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Abstract: Introduction of reporter groups at designed RNA sites is a widely accepted
approach to gain information about the molecular environment of RNAs in their complexes
with other biopolymers formed during various cellular processes. A general approach to
obtain RNAs bearing diverse reporter groups at designed locations is based on site-specific
insertion of groups containing primary aliphatic amine functions (amino linkers) with their
subsequent selective derivatization by appropriate chemicals. This article is a brief review
on methods for site-specific introduction of amino linkers in different RNAs. These
methods comprise: (i) incorporation of a nucleoside carrying an amino-linker or a function
that can be substituted with it into oligoribonucleotides in the course of their chemical
synthesis; (i1) assembly of amino linker-containing RNAs from short synthetic fragments via
their ligation; (iii) synthesis of amino linker-modified RNAs using T7 RNA polymerase;
(iv) insertion of amino linkers into unmodified RNAs at functional groups of a certain type
such as the 5'-phosphates and N7 of guanosine residues and (v) introduction of an amino
linker into long highly structured RNAs exploiting an approach based on sequence-specific
modification of nucleic acids. Particular reporter groups used for derivatization of amino
linker-containing RNAs together with types of RNA derivatives obtained and fields of their
application are presented.
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1. Introduction

RNAs are key biopolymers involved in life and reproduction of all organisms, and information
concerning interactions of RNAs with their molecular partners (isolated biopolymers or complex
supramolecular ensembles) occurring in the course of a number of essential biological processes is
crucially important. Such type information is gained by application of special tools, RNA derivatives
that bear chemical labels at selected locations. These labels could be cross-linkers enabling covalent
attachment of the RNA to its binding partner, fluorescent probes and spin labels making possible
monitoring RNA environment and distance measurements in complexes of the RNA derivatives, and
other types of reporter chemical groups.

A general approach enabling insertion of various chemical probes at selected RNA locations is
based on introduction of a group containing a primary aliphatic amine function (amino linker) at the
desired location. Chemical properties of aliphatic amines drastically differ from those of amine groups
naturally occurring in RNA, in particular, they are much stronger nucleophiles and can be easily
acylated under mild conditions when the native RNA amino groups remain completely unreactive.
Therefore, chemical probe can be selectively introduced at the amino linker by using bifunctional
reagents containing both acylating function (e.g., N-oxysuccinimide ester) and a reporter group
(cross-linking, fluorescent, etc.). Thus, the main task at the introduction of a chemical probe at definite
RNA location is to insert an amino linker at the desired RNA location, which can be achieved by using
various approaches. This can be performed in the course of chemical synthesis of the RNA utilizing
the respective synthon, a modified monomer containing either the chemically protected amino linker
that can be deprotected after completion of the RNA synthesis, or a precursor, which can be substituted
with an amino linker in the synthesized oligomer [1]. Short modified RNA fragments can be used for
construction of longer RNA with amino linker-modified nucleotide at the desired location applying an
approach based on enzymatic or chemical ligation of RNA segments [2—6]. Relatively long RNAs with
modified nucleotides at selected sites can be obtained via their synthesis by T7 RNA polymerase on
the appropriate DNA templates with the use of amino linker-containing nucleoside triphosphates
derivatives [7].

An alternative strategy is direct introduction of amino linkers into the target RNA. This can be
carried out by coupling of the linkers to functional RNA groups of a certain type, e.g., terminal
phosphates or N7 of guanosine residues [8—10]. For selective introduction of amino linkers into desired
internal RNA sites, there is an original approach that is applicable with relatively long (>100 nucleotides)
highly structured RNAs. This approach is based on complementary addressed (i.e., sequence-specific)
modification of nucleic acids with derivatives of oligodeoxyribonucleotides complementary to a sequence
adjacent to the target site. The method of complementary addressed alkylation was originally proposed
by N.I. Grineva as early as in 1967 [11]. The method at first has been applied for sequence-specific
actions on RNAs and DNAs [12], and then it has been utilized for insertion of an amino linker and
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subsequently a photoactivatable cross-linker at desired positions of RNAs possessing complex specific
secondary and tertiary structures [13—18].

In this article, we present a brief description of methods for introduction of amino linkers at desired
RNA nucleotides and their subsequent derivatization with chemicals that can specifically react with the
inserted amino linkers not affecting unmodified RNA nucleotides; methods for chemical synthesis of
amino linker-containing RNAs are mentioned only fractionally, and the approach based on
complementary addressed modification of RNA is discussed in more detail. Advantages and
shortcomings of the methods presented in this review are discussed through the text, and examples of
RNA derivatives bearing chemically reactive and fluorescent labels obtained on the basis of amino
linker-modified RNAs are mentioned together with fields of their application.

