103
belong to yet another class of photoactivatable NA derivatives.
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Replacement of the oxygen atom by sulfur induces minimum
structural changes in the biopolymer, which, together with the
high reactivity of thiones, makes them rather promising com-
pounds. Upon irradiation with light with the wavelengths
> 300 nm, these derivatives react with proteins by a free-radical
mechanism. They were successfully used in the studies of the
binding site of TAR RNA to the Tat-protein of HIV-1°98 103
(testing of NA —protein contacts in the large groove of the double

helix of RNA) as well as of DNA methyl transferase EcoR1241,102
the transcription factor SRF,!! integrase of the bacteriophage
lambda '%° and the protein Rev of HIV-1.9

It is known that the benzophenone residue incorporated into
NA4-104 reacts with the a-carbon atom of the polypeptide chain
upon UV irradiation.!%
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It seemed therefore interesting to consider possible applica-
tions of such NA for the study of NA —protein interactions. Thus
triphosphates 13 and 14 containing a benzophenone residue were
tested as photoreagents for the study of the transcription complex
of yeast RNA polymerase 11140 at the RNA-binding site of RNA
polymerase T7.104

()
L QO
XN
HN)IE/\/
)\ O
O N
O

P;0f;
OH 13
0
‘ O T
—P—0—P—0—P—0 Gua
O 0
14 OH OH

With rare exception, the yields of cross-linked products of such
NA derivatives to proteins are extremely low; therefore, they have
not found wide application.

Coumarins (15) and furocoumarins (16, psoralenes) ¥

R
o~ o o 0~ o
15 16

are widely used for the introduction of various non-radioactive
labels 107-198 and the synthesis of covalently bound NA 99 as well
as in the photochemotherapy'!? and diagnostics of genetic
diseases.!!

Psoralenes contain two photoactivatable double bonds by
virtue of which they add to the double bond C(5)=C(6) of
thymine to give compound 17 (Scheme 1). This reaction occurs
upon UV irradiation (1 = 300340 nm). It was suggested 12~ 115
to use DNA fragments containing the thymidine residue 18
modified by 4'-hydroxymethyl 4,5 ,8-trimethylpsoralene for pho-
toaffinity modification of proteins.

Coumarin can be introduced into NA by direct incorporation,
into the oligonucleotide chain, of compound 19 with a carbo-
hydrate-mimicking fragment.!!!- 116

Psoralene- (or coumarin-)modified NA were used for the
study of T7 RNA polymerase,'06-112-114 proteins RecA and
Max,!# as well as complex TFIIH proteins.!!>

9 Psoralenes are also used for the modification of protein chains in vivo.!%°
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Scheme 1
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R!-R*are fragments of the oligonucleotide chain.

The optimum wavelength of UV light triggering the formation
of protein—nucleic acid cross-links is 300 nm. The mechanism
and selectivity of photoaddition of amino acid residues of proteins
to psoralene-containing NA have not been established.

Aryl(trifluoromethyl)diazirine is yet another photosensitive
reagent for the modification of NA. Upon UV irradiation,
diazirines 20 are converted into reactive carbenes 21, which react
with virtually any molecule.

CF3 CF3
//N hv
N >
R 20 R 21

The review !''7 published in 2000 is devoted to the use of
aryl(trifluoromethyl)diazirines for the study of NA —protein
interactions. Later, three other papers®+ 118119 devoted to the
use of NA 22 and 23 containing diazirine residues were published.
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R!, R? are fragments of the oligonucleotide chain.

DNA methyl transferase EcoRII ** and HIV-1B integrase '3
were used as subjects of studies.

Unfortunately, the yields of cross-linked binding products of
diazirine derivatives of NA to proteins are low because of side
reactions of carbenes with water.

17

3. Chemical modification of nucleic acids

The non-specificity of the above-described photoactivatable NA
reagents is their main disadvantage. Besides, their activation
requires UV irradiation which can damage biopolymers. In
contrast, NA reagents containing reactive groups react selectively
with spatially close amino acid residues of the protein without any
external factors. The introduction of a reactive group into a preset
position of the oligonucleotide chain allows the probing of point
contacts between different regions of biomolecules, whereas
variations of the chemical nature of the reactive group enable
selective binding of a definite type of amino acid residues within
the NA —protein complex.

Reactive groups can be introduced into any position of NA,
i.e., the heterocyclic base, the sugar—phosphate backbone or the
ends of the oligonucleotide chain. The introduction of these
groups into the sugar—phosphate backbone of NA is the most
promising approach, while modification of heterocyclic bases can
disturb complementary interactions of NA and specific interac-
tions within the protein —nucleic acid complex.

The following properties should be characteristic of the NA
reagents used for the cross-linking with proteins:

(1) the possibility to react specifically with spatially close
functional amino acid groups of the protein;

(2) formation of stable conjugates with the protein without
any additional activation at physiological values of pH (6.0—8.0);

(3) retention of stability in neutral aqueous solutions over a
long period of time without any loss of reactivity.

a. Modification of nucleic acids at the internucleotide
phosphodiester bond

It is known that nonspecific interactions make a significant
contribution to the structural organisation and stability of vir-
tually all macromolecular complexes including NA — protein com-
plexes. In this connection, modification of the phosphate groups
of NA, which are involved in the majority of cases in these
interactions, seems to be important for the study of NA —protein
contacts. In the early 1990s, Shabarova et al.'?°~123 proposed to
substitute trisubstituted (TSP) groups for the natural 3,5 -phos-
phodiester bonds in NA.

The trisubstituted pyrophosphate group possesses all the
properties necessary for the interaction with proteins, viz., it is
stable in aqueous media and is readily cleaved by amines. It was
found that oligonucleotides containing TSP groups react exclu-
sively with lysine and histidine residues as well as with the terminal
a-amino group of the protein;'?* the nucleophilic substitution
occurs only with the disubstituted phosphate to yield a covalently
linked protein—oligonucleotide complex. If the phosphoramide
bond is formed with involvement of the e-amino group of Lys or
the terminal a-amino group of the protein, this bond is stable at
pH > 4; if the amino group of His is involved, the bond is cleaved
in weakly acidic media or under the action of N-methylimidazole,
which allows discrimination of lysine and histidine residues.!?’
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NuH are Lys and His residues of the protein.

Template-directed condensation of oligonucleotides carrying
mono- and disubstituted terminal phosphate groups using
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) (Sche-
me 2, chemical ligation) is employed for the introduction of the
TSP group into the predetermined position of the oligonucleotide.
The use of chemical ligation for the preparation of various single-
and double-stranded TSP-modified oligonucleotides has been
described in detail in the reviews. 318,126

The formation of two isomeric TSP-containing oligonucleo-
tides A and B (see Scheme 2) is possible depending on which of the
terminal phosphate residues (3'- or 5'-) in the starting oligonucleo-
tide is esterified. It was found that the synthesis of the isomer B is
far more effective than that of the isomer A due to the difference in
the reactivities and availabilities of the reacting mono- and
disubstituted phosphate residues. At the same time, the isomer
B, which is formed more easily, reacts more slowly with the amino
group of lysine than the isomer A.

The human transcription factor NF-kB was used as a target
protein.'?7-128 This belongs to the class of multifunctional eukary-
otic proteins (the family Rel), which control gene expression and
play an important role in such vital processes as immune
response, 2% apoptosis,'3® cell growth 13! and proliferation.'3° It
has been shown that synthetic DNA duplexes containing TSP
groups in different positions of the recognition site of the tran-
scription factor NF-xB differ substantially in the efficiency of
their covalent binding to the protein. Thus in the case of isomers A
the yield of the protein —nucleic acid conjugate was 35%, while for
isomers B it did not exceed 7%. The observed regularity was taken
into consideration in subsequent studies aimed at the design of
DNA reagents containing the TSP groups.

A series of DNA duplexes containing O-methyl pyrophos-
phate in different positions of the binding site of the transcription
factor HNF-1 was used for the probing of DNA contacts with this
protein in nuclear extracts of rat liver 32 and the study of DNA
formamido — DNA glycosylase contacts.!33

The synthesis of TSP-containing oligoribonucleotides has
been described by Shabarova et al.'3* These were used to confirm
the existence of contacts between individual phosphate groups of
RNA within the TAR RNA complex with the Tat-peptide '35
predicted on the basis of NMR spectroscopic data. The aim of this
study was to specify the architecture of the natural TAR RNA —
Tat-protein complex. The amino acids interacting with the RNA
duplex were determined using chemical and enzymatic cleavage of
the protein fragment in the covalently bound complex with
subsequent analysis of the conjugate by mass spectrometry.!3’
The natural TAR RNA - Tat-protein complex plays a key role in
the activation of transcription of the human immunodeficiency
virus. It was found that the Tat-protein after formation of the
complex with TAR RNA initiates indirect activation of RNA

polymerase I1.13¢ This reaction is the determining step in the
initiation of transcription of HIV-1, since no elongation of tran-
scription takes place in the absence of the Tat-protein.

The structural polymorphism of proteins including that
induced by irradiation and crystallisation has been studied espe-
cially intensely in recent years. It remains to be hoped that the use
of nucleic acids containing TSP groups will enable a more accurate
determination of individual contacts between the biopolymers
within the protein—nucleic acid complexes which exist in the
native state in aqueous media and a comparison of the results
obtained from X-ray diffraction analysis. The main advantages of
this approach include selectivity of interaction (Lys or His) and
the absence of extended spacers between the phosphate group
responsible for the binding and the nucleophilic groups of
proteins. Thus some of the contacts of the Lys and His residues
in RNA polymerase of bacteriophage T7 with the phosphate
groups of the promoter were established 37 with the use of
synthetic fragments of the promoter (10—20 b.p.) containing a
TSP group in positions that, according to data from X-ray
diffraction analysis, are close to particular amino acids. The
functional significance of such contacts has been established
previously in biochemical studies.

This approach was used in the study of the complex of the
transcription factor NF-kB with DNA duplexes with different
primary structures.!?® Covalent binding made it possible to
establish an important fact that in principle the structure of the
NF-kB complex with DNA is determined not only by the nucleo-
tide sequence in the protein-binding site, but also by flanking
regions. Later, this fact was confirmed by X-ray diffraction
analysis. 138141

Studies by Shabarova et al.'*> have shown that DNA duplexes
containing TSP groups are promising reagents for the probing of
conformational changes in the enzyme during functioning of the
enzyme—substrate complex. Restriction endonuclease Mval
(R.Mval) was used as a subject of investigation, while a 14-
membered DNA duplex containing a recognition site for the
enzyme with a TSP group instead of a hydrolysable phospho-
diester bond was used as a substrate.!#> This system was used for
the study of conformational changes in the restriction endonu-
clease Mval in the enzyme —substrate complex induced by differ-
ent concentrations of magnesium ions (the latter is a cofactor of
the cleavage of DNA). It was found that magnesium ions favour
conformational rearrangements in the protein as a result of which
one of the nucleophilic groups in the catalytic site of R.Mval
(presumably, histidine) comes closer to the modified bond in the
DNA substrate.

In order to enhance the reactivities of internucleotide bonds, it
was proposed to replace the TSP groups in DNA duplexes by their
sulfur-containing analogues.!'#* Oligonucleotides containing thio
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analogues of the TSP groups appeared to be more reactive with
respect to aliphatic amines, since dialkyl thiophosphoric acid is a
stronger acid (in comparison with dialkyl phosphoric acid) and, as
a consequence, the better leaving group.

Hairpin DNA duplexes containing a recognition site of the
human transcription factor NF-kB, the position of the modified
fragment (i.e., the sulfur-containing TSP group) in which corre-
sponded to the position of the group the most close to the lysine
residue, were bound covalenty to the protein (Scheme 3). In
contrast to oxygen-containing TSP, both isomers differing in the
position of the trisubstituted phosphorothioate residue reacted
with the same efficiency. However, the lability of sulfur-contain-
ing TSP groups and the relative difficulty of their incorporation
into oligonucleotides prevent large-scale application of this type
of DNA reagents.
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It was proposed 124144 to use oligonucleotides containing a
reactive acylphosphate group instead of one phosphodiester bond
for the study of NA-protein interactions. This group was
introduced into the preset position of the sugar—phosphate
backbone by template-directed chemical ligation of two oligonu-
cleotides one of which served as a phosphate donor, while the
other one was used as a carboxyl donor (Scheme 4).!2* The mixed
anhydride formed undergoes cleavage in aqueous solution
(pH > 8) under the action of amines to give a carboxamide (rather
than phosphoroamide) (see Scheme 4).!?* In reactions with
amines, such acyl phosphate-containing oligonucleotides play
the role of mild acylating reagents. A comparison of the properties
of DNA duplexes containing an acyl phosphate or a TSP group in
the same position of the recognition site of the transcription factor
NF-kB revealed that the yields of the protein—nucleic acid
conjugates in the case of acyl phosphate-containing DNA were
three times lower than those from TSP-containing DNA.!?* The
lower reactivities and the formation of side products in the
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' P '
5 O—P—NH—CHf—C/ HO—P—0O 3
I \ Il
5 OH 0 .
lEDC
Q" P
s’ O—P—NH—CH,—C—0—P—0 3
3 5
lRNHz
(I)* NHR CIV
5" O_IIT_NH_CHQ_C\\ HO —IIT—O 3
¥ 0 0o 0 5

synthesis of acyl-phosphate oligonucleotide derivatives are the
reasons for their low utility for the covalent binding to proteins.’

b. Modifications of the terminal phosphate groups of nucleic acids
Oligonucleotide derivatives with activated terminal phosphoester
groups are more accessible than other reactive phosphorylating
agents. N-Hydroxybenzotriazole esters (HOBT-derivatives) of
oligonucleotides 24 are the most popular reagents of this type.
They are prepared in one step from oligonucleotide-3'- or 5'-phos-
phates and N-hydroxybenzotriazole under the action of water-
soluble carbodiimide in water-organic media.!47- 148
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R is the oligonucleotide residue.