2. Introduction of Amino Linker into RNA in the Course of Its Chemical Synthesis

Currently it is possible to obtain oligoribonucleotides containing amino linkers at the following
positions of nucleotides: C8 of adenosine, C5 of uridine, exocyclic amino groups of cytidine (N4),
adenosine (N6) and guanosine (N2), phosphate at the 3'- or the 5'-terminus, and 2'- or 2'-O of
ribose [1,19-30]) (Figure 1).

Figure 1. Examples of amino linker-modified RNA nucleotides grouped by the sites of the
linker attachment (the respective references are given in the text).
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Some kinds of modified oligoribonucleotides are now commercially available. Derivatives modified
at the C5 of pyrimidines or C8 of purines are of special interest for studying RNA-RNA and
RNA-protein interactions since these nucleotide positions are not implicated in Watson-Crick base
pairing; therefore, introduction of chemical probes at these positions does not significantly impair
double helical structures formed with the modified RNA and does not impede its interactions with
other nucleic acids and proteins. As examples of particular approaches fruitfully used for chemical
synthesis of oligoribonucleotides bearing an amino linker, we can mention those described in a series
of works from Ven’yaminova’s group devoted to introduction of aliphatic diamine residues at the
positions C5 of uridine, N4 of cytosine and C8 of adenosine via pre-synthetic and post-synthetic
variants in the course of H-phosphonate synthesis of oligoribonucleotides. In the pre-synthetic variant,
amino linker-containing synthon is incorporated into RNA chain in the course of its synthesis, in the
post-synthetic variant an oligomer containing a Br- or chlorophenyl-derivatized nucleotide is
synthesized with the use of the respective modified synthon, and Br- or clorophenyl group is then
substituted with an aliphatic diamine [19,21-23]. Chemical synthesis of RNA is widely used for amino
linkers introduction, but it is currently applicable only with relatively short RNAs (up to several dozen
nucleotides long) [1,30]. It is worth mentioning here a recently published alternative approach for
derivatization of the 5'-termini of short RNAs based on inverse electron-demand Diels-Alder conjugation,
which allows selective introduction of reporter groups without amino linkers [31].

3. Introduction of Amino Linker into Internal RNA Positions by Assembly of the Modified RNA
from Shorter RNA Segments

An approach to obtain RNAs containing an amino linker in a desired internal location utilizes an
appropriate synthetic oligoribonucleotides bearing amino linker-modified nucleotides for assembly of
the complete RNA sequences from two or more RNA fragments. This approach is based on splint-aided
joining of RNA fragments by a ligase (generally, T4 DNA ligase); DNA oligomer splint serves to
bring together 3'- and 5'-termini of RNA fragments to be ligated (Scheme 1). The method has been
described more than two decades ago [32] and is used for RNA labeling since then. The advantage of
this approach [2,3] is that it allows introduction of an amino linker at any RNA site since there are
many ways to insert a linker into a short RNA fragment (see above). Instead of T4 DNA ligase, RNA
ligase II or synthetic deoxyribozymes can be used for ligation of RNA fragments, although they have
several shortcomings restricting their applicability [3,33]. In general, disadvantages of the discussed
approach are strictest requirements to the purity of RNA fragments to be joined and low yield of
ligation. The latter is probably caused by low extent of formation of correct duplexes between the
RNA fragments and the DNA splint because of intramolecular structures formed by the RNA
fragments; the yield can be improved by choosing optimal sites for junction [3]. Despite of the
mentioned complexities, the described approach is currently widely used for assembly of modified
RNAs from their short fragments, mainly to obtain derivatives for single molecule fluorescence
resonance energy transfer (SmFRET) experiments (for more detail, see Conclusions).
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Scheme 1. Scheme of assembly of an amino linker-containing RNA from its fragments
based on splint-aided ligation. PAGE, polyacrylamide gel electrophoresis. Interactions
between complementary sequences of RNA fragments and the DNA splint are indicated.
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It should be noted that nonenzymatic approaches for joining of RNA fragments can be used too.
An example of such approaches is Click nucleic acid ligation based on the Cu(I)-catalyzed azide-alkyne
(CuAAC) reaction between RNA fragments carrying the respective modifications [4—6].

4. Synthesis of Amino Linker-Containing RNAs with the Use of T7 RNA Polymerase and Modified
Ribonucleoside Triphosphates

Uridine-5'-triphosphates (rUTP) derivatized with an amino linker at the C5 or bearing 2'-amino group
instead of 2'-OH retain properties of T7 RNA polymerase substrate [7,34], therefore, these derivatives
can be used for the synthesis of RNA transcripts from linearized plasmid templates or chemically
synthesized DNA templates. This approach is suitable for synthesis of RNA derivatives containing
modified nucleotides randomly scattered over the RNA molecule. In particular, it has been used to
obtain the derivatives of 5S rRNA bearing photoactivatable groups for cross-linking to 23S rRNA within
the ribosome [34]. The same approach was applied to obtain synthetic model mRNAs with derivatized
uridine in the AUG codon and in various positions 3'- or 5'- of it; 5S-aminomethyleneuridine-5'-triphosphate
was utilized for the synthesis of the amino linker-containing mRNAs [7]. The described approach has
two drawbacks to be taken into account. First, modified nucleotides are incorporated into the RNA
chain less effectively than unmodified ones, so to achieve desired level of incorporation, one needs to
adjust optimal conditions by varying ratio of modified and normal nucleoside triphosphates used.
Second, transcripts obtained with the use of T7 RNA polymerase are heterogeneous at their 3'-termini,
which can lead to artifacts [3]. Besides, the mentioned approach is not suitable for site-specific
introduction of reporter group into RNAs whose sequences contain several uridines. Nevertheless,
amino linker-containing RNA fragments synthesized with application of the described approach can be
used for assembly of longer RNA bearing amino-linkers in multiple locations in the selected RNA
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fragment. So, a model selenoprotein mRNA bearing aminoallyl-containing uridine residues scattered
randomly over the SElenoCysteine Insertion Sequence (SECIS) element (a very specific 3'-untranslated
stem-loop region of selenoprotein mRNAs responsible for incorporation of selenocysteine into the
nascent polypeptide chain during protein biosynthesis) was obtained by splint-added ligation of the
two RNA fragments. One of them contained the modified SECIS RNA and another contained a short
S'-untranslated region followed by the AUGUGAUUCUUC sequence encoding the tetrapeptide
Met-Sec-Phe-Phe, an UAA termination codon and a part of the 3'-untranslated region [35].

5. Method for Introduction of Amino Linkers at the 5'-Terminus of Unmodified RNAs

Amino linker can be easily introduced into relatively short RNA at the 5'-terminal phosphate by its
condensation with aliphatic diamines (Scheme 2). The reaction allows formation of a phosphoramide
bond between the phosphate and one amine function of the diamine leaving another one free. This
reaction can be performed with the use of condensing agents (typically, a mixture of triphenylphosphine
with 2,2'-dipyridyldisulfide) in the presence of a basic catalyst such as N-methylimidazole,
N,N'-dimethylaminopyridine or other in organic media (e.g., dimethylformamide or dimethylsulfoxide).
RNA in this case is converted into the cetyltrimethylammonium salt prior to the synthesis to make it
soluble in these solvents. This reaction was used for preparation of amino linker-containing short
oligoribonucleotides utilized for preparation of photoactivatable mRNA analogs [8]. The same reaction
was applied to obtain various 4-(N-2-chloroethyl-N-methylamino)benzyl-5'-phosphoramide derivatives
of oligonucleotides used as mRNA analogs [36—40] or as tools for site-directed introduction of
amino-linker into RNA [16—18].

Scheme 2. Scheme of attachment of an amino linker to the 5'-terminal RNA phosphate
via phosphoramide bond by condensation with diamines exploiting a mixture of
triphenylphosphine (Ph;P) and 2,2'-dipyridyldisulfide (Py,S;) as an oxidation-reduction
condensing agent. PhsPO, triphenylphosphine oxide; PySH, 2-thiopyridine.
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6. Introduction of Amino Linkers at Guanosine Residues of Unmodified RNAs

An amino linker can be introduced into RNA at guanosine residues by their alkylation at the N7
with 4-(N-2-chloroethyl-N-methylamino)benzylamine (Scheme 3). This reagent in principle can also
alkylate adenosines and cytidines, but reactivity of N7 of guanosines is much higher, and under
appropriate conditions modification of adenosines and cytidines is almost negligible [10]. First, this
method was applied to obtain photoactivatable tRNA derivatives with modified guanosines scattered
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randomly over the molecule [41]; distribution of the modification over tRNA guanosine residues
depended on the alkylation conditions. Under conditions when the tRNA tertiary structure was unfolded,
guanosines were modified in all positions, while under conditions of stability of tRNA tertiary structure
guanosines participating in its folding remained untouched [9]. With application of this method,
benzylamine-containing linker can be selectively introduced into RNAs whose sequences contain a
single guanosine residue [10].