HOBT-Derivatives of the oligonucleotides 24 manifest phos-
phorylating properties in reactions with amino acids, peptides and
proteins. In this case, the reaction with the protein occurs at the
N-terminal a-amino group, at the g-amino group of Lys or at the
imidazole residue of histidine.!4°

Reactive N-hydroxybenzotriazole esters of oligonucleotides
were successfully used in the study of DNA-'?> and RNA-bind-
ing 14 proteins. The structure of the complex of RNA polymerase
of E. coli with a DNA promoter has been studied !*° with the help
of a large series of hydroxybenzotriazole derivatives of single- and
double-stranded oligonucleotides corresponding to various frag-
ments of the promoter responsible for different transcription
initiation steps (—35 and —10 relative to the transcription
initiation point). The RNA polymerase subunit of the holoenzyme
built up of five subunits and the amino acid residues involved in
the binding to each oligonucleotide were determined based on the
results of covalent binding.!?> The results obtained with the use of
hydroxybenzotriazole derivatives were confirmed by Naryshkin et
al.’>® who have used photoactivatable arylazide analogues of
DNA for the solution of the same task.

The use of hydroxybenzotriazole derivatives of RNA has also
been described in the study '*° on the binding of Tat-proteins to
the fragment of TAR RNA. The high efficiency of the covalent
binding of RNA to the peptide suggests that this type of
derivatives can be used for the construction of ‘decoys’ that slow
down the transcription of the immunodeficiency virus in infected
cells.

It should be noted that HOBT and TSP derivatives of nucleic
acids containing modified phosphate groups both inside the NA
chain and at its termini are the only currently available reagents
for testing the contacts of Lys and His residues of proteins. The
high efficiency of formation of protein—nucleic acid conjugates
(yields up to 50%), the high selectivity of binding to proteins and
the availability of chemical means of analysis of covalent binding
products open up broad opportunities for further applications of
these reagents for determination of the structures and analysis of
conformational rearrangements in NA —protein complexes dur-
ing their functioning or upon changes in their environments.

¢. Modification of sugar moieties of nucleic acids

Only a small number of NA reagents containing reactive groups in
the sugar moiety have been obtained so far. At the same time, it is
known that NA-recognising proteins react with NA exclusively by
generating hydrophobic and van der Waals contacts with the

+ The methods for the introduction of carboxy groups into DNA and the
chemical properties of such derivatives have been studied fairly exten-
sively. 145146
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ribose residue.!3! Of special interest are NA reagents modified in
the 2'-position of ribose which plays a crucial role in the discrim-
ination of DNA and RNA molecules by proteins.

It was suggested 152 that the 2’-iodoacetamide group within
DNA duplexes can be used for selective covalent binding of
proteins containing a cysteine residue in the active centre. The
iodoacetamido group was chosen due to its higher (in comparison
with the bromoacetamido group) activity in the alkylation of the
thiol group of cysteine.!>? Synthetic oligonucleotides containing
2’-amino-2’-deoxyuridine 25 in the preset position instead of
thymidine were used as starting compounds for the directed
introduction of the iodoacetamido group (this approach enables
easy changes in the position of the reaction centre in the target
oligonucleotide sequence). The 2’-deoxy-2'-iodoacetamidouridine
derivatives 26 were prepared by acylation of the amino group with
an excess of iodoacetic anhydride (Scheme 5).

Scheme 5
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R!, R? are fragments of the oligonucleotide chain.

Studies of reactions of DNA reagents containing an iodoace-
tamide group in position 2’ of the uridine residue with various low-
molecular-mass nucleophiles (including amino acids and peptides)
revealed that they react only with thiol-containing compounds,
particularly, with cysteine-containing proteins. It is of note that
the iodoacetamide groups at the 2'-position of the sugar—phos-
phate backbone of DNA react with the cysteine residues of the
protein only within specific protein —nucleic acid complexes (e.g.,
within the duplex 27 , see Scheme 5).

Such DNA duplexes were used for the affinity modification of
a series of DNA-recognising cysteine-containing proteins, e.g., the
transcription factor NF-kB, the restriction —modification enzyme
Ssoll and uracil DNA glycosylase.!>? Thus the reaction of the
modified DNA duplexes 27 with the transcription factor NF-kB is
complete within 15 min at pH 8.1 and yields the covalently bound
adducts 28. These data altogether suggest that this reaction occurs
with good efficiency (the yield of the conjugates reaches 25%) and
high specificity.

The amino groups of lysine residues of DNA-recognising
proteins can also be involved in the interaction with the sugar—
phosphate backbone of DNA. To this end, aldehyde groups are to
be introduced into the sugar — phosphate backbone. The synthesis
and properties of oligonucleotides containing dialdehyde groups
are considered in the reviews.!34-136

Synthesis of oligodeoxyribonucleotides 29 containing a
2-oxoethyl group at the O(2') atom has been described.!57-158
The protected phosphoramidite 2'-0-(2,3-dihydroxypropyl)uri-
dine derivative 30 was used as a starting compound in the
oligonucleotide synthesis of such DNA (Scheme 6).

Oxidation of the diol group into the aldehyde group was
carried out under mild conditions by treatment with a twofold
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DMTr is dimethoxytrityl;
R',R2 are fragments of the oligonucleotide chain.

excess of sodium periodate. The oligonucleotides 29 obtained
react efficiently with different amino compounds.'>® The possi-
bility of covalent binding of DNA containing a 2'-0-(2-oxoethyl)-
uridine fragment to the transcription factor NF-kB (see Scheme 6)
has been demonstrated.!%° The oligonucleotide 29 appeared to be
more efficient in the reaction with NF-kB than the dialdehyde
derivatives, since in this case B-elimination is excluded and the
small size of the 2'-O-(2-oxoethyl) residue allows the g-amino
groups of lysine to approach the most close to DNA. The
advantage of this methodology is the possibility to vary the
position of the modified unit and the number of modifications in
the oligonucleotide. The yields of the addition products of the
transcription factor NF-kB to DNA ligands were 8% —10%.

It was proposed '¢! that the DNA ligands 29 were used for the
study of the mechanism of functioning of DNA methyltransferase
Ssoll. With a set of duplexes containing one or two modifications
in the recognition site, two types of DNA —protein conjugates
have been obtained in 70% yields. From determination of
molecular masses of such conjugates it was suggested that DNA
methyltransferase Ssoll interacts with DNA as a dimer.

Oligonucleotides 31 containing a 2-deoxyribonolactone frag-
ment were used for the covalent binding of some repair
enzymes. 162163

R'O 1
o o R'O OHO H
NN
(6]
O=P—0~ > 0O=P—0-

OR? 31 OR?
R!,R? are fragments of the oligonucleotide chain, the protein is endo-
nuclease IIT or human DNA polymerase.

Such oligonucleotides appeared to be versatile for the covalent
addition of various excision repair proteins. It was suggested 64
that the oligonucleotides 31 were used for the synthesis of
oligonucleotides 32 containing furan-2(5H)-one at the 3’-end of
the chain.
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R!,R? are fragments of the oligonucleotide chain.

The latter represent substrates for only those BER enzymes
that catalyse B,0-elimination of the apurine site, which allows
selective binding of these proteins, particularly, in cellular
extracts.

d. Modification of nucleic acids at the heterocyclic bases

It has been noted above that the introduction of reactive groups
into heterocyclic bases is seldom used for modification of NA.
Nevertheless, such examples are known. In particular, substitu-
ents containing —SH or —SS groups were introduced into the
heterocyclic base in order to achieve covalent binding of cysteine-
containing proteins to DNA through formation of disulfide
bridges. Introduction of these groups into the oligonucleotide
allows its covalent binding to the protein either by thiol —disulfide
exchange or as a result of oxidation of the thiol groups under the
action of atmospheric oxygen.