Scheme 3. Scheme of the introduction of a 4-(N-ethyl-N-methylamino)benzylamine linker
at N7 of guanosine.
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7. Approach for Site-Specific Introduction of Amino Linkers into Intact Relatively Long
Structured RNAs

An approach allowing insertion of amino linkers at practically any desirable site of relatively long
natural RNAs possessing complex secondary and tertiary structures is the approach based on
complementary addressed (sequence-specific) modification of nucleic acids. The first step of the
approach is sequence-specific modification of RNA with a 4-(N-2-chloroethyl-N-methylamino)benzyl-
5'-phosphoramide derivative of a DNA oligomer complementary to RNA sequence adjacent to the
target site. Any RNA nucleotide (except for U) near the alkylating group of the deoxy-oligomer
derivative bound in the heteroduplex can be modified at its nucleophilic center [12,42], and as the
result, the derivative becomes covalently attached to the respective RNA nucleotide (Scheme 4). Targets
of alkylation can be N7 in guanosines, C3 in cytidines and N1 in adenosines; differences in reactivities of
nucleobases towards aromatic 2-chloroethylamines have no significance in the case of complementary
addressed modification, and those nucleotides become modified whose positioning relatively the alkylating
group of the DNA oligomer derivative bound to the RNA is the most suitable for alkylation [12,42].
Phosphoramide bond is labile in relatively mild acidic medium (pH < 4.2), and it can be hydrolysed
without serious RNA damage, which results in liberation of the benzylamine group RCH,NH, attached
to the specific RNA nucleotide (Scheme 4). Applicability of complementary addressed modification
for the sequence-specific introduction of amino linkers into a natural structured RNA was
demonstrated at first in 80 s with tRNA™ from Escherichia coli as a model [13,14]. In particular, it
has been shown that a pentamer derivative selectively modified the tRNA at the D stem [13] and a
hexamer one at the anticodon loop [14], and that the benzylamine moieties of the derivatives attached
to the tRNA could be liberated by mild acidic hydrolysis without tRNA damage [13,14].
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Scheme 4. Scheme of complementary addressed (sequence-specific) incorporation of an

amino linker into RNA.
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The first studies showed that sequences that are minimally involved in formation of secondary and
tertiary structure of the RNA effectively form heteroduplexes with the complementary deoxy-oligomers.
The particular RNA nucleotide modified with deoxy-oligomer derivatives can be identified by reverse
transcription analysis with modified RNA as a template [16—18] or by partial hydrolysis of end-labeled
modified RNA with base-specific ribonucleases [16,43]. The first method utilizes the ability of reverse
trancriptases to make stops or pauses at modified RNA nucleotides, and the second is based on
inability of base-specific ribonucleases (in particular, RNAse T1) to cleave RNA chain at the modified
base. Extent of the RNA derivatization depends on the extent of involvement of the target RNA
sequence in formation of the secondary and tertiary RNA structures and on the stability of the
heteroduplex formed by this sequence and the deoxy-oligomer. The lengths of DNA oligomer moieties
chosen for the alkylating derivatives generally vary from 12 to 20 nucleotides, which allows formation
of heteroduplexes stable at room temperature and makes it possible to obtain high extent of RNA
conversion to the covalent adduct. With properly chosen sequences and concentrations of DNA
oligomer derivative and target RNA, this extent is in the range of 30%-40%, and RNA modification
occurs completely at the desired region [16,43]. However, if DNA oligomer derivative is taken in too
high concentration, it can form not only perfect duplex with the target RNA sequence, but also
imperfect duplexes with partially complementary RNA sequences, which can lead to undesirable
modification of RNA nucleotides far away of the target site [16].

To increase the yield of RNA modification at the desired site in the cases when target sequences are
significantly involved in the intra-RNA interactions, an approach was suggested that utilized helper
oligodeoxyribonucleotides facilitating unfolding of RNA structure in the target sequence region.
With E. coli 4.5S RNA as a model target RNA, it was demonstrated that two oligonucleotides
complementary to the opposite strands of the RNA apical stem-loop structure stimulate synergistically
the formation of a ternary complex up to 10-fold [44]. Application of this approach with -NH-CH,RCl
derivatives of deoxy-oligomers and the same target RNA showed that helpers can increase efficiency
of RNA alkylation by a factor of 6; it was also found that helper oligomer can alter specificity of target
RNA alkylation. The latter effect is not obligatory: with some sequences of the target RNA, the
oligomer derivative and the helper it occurs while with other does not [43]. But even in the case when
helper altered the specificity of 4.5S RNA alkylation, modified RNA nucleotides were located in the
expected target RNA region both with and without the helper.
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In studies with amino linker-containing IRES RNAs of the hepatitis C virus (HCV IRES) [17,18],
two types helpers were used; first was complementary to the RNA strand opposite to that where the
target sequence is located (as discussed above), and second was complementary to the RNA sequence
adjacent to the target one. Examples of helpers used for derivatization of HCV IRES are shown in
Figure 2. With one of alkylating derivatives, the target of alkylation turned out to be somewhat
unexpected. One could expect that in the heteroduplex of the HCV IRES with the derivative of
oligomer complementary to sequence 248-267 the alkylating group is located closer to nucleotides
(G265-267 rather than to G263 (Figure 2). The unusual target of alkylation in this case might be due to
peculiarities of the spatial structure of the IRES and also to the low reactivity of guanosines in oligoG
fragments towards aromatic 2-chloroethylamines [18] because of strong stacking interactions between
the guanine residues.

Figure 2. Secondary structure of the HCV IRES [45] (the initiation AUG codon is
underlined, and subdomains and open reading frame (ORF) are indicated). RNA sequences
complementary to deoxy-oligomers used for site-specific modification of the HCV IRES
in [17] (A) and in [18] (B) are shown with thick lines with arrows indicating the
5'-phosphates derivatized with alkylating groups. RNA sequences complementary to helper
oligomers used together with the alkylating derivatives are marked with dotted lines.
Nucleotides of the HCV IRES modified with the oligonucleotide derivatives are shaded.
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In general, the method based on the complementary addressed modification of nucleic acids has no
formal limitations, but technical difficulties are expected while working with RNAs > 400 nt long that
can relate to low yields of RNA recovery from polyacrylamide gels upon its purification and low
solubility of long RNAs in acidic medium that is necessary for hydrolysis of phosphoramide bond to occur.

8. Coupling of Amino Linker with Reporter Groups and Application of Derivatized RNAs

The most frequently used reaction for coupling of a reporter group to an amino linker is its
condensation with N-oxysuccinimide esters of carboxylic acid derivatives containing the required
probes. Typical derivatives for the introduction of photoactivatable cross-linker are the esters of
p-azidotetrafluorobenzoic acid [46,47] and the ester of 4-(trifluoromethyldiazirino)benzoic acid [7,34];
the esters of dyes Cy3 and CyS5 are utilized for the insertion of the respective fluorescent dyes [48—54].
The condensation reaction easily proceeds at room temperature and does not touch functional groups
of RNA nucleotides, providing good yields of the amino linker-containing RNA derivatization.
Various oligoribonucleotides containing p-azidotetrafluorobenzoyl cross-linker at the desirable
locations were applied as mRNA analogs to identify structural elements of the human ribosome
implicated in formation of the mRNA binding center and to find peptides of translation termination
factor eRF1 involved in stop codon recognition [46,47,55]. A set of HCV IRES derivatives bearing the
mentioned photocross-linker at specific locations was used to determine ribosomal proteins interacting
with particular RNA sites within the binary complexes of the IRES RNA with human small ribosomal
subunits modeling early steps of the virus RNA translation initiation [17,18]. Finally, model selenoprotein
mRNA containing p-azidotetrafluorobenzoylated nucleotide in its SECIS element was applied to study
interactions of this element with the ribosome [35]. Diazirine-containing RNAs with derivatized
uridines at specific locations were used as mRNA analogs for studying mRNA binding center of the
bacterial ribosome [7], and the photoactivatable 5S rRNA derivatives were applied to investigate
contacts of this rRNA with 23S rRNA within the ribosome [34]. As an example of the most widely
used derivatization of amino linker-containing RNAs with fluorescent dyes, one can give the reaction
of RNAs bearing 5-amino-allyl-uridines at desired locations with N-oxysuccinimide ester of dyes Cy3
and/or Cy5. The reaction allowed selective introduction of labels into RNA required for RNA
microarray method [48], single molecule fluorescence resonance energy transfer and fluorescence
correlation spectroscopy [49,50,52—54]. Besides, instead of N-oxysuccinimide esters, isothiocyanate
derivatives can be used for coupling of reporter groups to amino-linkers attached to RNA [1,34].