The thiol —disulfide exchange

R!SH + R?SSR3 —» R!SSR? + R3SH

proceeds efficiently at room temperature in water at physiological
values of pH despite the fact that this reaction includes the
cleavage and formation of a stable covalent S—S bond with the
energy of 60 kcal mol—! (see Ref. 165). The formation of the
disulfide bond through the oxidation of thiols by oxygen occurs in
two steps. 100

20 R2SH
> RI!SOH RISSR2.

—H,02 —H,0

RISH + (023

For the first time, the formation of a disulfide bond in the
DNA —protein complex has been used in order to confirm the
specificity of binding of a modified oligonucleotide ligand to the
active site of (methylguanine)—-DNA  methyltransferase
(MGMTase) of E. coli containing a cysteine residue.!¢” The action
of this key repair enzyme is directed at the removal of the methyl
and other alkyl groups from position O(6) of guanine or from
position O(4) of thymine by their transfer to the cysteine residue in
the active site of the protein. In the ‘dormant’ state, the cysteine
residue is localised inside the protein globule.!6® Tt was assumed
that the binding of MGMTase to the substrate or its repair are
accompanied by conformational rearrangements; however, the
information on the nature of these changes was absent. In order to
corroborate this hypothesis, 2-amino-6-cystamino-2'-deoxy-B-D-
ribofuranosyl purine (33) was introduced into the 21-membered
oligodeoxyribonucleotide instead of deoxyguanosine by auto-
mated synthesis.

HN/\/S_S\/\NHZ
¢
o N NA\NH2

OH 33

HO

The modified oligonucleotide containing the fragment 33 was
incorporated into NA and the disulfide bond was reduced by
dithiothreitol (DTT). A covalent bond between the double-
stranded oligonucleotide and MGMTase was formed under the
action of atmospheric oxygen (the yield of the NA-—protein
conjugate was low). The formation of the disulfide bond between
DNA and the protein was confirmed by its cleavage with DTT.
Analysis of the primary structure of the polypeptide fragment
covalently bound to the oligonucleotide confirmed the fact that it
was cysteine that was involved in the formation of the disulfide
bridge. Supporting evidence for the involvement of this amino
acid residue in the formation of the covalent complex
MGMTase—DNA was obtained in the following experiment.
The cysteine residue in the active site of the enzyme was methy-
lated by its incubation with an oligomer containing an O(6)-meth-
ylguanosine residue. The protein obtained did not form
conjugates with reduced DNA substrates containing the nucleo-
side analogue 33 with a free thiol group. These studies have shown
that MGMTase undergoes conformational rearrangements dur-
ing its functioning which favour the convergence of the cysteine
residue to the alkylated guanosine derivative.!¢’

A similar approach based on the site-specific attachment of
proteins to reactive analogues of DNA aimed at the formation of
disulfide bonds was used '® in order to establish the contacts in
the active complex of HIV integrase with viral cDNA. At the
beginning, additional cysteine residues were introduced into the
predetermined positions of integrase by site-directed mutagenesis
and modified fragments of 2'-deoxyadenosine containing a disul-
fide group at the N(6) atom were introduced into the predeter-
mined positions of DNA by automated synthesis. It was expected
that the cysteine residue in the DNA —protein complex would be
localised in the vicinity of the modification site of DNA, since
thiol —disulfide exchange demands a more ‘close’ arrangement of
two interacting groups than photo-induced covalent addition.

The reactivity of DNA 34 containing a disulfude group could
be enhanced by converting it into the thiol form by treatment with
DTT; the reaction of DNA 35 with the cysteine residue of a
protein occurs upon oxidation with atmospheric oxygen. Treat-
ment of DNA 35 with 5,5 -dithiobis(2-nitrobenzoic acid) yields an
even more reactive DNA derivative 36.
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R!,R? are fragments of the oligonucleotide chain; n = 2, 3.

It is of note that the introduction of reactive groups at N(6) of
adenine does not influence its ability to form Watson—Crick
hydrogen bonds.

It was found that the yields of covalent binding products of the
highly reactive substrates 36 to all mutant forms of integrase
containing single additional cysteine residues are nearly identical.
The use of less reactive substrates 35 or 34 is recommended to
increase the specificity of the covalent binding. In fact, the
required specificity of the covalent binding was achieved with the
least reactive oligonucleotides 34: a noticeable yield of the
conjugate was observed only for one mutant form of integrase. It
was shown also that the use of a propylene linker instead of an
ethylene linker increases significantly the yields of the protein—
nucleic acid conjugates. The effect of 2-mercaptoethanol as an
additive on the yields of the protein—nucleic acid conjugates has
also been examined.!¢” It was shown that high concentrations of
2-mercaptoethanol (> 5 mmol litre ') block completely the for-
mation of the reaction product; however, lower concentrations
(2 mmol litre — 1) enhance the specificity of the covalent binding of
HS- and SS-containing DNA. Under these conditions, the for-
mation of the protein—nucleic acid compex is reversible and
spatially close arrangement of the reactive groups is the only
prerequisite for cross-linking.

These studies have demonstrated the trams-interaction
between viral cDNA and integrase, i.e., the enzyme—substrate
complex represents a DNA bound to the C-terminal domain of
one integrase monomer and the catalytic domain of the other
integrase monomer. Moreover, site-specific covalent binding
revealed conformational changes in the integrase — DNA complex
concomitant with the terminal processing reaction.

Oxidation of thiol groups by atmospheric oxygen was success-
fully used in the synthesis of a covalently bound complex of
reverse transriptase of HIV-1 with a DNA duplex consisting of a
matrix and a primer. This reaction was carried out in the presence
of deoxynucleoside triphosphates, which provided the formation
of a functionally active supramolecular associate.!’%17! The
reactive mercaptoalkyl group was introduced at the amino group
in position 2 of guanine (compound 37). This group was localised
in the small groove of DNA and was spatially close to the cysteine
residue ¥ of the H helix of reverse transcriptase. One of the
conjugates (complex 38) was crystallised and examined by X-ray

1 The cysteine residue was introduced instead of glutamine into the native
enzyme using site-directed mutagenesis.

diffraction, which made it possible to determine the structure of
the reverse transciptase complex with the primer, the DNA
template and 2'-deoxynucleoside triphosphate.
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R!, R? are fragments of the oligonucleotide chain; n = 2, 3;
the protein is HIV-1 reverse transcriptase.

A similar strategy was used for the study of conformational
changes in reverse transcriptase during its binding to 2'-deoxy-
nucleoside triphosphate.!72 173

He and Verdine '7* used the oligonucleotide 39 containing a
cytidine residue modified at the amino group for the study of the
N-terminal domain of the mutant Ada-protein from E. coli.
Studies of specific covalent addition of modified DNA 39 to
mutant proteins has made it possible to establish some DNA —
protein contacts.
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R!, R? are fragments of the oligonucleotide chain.

e. Miscellaneous examples of modification of nucleic acids

It was suggested 7>~ 178 that oligodeoxyribonucleotides contain-
ing phosphoryl disulfide and diphosphoryl disulfide groups in the
sugar—phosphate backbone were used for selective binding of
cysteine in proteins and peptides. Interaction of DNA methyl-
transferase Ssoll with DNA containing a methylated site was
studied using a series of DNA duplexes where one of the
phosphodiester internucleotide bonds was replaced by the phos-
phoryl disulfide (PDS) group (one of the duplex strands repre-
sented a modified oligonucleotide 40).17-189 The modified bond
was introduced into the positions directly flanking the methylated
cytidine residue using thiol—disulfide exchange between the
3'-thiophosphorylated oligonucleotide 41 and the 2-pyridyldi-
thio-substituted oligonucleotide 42.
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R!, R? are fragments of the oligonucleotide chain; B!, B2 are
heterocyclic bases.