As for other reactions used for coupling of reporter groups to amino linkers, the reaction with
2,4-dinitro-5-fluorophenyl azide is worth mentioning. This reaction rapidly proceeds at room
temperature at pH10 without serious RNA damage. It was applied in early studies for introduction of
aryl azide photo cross-linkers into tRNAs bearing amino linkers on guanosine residues [9,15,41] and
the leader region of the bacterial threonyl-tRNA synthetase mRNA where amino linkers were introduced
by complementary addressed modification [16]. However, application of 2,4-dinitro-5-fluorophenyl
azide for derivatization of amino linker-modified RNAs was limited to the mentioned reports, probably
because of restricted reactivity of this photo cross-linker, which can modify only proteins but not
nucleic acids.
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9. Conclusions

Currently relatively short RNA fragments with amino linker-modified nucleotides at desired
locations became easily available due to the progress in elaboration of various approaches applicable
for their chemical synthesis. Such amino linker-containing RNAs were used mainly for the subsequent
derivatization with photo cross-linkers, and the resulting photoactivatable RNA derivatives turned out to
be very fruitful tools for studying translational machineries of bacteria and higher eukaryotes [46,47,55,56].
Relatively long amino linker-containing RNAs obtained with the use of splint-aided ligation were
successfully applied to prepare fluorescent RNA derivatives that were used in different biological tasks,
e.g., elaboration of new method to measure the folding transition time of a single RNA molecule [49,50],
studying conformational changes in mRNA regulatory elements known as riboswitches [52,53] related
to functions of the elements, elucidation of mutual positioning of the 5'-splice site and the branch site
in pre-mRNA in the course of splicing [54] and detection of tRNA levels in various human tissues [48].
Finally, application of complementary addressed insertion of amino linkers into long highly structured
IRES RNA of hepatitis C virus allowed introduction photo cross-linkers at desired IRES locations,
which in turn made it possible to gain crucially important information on the key role of ribosomal
proteins in binding of the IRES with ribosomes at the early steps of initiation of the virus RNA
translation in the infected cells [17,18]. Moreover, with the IRES RNA, a possibility of simultaneous
introduction of two amino linkers at the selected RNA sites has been shown [57].

Summarizing, we can conclude that an approach based on the complementary addressed
modification of nucleic acids is the most appropriate one for selective introduction of chemical
reporter groups into natural RNAs containing minor nucleotides and possessing complex specific
spatial structure. Since amino linker-containing RNAs obtained by this approach were used only for
coupling with photo cross-linkers so far, it seems attractive to apply such RNAs for derivatization with
other type reporter groups, which could be a task for further works. However, the variant of
complementary addressed modification described here enables insertion of only one type of amino
linker, namely, 4-(N-ethyl-N-methylamino)benzylamine, which is rather long and flexible. Although
information gained with RNA derivatives obtained on the bases of the mentioned linker turned out to
be in a good agreement with the related data obtained by means of other approaches [17,18], it seems
that shorter and more rigid amino linkers would be preferable for works concerning studying
immediate environment of particular RNA sites and distance measurements utilizing fluorescent and
spin labels. Therefore, the next frontier could be elaboration of new types of reactive moieties of
complementary addressed derivatives that contain the required reporter group together with a
modifying function to introduce this group at a desirable RNA site directly at one step.

Acknowledgments

The financial support from Russian Foundation for Basic Research (11-04-00597 to G.K.) and the
Program ‘Molecular and Cell Biology’ of the Presidium of the Russian Academy of Sciences
(to G.K.). The authors are sincerely grateful to Aliya Ven’yaminova and Maria Meschaninova for their
help in the manuscript preparation.



Molecules 2013, 18 14466

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Muller, S. Synthesis of modified RNA for structure-function studies. Chim. Oggi 2012, 30, 42—46.
Moore, M.; Query, C.C. Joining of RNAs by splinted ligation. Meth. Enzymol. 2000, 317, 109—-123.

3. Solomatin, S.; Herschlag, D. Methods of site-specific labeling of RNA with fluorescent dyes.
Meth. Enzymol. 2009, 469, 47-68.

4. Jayaprakash, K.N.; Peng, C.G.; Butler, D.; Varghese, J.P.; Maier, M.A.; Rajeev, K.G;
Manoharan, M. Non-nucleoside building blocks for copper-assisted and copper-free click
chemistry for the efficient synthesis of RNA conjugates. Org. Lett. 2010, 12, 5410-5413.

5. Fauster, K.; Hartl, M.; Santner, T.; Aigner, M.; Kreutz, C.; Bister, K.; Ennifar, E.; Micura, R.
2-Azido RNA, a versatile tool for chemical biology: Synthesis, X-ray structure, siRNA
applications, click labeling. ACS Chem. Biol. 2012, 7, 581-5809.