This reaction proceeded with equal efficiency both in the
presence and in the absence of the template oligonucleo-
tide.!77-178. 180 It was shown that PDS-containing DNA duplexes
form conjugates with M.Ssoll with different degrees of efficiency,
which depended on the position of modification.!”®

Itis known that the cleavage of the mixed disulfide R'SSR? by
a nucleophilic thiolate ion R3S~ results in the formation of a more
stable anion R!S— and a new mixed disulfide R3SSR? (see
Refs 165 and 181). With regard to PDS-containing DNA
duplexes, this suggests that the thiolate ion attacks the sulfur
bound to the carbon atom (but not the sulfur bound to phospho-
rus), since thiophosphoric acid is a much stronger acid than thiol.
This was confirmed experimentally by an analysis (PAAG electro-
phoresis and mass spectrometry) of conjugates of PDS-containing
DNA duplexes with M.SsolI (Scheme 7) and glutathione, a simple
tripeptide model of cysteine-containing proteins.!”®
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R!, R? are fragments of the oligonucleotide chain.

The internucleotide PDS bond within DNA is selective with
respect to the cysteine residues and does not react with the e-amino
group of lysine.!”?

Itis of note that the formation of a new disulfide bond between
the cysteine residue and the PDS group is only possible where
these are spatially close in the supramolecular DNA —protein
complex. It has been shown 82 that the formation of the conjugate
of the restriction endoculease Ssoll (R.Ssoll) and the DNA

duplex containing a PDS group in the recognition site proceeds
with an extremely low efficiency. This phenomenon was attributed
to the remoteness of the Cys residue from the binding and catalytic
sites of R.Ssoll. Evidence for this hypothesis can be derived from
the fact that the R.Ssoll variants in which the Arg-(116, 117, 119)
or Lys-122 residues interacting with the sugar—phosphate back-
bone of DNA were replaced by the Cys residue form conjugates
with PDS-containing DNA substrates in high yields.!8?

II1. Natural protein —nucleic acid conjugates
formed in the enzymatic reactions

Reactions of certain enzymes with NA yield unstable intermedi-
ates which represent covalently bound biopolymer complexes. In
some cases, dissociation of these intermediates can be prevented
by modification of NA and they can be investigated.

The transfer of the methyl group onto 5-fluoro-2'-deoxy-
uridine monophosphate by thymidylate synthase is a classical
example of an enzymatic reaction which results in the formation of
a stable covalently bound protein —nucleic acid complex.!#3 Sub-
stitution of the fluorine atom for the hydrogen atom in 2'-deoxy-
uridine monophosphate prevents the cleavage of the
nucleotide —enzyme bond.!®* Cytosine-5-DNA methyltransfer-
ases and methyltransferases that react with RNA also belong to
enzymes that form conjugates with oligonucleotides. Oligonucleo-
tides containing a 5-fluorocytidine or 5-fluoro-2'-deoxycytidine
residues (compound 43) are widely used for the stabilisation of
such conjugates.

A more detailed description of these processes is given in the
reviews;!0- 185 see also Ref. 186.
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R!, R? are fragments of the oligonucleotide chain, protein is cytosine-
5-DNA methyltransferase, SAM is S-adenosyl-L-methionine.

Landy et al.'®7-18 studied the covalent binding of DNA to
recombinases catalysing the homologous recombination of DNA
in the cross-like structures A (the Holiday structures) (Scheme 8)
resulting in transfer of fragments of one region of a genome into
the other region.
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Hereinafter, are the strands of recombining fragments of DNA.

The mechanism of action of recombinases includes an attack
of the hydroxy group of tyrosine on the internucleotide phosphate
of DNA (Scheme 9) resulting in the cleavage of the phospho-
diester bond and the formation of a conjugate between the
5'-terminal site of DNA and recombinase with subsequent ligation
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of recombining DNA fragments and release of recombinase. It
was suggested that shortened oligonucleotides were used so that
cleavage in a single strand resulted in dissociation of the short
3'-terminal fragment of DNA. This prevented recombination in
the ligation step and, as a consequence, stabilised the recombi-
nase— DNA conjugate.

It was suggested 1°0-1°1 that modified DNA containing phos-
phorothioate internucleotide bonds (Scheme 10) were used for the
study of covalent binding of topoisomerases.’ No ligation took
place after the formation of the protein —nucleic acid conjugate B,
since the replacement of the P—O bond by the P—S bond is
energetically unfavourable. This enabled selective inhibition of
topoisomerase I and isolation of a conjugate in high yield.

The modified oligonucleotide 44 was used !°2 for the study of
the mechanism of action of MGMTase. The reaction of the
oligonucleotide 44 with MGMTase containing a cysteine residue
in the active site gave the conjugate 45. Even in the presence of a
10-fold excess of the protein this reaction was rather slow (48 h).
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R!,R? are fragments of the oligonucleotide chain.

In a review '°> on bifunctional DNA glycosylases, which
possess N-glycosylase and B-lyase activities, the formation of the

§ Topoisomerases initiate single-chain breaks in DNA.

Scheme 10

topoisomerase I

Shiff base 46 upon reaction of the lysine side amino group of DNA
glycosylase with an apurine site of the oligonucleotide was
considered as a key reaction; subsequent reduction was aimed at
the access to the stable conjugate 47.
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R!,R? are fragments of the oligonucleotide chain; the protein is
DNA glycosylase.

Strengthening of the bond between the enzyme and the
substrate by the reduction of the Shiff base has also been used
elsewhere.!94~197 Detailed studies of the mechanism of this
reaction were carried out using model peptides.!?® Virtually all
studies on glycosylases 1?3 made use of MutY from E. coli 194~ 19
and human endonuclease I11."97 Study of 8-oxoguanine-DNA
glycosylase made it possible, for the first time, to establish the
involvement of one of the reaction products, viz., 8-oxoguanine, in
the cascade of reactions triggered by the B-lyase activity of this
enzyme.!%?

Itis of note that this approach cannot be applied to monofunc-
tional DNA glycosylases, since they function according to a
different mechanism which includes clevage of the N-glycosidic
bond with the participation of the water molecule.
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IV. Identification of protein sites covalently bound
to nucleic acids

Amino acid residues in the proteins involved in the complex
formation with NA can be identified by direct and indirect
methods. The former entail isolation of the NA —protein con-
jugate, partial cleavage of the protein, isolation of an oligonucleo-
tide — peptide fragment and elucidation of the primary structure of
the peptide and identification of the amino acid involved in the
formation of the covalent bond. The latter make use of mutant
proteins and X-ray diffraction analysis. The amino acid residue of
the protein, which is thought to react with DNA, is replaced by a
non-reactive residue with subsequent analysis of whether the
covalent bond is formed between the protein and the oligonucleo-
tide.6% 163 Obviously, this method is inapplicable to photoacti-
vatable NA, which react with any amino acids. Data from X-ray
diffraction on the arrangement of side groups of amino acid
residues are used as evidence of proximity of definite amino
acids of the protein to the specific fragment of NA.