6. El-Sagheer, A.H.; Brown, T. Click nucleic acid ligation: Applications in biology and
nanotechnology. Acc. Chem. Res. 2012, 45, 1258-1267.

7. Sergiev, P.V.; Lavrik, LN.; Wlasoff, V.A.; Dokudovskaya, S.S.; Dontsova, O.A.; Bogdanov, A.A.;
Brimacombe, R. The path of mRNA through the bacterial ribosome: A site-directed crosslinking
study using new photoreactive derivatives of guanosine and uridine. RNA 1997, 3, 464-475.

8. Bulygin, K.N.; Graifer, D.M.; Repkova, M.N.; Smolenskaja, [.A.; Veniyaminova, A.G.;
Karpova, G.G. Nucleotide G1207 of 18S rRNA is an essential component of the human 80S
ribosomal decoding center. RNA 1997, 3, 1480-1485.

9. Graifer, D.M.; Babkina, G.T.; Matasova, N.B.; Vladimirov, S.N.; Karpova, G.G.; Vlassov, V.V.
Structural arrangement of tRNA binding site on Escherichia coli ribosomes, as revealed from data
on affinity labelling with photoactivatable tRNA derivatives. Biochim. Biophys. Acta 1989, 1008,
146-156.

10. Demeshkina, N.; Laletina, E.; Meschaninova, M.; Ven’yaminova, A.; Graifer, D.; Karpova, G.
Positioning of mRNA codons with respect to 18S rRNA at the P and E sites of human ribosome.
Biochim. Biophys. Acta 2003, 1627, 39—-46.

11. Belikova, A.M.; Zarytova, V.F.; Grineva, N.I. Synthesis of ribonucleosides and diribonucleoside
phosphates containing 2-chloroethylamine and nitrogen mustard residues. Tetrahedron Lett. 1967,
37,3557-3562.

12. Knorre, D.G.; Vlassov, V.V. Complementary-addressed (sequence specific) modification of nucleic
acids. Prog. Nucleic Acids Res. Mol. Biol. 1985, 32, 291-320.

13. Gimautdinova, O.1.; Gorshkova, LI.; Karpova, G.G.; Kutiavin, I.V.; Graifer, D.M. Selective
alkylation of G24 residue in tRNA"™. Mol. Biol. 1984, 18, 1419-1423.

14. Gimautdinova, O.I.; Gorn, V.V.; Gorshkova, L.I.; Graifer, D.M.; Karpova, G.G. Alkylation of
tRNA™®  with 4-(N-2-chloroethyl-N-methylamino)benzyl-5'-phosphamide of d(ATTTTCA).
Bioorg. Khim. 1986, 12, 490-498.



Molecules 2013, 18 14467

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Venkstern, T.V.; Graifer, D.M.; Karpova, G.G.; Morozov, [.A. Studies in the interaction of the
tRNA™™ derivative bearing an arylazide group on its G24 residue with Escherichia coli ribosomes
and tRNA-(adenine-1-)methyl transferase from Thermus thermophilus. Biopolym. Cell 1990, 6,
59-65.

Zenkova, M.; Ehresmann, C.; Caillet, J.; Springer, M.; Karpova, G.G.; Ehresmann, B.; Romby, P.
A novel approach to introduce site-directed specific cross-links within RNA-protein complexes.
FEur. J. Biochem. 1995, 231, 726-735.

Laletina, E.; Graifer, D.; Malygin, A.; Ivanov, A.; Shatsky, I.; Karpova, G. Proteins surrounding
hairpin Ille of the hepatitis C virus internal ribosome entry site on the human 40S ribosomal
subunit. Nucleic Acids Res. 2006, 34, 2027-2036.

Babaylova, E.; Graifer, D.; Malygin, A.; Stahl, J.; Shatsky, I.; Karpova, G. Positioning of
subdomain I1Id and apical loop of domain II of the hepatitis C IRES on the human 40S ribosome.
Nucleic Acids Res. 2009, 37, 1141-1151.

Venyaminova, A.G.; Repkova, M.N.; Ivanova, T.M.; Dobrikov, M.L; Bulygin, K.N.;
Graifer, D.M.; Karpova, G.G.; Zarytova, V.F. New photoreactive mRNA analogues for the
affinity labeling of ribosomes. Nucleos. Nucleot. 1995, 14, 1069—1072.