Let us consider the direct method used for the analysis of
protein—nucleic acid conjugates in more detail. The conjugates
are usually isolated by polyacrylamide gel (PAAG) electropho-
resis under denaturing conditions (Table 1).

The analysis of the data presented in Table 1 suggests that the
conditions of isolation of protein—nucleic acid conjugates are
analogous or are much the same as those used for the separation of

Table 1. Isolation of a NA-protein conjugate by gel electrophoresis.

proteins by PAAG electrophoresis according to Laemmli (12.5%
PAAG, 250 mM Tris—HCI, 0.1% sodium dodecyl sulfate,
pH 8.8).292 The conjugate is eluted from the gel using a buffer in
which subsequent partial cleavage of the protein is carried out. In
some cases, the isolated product is desalted, dialysis being the
most efficient and versatile procedure.

Medium-pressure ion-exchange chromatography (FPLC
MonoQ HR5/5)2%% and anion-exchange HPLC (Porous HQ,
PerSeptive Biosystems),?** which permit separation of the
DNA —protein conjugate from the nonbound protein, are also
used for the isolation of conjugates.

The protein and the covalently bound biopolymer complex
were precipitated with 10% trichloroacetic acid or antibodies,
which made it possible to separate the bulk of the nonbound
NA. 69.74.205 Djalysis of the reaction mixture can also be used for
this purpose.'% Nucleic acid —protein conjugates could be sepa-
rated from excess protein if oligonucleotides carrying biotin at the
3'-end were used with subsequent immobilisation of the oligonu-
cleotide (both free and within the conjugate) on avidin-coated
magnetic particles.” Isolation of NA and the NA —protein con-
jugate by affinity chromatography was described. 7¢ To this end,
an oligoadenylate sequence (oligo-dA) was attached to the 3'-end
of a modified oligonucleotide followed by chromatography on a
microcolumn with oligothymidylate-cellulose (oligo-dT). In this
case, the separation of the complex from NA was achieved due to
the formation of the oligo-dA - oligo-dT duplex.

It should be noted that the purification of the covalently
bound protein—NA complex is not compulsory and in some
cases 12:79.88,206 the covalent binding is immediately followed by
the next stage, viz., partial chemical or enzymatic cleavage of the
protein.

The methods for the cleavage of the protein within the
protein —nucleic acid complex are summarised in Table 2.

The data listed in Table 2 suggest that such proteases as
trypsin and chymotrypsin are most commonly used for partial
cleavage of the protein component of the conjugate. Enzymatic
treatment is carried out in weakly alkaline solutions under

Protein Composition of gel# Conditions of isolation from gel ~ Desalting conditions Ref.

Protein Tax of leukemia virus 10% PAAG, 250 mM Tris—HCI, 10 mM Tris—HCI, | mM EDTA, no desalting 37
0.1% SDS, pH 8.8 0.1% SDS,pH 7.0,4 °C, 18 h

Replication terminator Tus 10% PAAG, 250 mM Tris—HCI, H»0, 37 °C, 24 h (3-fold) sedimentation with 0.3 M 67
0.1% SDS, pH 8.8 AcONa, EtOH

DNA methyltransferase EcoRI 12% PAAG, 250 mM Tris—HCI, — dialysis against buffer 87
0.1% SDS, pH 8.8 50 mM NH4HCO3, pH 7.8,

4°C,8h

DNA methyltransferase EcoRII 12% PAAG, 90 mM Tris—HCl, see® no desalting 96
90 mM H3;BO3, 2 mM EDTA,
7 M urea, pH 8.0
12% PAAG, 100 mM Tris—HCI, 1% SDS, 37 °C,5-7h the same 94, 200
0.1% SDS, pH 8.8

HIV-1 integrase NuPage 4% —12% MES gel 20 mM Tris—HCI, 0.5% SDS, precipitation with 77
(Novex, Inc.), pH 6.4 pH8.5,37°C, 18 h 10% CCI13CO,H, acetone

HIV-1Tat-protein 20% PAAG, 100 mM Tris—HCI, 45 mM Tris—H3;BOs3, reversed-phase HPLC 98
0.1% SDS, pH 8.3 1 mM EDTA, 3 M AcONa,

pH 5.5
Ttk-protein of Drosophila 16% PAAG, 250 mM Tris—HCI, 10 mM Tris— HSCH,CO-,H, no desalting 201

melanogaster

0.1% SDS, 7 M urea

0.1 mM EDTA, 0.1% Triton
X-100, 0.1 mM PMSF.° pH 8.0,
45°C,4h

a Abbreviations: PAAG is polyacrylamide gel; Tris is tris(hydroxymethyl)aminomethane; SDS is sodium dodecyl sulfate; MES is morpholinoethane-
sulfonic acid. P The conjugate was not eluted from the gel. PMSF is phenylmethylsulfonyl fluoride.
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Table 2. Cleavage of the protein component within the NA — protein conjugate.

Reagent or enzyme (A) Protein (B) caor A:B(see?) Reaction conditions Ref.
Chymotrypsin homing endonuclease PI-Scel 40 pg ml—! 50 mM Tris—HCI, 1 mM CaCl,, pH 8.0, 37 °C, 2 h 79
DNA methyltransferases 1:1 10 mM Tris—HCI, 20 mM CaCl,, pH 8.0, 37 °C, 16 h 81
CviBIII and Taql
restriction endonuclease Ssoll 500 pg ml—! 100 mM NH4HCO3, 37 °C, 2 h 88
Chymotrypsin (see®)  protein Ul of the small nuclear 1:20 50 mM Tris—HCI, 1 M urea, 1 mM DTT, I mM CaCl,, 205
ribonucleoprotein pH7.5,37°C, 16 h
BrCN DNA methyltransferase EcoRII 1M HCOOH, 25 °C, 48 h 94, 200
HIV-1 integrase 100 mM 70% CF3CO,H, 70 °C, 45 min 77
Protease Glu-C the same 1:5 50 mM Tris—HCI, 1 M NaCl, 5mM EDTA, 5mM DTT, 77
0.1% SDS, pH 8.5,37 °C, 12 h
" 1:5 50 mM Tris—HCI, 1 M NaCl, 5 mM EDTA, 5mM DTT, 74
0.01% SDS, pH 8.0,37 °C, 12h
BNPS-scatol (see®) DNA methyltransferase EcoRII 70 mg ml—! 1% SDS, 70% AcOH, 37 °C,2h 94
Trypsin (see 9) the same 1:25 400 mM NH4HCOs3, 2 M urea, 0.1 mM CaCl,, 12
37 °C,24h
Trypsin (see ©) " l1:1to1:10 50 mM Tris—HCI, 1 mM CaCl,, 10% MeCN, pH 8.5, 96
37°C, 16 h
Trypsin Ttk protein of Drosophila Spugml—! 100 mM NH4HCO3, 0.2% Triton X-100, 1 mM DTT, 201
melanogaster 37°C,6 h
DNA methyltransferase EcoRI 1:20 50 mM NH4HCO3, pH 7.8, 37 °C, 12 h 87
HIV-1 Tat-protein 0.05 pg ml—! 100 mM Tris—HCI, 10 mM CaCl,, pH 7.8, 25 °C, 4 h 98
the same 100 mM Tris—HCI, pH 8.5, 37 °C, 24 h 67
" 100 mM NH4HCO3, 2 M urea, pH 7.8, 37 °C, 24 h 100
DNA polymerase 1:10 50 mM NH4HCOs3, 10% MeCN, pH 8,37 °C, 3 h 203
DNA endonuclease VIIT 1:6 20 mM Tris—HCI, 3 .4 M urea, pH 7.5, 37 °C, 18 h 204
Trypsin (see ) HIV-1 Tat-protein 1:20 50 mM Tris—HCI, 1 M urea, 1 mM DTT, 1 mM CaCl,, 205
pH7.5,37°C, 16 h
the same Spugml—! 2.5mM Tris—HCI, 5 mM CaCl,, 0.25 mM EDTA, 37
0.025% SDS, pH 8.0, 37 °C,2h
" 160 pg ml—! 50 mM Tris—HCI, 2 mM CaCl,, pH 8.0, 37 °C, 18 h 76
Clostripaine repair protein MutS 80 ug ml—! 30 mM Tris—HCI, 2 mM CaCl,, 2 mM DTT, 76
0.5% SDS, pH 7.5,37 °C, 18 h
Proteinase K gene conversion endonuclease 2mg ml—! 50 mM Tris—HCI, 1 mM CaCl,, pH 8.0,37 °C, 16 h 79

PI-Scel

aThe concentration of the reagent (ca) or the enzyme :substrate ratio (A:B). P Preliminary denaturation of the protein—nucleic acid conjugate.
¢ Functionalisation with 3-bromo-3-methyl-2-(2-nitrophenylsulfenyl)-3 H-indole. ¢ Preliminary denaturation of the protein —nucleic acid conjugate and
treatment with iodoacetic acid. ¢ Preliminary treatment of the protein—nucleic acid conjugate with iodoacetamide.

denaturing conditions. In some cases, preliminary denaturation of
the protein, reduction of the disulfide bonds and alkylation of the
thiol groups of cysteine with iodoacetic acid or iodoacetamide are
performed in order to reduce the proteolysis time and to obtain
more homogeneous protein —nucleic acid conjugates. Proteinase
K is often used for the treatment of analytical amounts of
protein—nucleic acid conjugates; however, this enzyme is not
used in a large scale due to its low specificity, which results in the
formation of a mixture of peptide —nucleic acid conjugates and, as
a consequence, prevents the identification of the covalently bound
site of the protein. Nevertheless, the use of proteinase K permits a
comparison of stabilities of DNA —protein conjugates and of the
original protein, which facilitates the selection of conditions for
the trypsinolysis of a conjugate in subsequent studies.

Partial cleavage of the protein is followed by purification of
the peptide—oligonucleotide conjugate. This is achieved by

reversed-phase HPLC, gel filtration, anion-exchange HPLC and
PAAG electrophoresis (Table 3). Elucidation of the primary
structure according to Edman or using mass spectrometry
demands preliminary isolation and desalting of the conjugates.
The most efficient chromatographic procedures make use of
buffer solutions based on volatile salts, e.g., ammonium formate
or triethylammonium acetate. In this case, multiple evaporation
with water or aqueous ethanol is sufficient to desalt the conjugate
isolated by HPLC. However, in some cases protein admixtures
cannot be removed by reversed-phase HPLC and gel filtration,
and a two-step purification procedure of a conjugate seems to be
more reliable, first, by anion-exchange HPLC or electrophoresis
in PAAG with subsequent desalting by microcolumn gel filtration
or reversed-phase chromatography or ultracentrifugation. The
transfer of a conjugate to poly(difluorovinylidene) (PVDF) mem-
brane (blotting) with subsequent determination of the primary
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Table 3. Isolation of peptide —oligonucleotide conjugates.
Isolation procedure Separation conditions Detection Desalting procedure Ref.
procedure
Anion-exchange HPLC
Vydac 301VHP552 25mM EtzNH* AcO—, pH 8.0; SP (215+260)  reversed-phase chromatography on 87
gradient (0.5 M NaCl): 0% to 60% a cartridge C;g (Sep-Pak Plus, Waters),
(40 min) precipitation with ethanol
Mono Q (Amersham- 50 mM Tris—HCI, | mM EDTA, pH 7.5; RA precipitation with ethanol or gel filtration 79, 88
Pharmacia-Biotech) gradient (1 M NaCl): 0% to 80% (40 min) on a cartridge NAP-10, 10 mM NH4HCO3
Sychrom AX 300 20 mM NaH>POy4, pH 6.8, 20% MeCN; SP (254) — 100
gradient (NaCl): 0 (30 min) to
1 M (60 min), I M (20 min)
Poros HQ10 (PerSeptive 10 mM Tris—HCL, pH 7.4; gradient SP (260) ultrafiltration (Microsep 3K, 81
Biosystems) (1 M KCl): 0% (5 min), 0% to 100% Pall-Gelmann Sciences)
(15 min)
Gel filtration
Superose 12 (Amersham- 0.1 M NH4HCOs3, 2 M urea, 1 M NaCl, — gel filtration on Sephadex G25 column, 12
Pharmacia-Biotech) pH 8.0 10 mM HEPES,® 10 mM NaCl
20 mM Tris—HCI, 50 mM NaCl, SP (254) precipitation with ethanol 205
5SmM EDTA, 8 M urea, pH 7.8
Reversed-phase HPLC
Cig, Vydac 0.1% CF3COOH, 5% MeCN; gradient SP (220, 260) no desalting 205
(MeCN): 5% (30 min), 5% to 45%
(120 min), 45% to 90% (20 min)
10 mM Et3NH * AcO —; gradient SP (254) the same 100
(MeCN): 0% to 30%
Cys, Phenomenex 0.1% HCOOH; gradient (MeCN): MS — 70
0% to 40%, 20 min
uK3C C,/Ci3 SC 2.1/10 5 mM K»COs3, pH 7.0; gradient SP(214, 254, — 206
(Amersham-Pharmacia- (MeCN): 0% to 70%, 50 min 280)
Biotech)
Electrophoresis
10% PAAG - RA no desalting 76
12% PAAG 45 mM Tris— H3;BO3, | mM EDTA, — gel filtration on a column with 79, 88
6 M urea, | mM HSCH,CO,H, pH 7.0 Sephadex G25, 10 mM NH4HCO3
50 mM Tris—H3BO3, | mM EDTA, RA elution from the gel with a buffer 37
8 M urea 20 mM NH4HCOs3, 10% MeCN, pH 8.5,
evaporation
20% PAAG 50 mM Tris—H3BOs, 1 mM EDTA, SP elution from the gel with a buffer 204
8 M urea 10 mM Tris—HCI, | mM EDTA, pH 7.5
50 mM Tris—H3BO3, 1 mM EDTA, RA elution from the gel with a buffer 98
8 M urea 45 mM Tris—H3;BO3, 1 mM EDTA,
3 M AcONa, pH 5.5; reversed-phase
chromatography on a cartridge C;g
NuPage 4% —12% - RA transfer to PVDF membrane (Trans-Blot, 77
MES gel (Novex, Inc.) Bio-Rad Laboratories)
15% Tris-Tricin — RA transfer to PVDF membrane 74

(Novex, Inc.)

4 Abbreviations: SP, spectrophotometric detection (the wavelengths, nm, are indicated in parenthesis); RA, autoradiographic detection; MS, mass-
spectrometric detection. ® HEPES is 2-[4-(2-hydroxyethyl)-1-piperazinylJethanesulfonic acid.

structure of the peptide in the immobilised NA —peptide complex
has been described. The transfer of conjugates onto anion-
exchange filters is also used.?7

The final step includes determination of the primary structure
of the covalently bound peptide using chemical or enzymatic
sequencing. In some studies, 37-67.74.76.79.81,87.88.96.100,201,205 the
primary structures of the proteins were determined by sequencing

which included chemical degradation according to Edman.208
This procedure is usually performed on automatic sequencers,
which demands significant amounts of the conjugate
(50—150 pmol). The substituted amino acid is determined by the
absence of a standard N-phenylthiocarbamoyl derivative (the so-
called ‘blank’ sequencing cycle). In the case of incomplete purifi-
cation of the conjugate, i.e., when a mixture of oligonucleotide —
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peptide conjugates differing in one or two amino acids is present in
the solution, the use of this approach is significantly complicated.

An interesting approach to determination of the primary
structure of a cross-linked peptide was proposed by Mucke et
al.®® These authors carried out a comparative analysis of trypsi-
nolysis products of free restriction endonuclease EcoRII and its
conjugate with an oligonucleotide using reversed-phase HPLC. A
short protein—nucleic acid conjugate was not absorbed on the
column and the ‘extra’ fragment present in the tryptic hydrolysate
of the free protein could unambiguously be determined. Sequenc-
ing of this peptide allowed identification of the amino acid that
reacted with the 5-iodopyrimidine residue of NA. Unfortunately,
this method is not versatile, since the presence of several reactive
residues in the peptide under study casts doubts on the structure of
the conjugate.

Sequencing of peptides can also be performed using mass
spectrometry.?9°-215 A comparison of several approaches to the
determination of substituted amino acids using mass spectrometry
has been carried out.”> Currently, determination of molecular
masses and sequencing of biopolymers are usually performed
using matrix-assisted laser desorption ionisation (MALDI)?2%°
and electrospray ionisation (ESI) mass spectrometry.?!® In
MALDI MS, the biomolecule is separated from the neighbouring
molecules using matrices, i.e., various low-molecular-mass aro-
matic compounds excitable under the action of laser irradiation.
Irradiation of samples is accompanied by ionisation of a biomo-
lecule with the predominant formation of a single-charged ion. In
ESI MS, the solution containing the biopolymer is fed into the
ionisation chamber of the mass spectrometer through a capillary.
Application of a strong electrostatic field results in the formation
of ionised aerosol at the capillary tip. The ionisation of the
biopolymer occurs after evaporation of the solvent.

In the analysis of proteins, it is positively charged ions that are
registered, while negatively charged ions are recorded in the
analysis of oligonucleotides, which is the main problem in the
use of MS for the characterisation of protein—nucleic acid
conjugates. Nevertheless, some authors believe?'¢-218 that
MALDI MS and ESI MS can be used for detecting and sequenc-
ing of these conjugates. The choice of an effective matrix in the
sequencing of protein —nucleic acid conjugates by MALDI MS is
a central task, since no versatile matrices for the detection of both
peptides and oligonucleotides exist. The mass-spectrometric anal-
ysis of protein — nucleic acid conjugates by ESI MS is facilitated by
removal of the nucleic acid component using enzymatic degrada-
tion of NA.70-83.87.219.220 The advantage of the ESI MS is the
possibility of its application for the analysis of fractions after high-
performance liquid chromatography or electrophoresis.

In the study,®? the structure of a DNA —protein conjugate was
determined by mass spectrometry. After partial trypsinolysis of
the isolated conjugate, the reaction mixtures were analysed by
MALDI TOF (time-of-flight) MS and the data obtained were
compared with the analogous data for the free protein. This
enabled determination of the peptide fragment covalently bound
to DNA. The use of proteinase K instead of trypsin has made it
possible to diminish the peptide fragment to four amino acid
residues. However, the amino acid covalently bound to the
oligonucleotide could only be determined after complete degra-
dation of DNA by phosphodiesterase and alkaline phosphatase
and subsequent sequencing of the resulting DNA —protein con-
jugate by tandem nanoESI MS.Y

Tandem MS entails the presence of two consecutively
arranged detectors with an ionisation chamber in-between. The
first detector permits the passage of only ions with a definite mass/
charge ratio into the ionisation cell. These undergo fragmentation
in the ionisation chamber. The ionisation products (the so-called

9 The prefix ‘nano’ designates that the solution in the capillary is fed at the
rate of nl s—! (this enables to reduce the amount of the protein and to
increase the sensitivity of the detector).
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daughter ions) pass into the second detector for determination of
the primary structure of the peptide. As a rule, this method allows
determination of amino acid sequences in proteins containing up
to 30 amino acids.

Tandem ESI MS is the most efficient method for the determi-
nation of the structures of peptide—oligonucleotide conjugates
and, hence, of the target amino acid. The use of tandem nanoESI
MS 92 has made it possible to determine the structure of a protein
at its content in the solution of about 10— moles. However, low
yields of the conjugates and inevitable losses in numerous inter-
mediate steps require femtomolar amounts of the protein. The
sensitivity of mass-spectrometric methods was found to exceed
significantly those of traditional sequencing methods based on the
Edman procedure, since they permit direct determination of the
attached amino acid from its molecular mass (tandem MS) and
direct sequencing of both the oligonucleotide and the peptide and
do not require thorough purification of the samples.

The use of mass-spectrometric techniques for the determina-
tion of the structures of the attached peptides has also been
considered elsewhere 206-207.219,221.222 However, despite the
obvious merits of mass spectrometry in the analysis and determi-
nation of structures of peptide—oligonucleotide conjugates, this
method has not found wide application due to low accessibility of
tandem mass spectrometres.*

Hybrid instruments, e.g., quadrupole time-of-flight (Q-TOF)
and Fourier-transform ion-cyclotron resonance mass spectro-
metres,”?> (FTICR) and quadrupole ion traps®? (QIT), are used
along with traditional time-of-flight mass spectrometres with a
linear detector designed for the study of biomolecules. The use of
FTICR MS ensures a much higher accuracy in the determination
of molecular masses (> 10 kDa) in comparison with TOF MS;
however, its high cost and complexity of calibration for the
analysis of peptide—oligonucleotide conjugates make them
unclaimed, at least at present. Mass spectrometres supplied with
quadrupole ion traps do not ensure the resolution comparable to
that of TOF MS. A more detailed description of various mass-
spectrometric techniques used in the study of structures of
protein—nucleic acid complexes and conjugates can be found in
the reviews, 224-226

This review has been written with the financial support of the
Russian Foundation for Basic Research (Project Nos 03-04-
48957, 04-04-48714, 02-03-32950) and the programme Univer-
sities of Russia (Grant 07.03.066).
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