Allerson, C.R.; Chen, S.L.; Verdine, G.L. A chemical method for site-specific modification of
RNA: The convertible nucleoside approach. J. Am. Chem. Soc. 1997, 119, 7423-7433.

Repkova, M.N.; Ivanova, T.M.; Komarova, N.I.; Meschaninova, M.l.; Kuznetsova, M.A.;
Ven’yaminova, A.G. H-Phosphonate synthesis of oligoribonucleotides containing modified bases. 1.
Photoactivatable derivatives of oligoribonucleotides with perfluoroarylazide groups in heterocyclic
bases. Russ. J. Bioorg. Chem. 1999, 25, 612—622.

Repkova, M.N.; Meshchaninova, M.Il.; Ivanova, T.M.; Komarova, N.I.; Pyshnyi, D.V.
Venyaminova, A.G. Oligoribonucleotides containing an aminoalkyl group at the N(4) atom of
cytosine as precursors of new reagents for site-specific modifications of biopolymers.
Russ. Chem. Bull. Int. Ed. 2002, 51, 1194—1197.

Repkova, M.; Meshchaninova, M.; Pyshnyi, D.; Venyaminova, A. Oligoribonucleotides with
functionalized nucleobases as new modifiers of biopolymers. Nucleos. Nucleot. Nucleic Acids
2003, 22, 1509-1512.

Bulygin, K.N.; Repkova, M.N.; Ven’yaminova, A.G.; Graifer, D.M.; Karpova, G.G.; Frolova, L.Y ;
Kisselev, L.L. Positioning of the mRNA stop signal with respect to polypeptide chain release
factors and ribosomal proteins in 80S ribosomes. FEBS Lett. 2002, 514, 96-101.

Wu, X.; Pitsch, S. Functionalization of the sugar moiety of oligoribonucleotides on solid support.
Bioconjug. Chem. 1999, 10, 921-924.

Smalley, M.K.; Silverman, S.K. Fluorescence of covalently attached pyrene as a general RNA
folding probe. Nucleic Acids Res. 2006, 34, 152—166.

Bramsen, J.B.; Laursen, M.B.; Nielsen, A.F.; Hansen, T.B.; Bus, C.; Langkjaer, N.; Babu, B.R.;
Hgjland, T.; Abramov, M.; van Aerschot, A. A large-scale chemical modification screen identifies
design rules to generate siRNAs with high activity, high stability and low toxicity. Nucleic Acids Res.
2009, 37,2867-2881.

Herdewijn, P. Heterocyclic modifications of oligonucleotides and antisense technology. Antisense
Nucleic Acid Drug. Dev. 2000, 10, 297-310.



Molecules 2013, 18 14468

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Kojima, N.; Komatsu, Y. Synthesis and application of highly reactive amino linkers for functional
oligonucleotides. Curr. Protoc. Nucleic Acid Chem. 2012, doi:10.1002/0471142700.nc0448s48.
Wachowius, F.; Hobartner, C. Chemical RNA modifications for studies of RNA structure and
dynamics. ChemBioChem 2010, 11, 469—480.

Schoch, J.; Ameta, S.; Jaschke, A. Inverse electron-demand Diels—Alder reactions for the
selective and efficient labeling of RNA. Chem. Commun. 2011, 47, 12536—-12537.

Moore, M.J.; Sharp, P.A. Site-specific modification of pre-mRNA: The 2'-hydroxyl groups at the
splice sites. Science 1992, 256, 992-997.

Silverman, S.K. Deoxyribozymes: Selection design and serendipity in the development of
DNA catalysts. Acc. Chem. Res. 2009, 42, 1521-1531.

Sergiev, P.; Dokudovskaya, S.; Romanova, E.; Topin, A.; Bogdanov, A.; Brimacombe, R.;
Dontsova, O. The environment of 5S rRNA in the ribosome: Cross-links to the GTPase-associated
area of 23S rRNA. Nucleic Acids Res. 1998, 26, 2519-2525.

Kossinova, O.; Malygin, A.; Krol, A.; Karpova, G. A novel insight into the mechanism of mammalian
selenoprotein synthesis. RNA 2013, 79, 1147-1158.

Bulygin, K.N.; Matasova, N.B.; Graifer, D.M.; Veniyaminova, A.G.; Yamkovoy, V.L.; Stahl, J.;
Karpova, G.G. Protein environment of mRNA at the decoding site of 80S ribosomes from human
placenta as revealed from affinity labeling with mRNA analogs—derivatives of oligoribonucleotides.
Biochim. Biophys. Acta 1997, 1351, 325-332.

Gimautdinova, O.1.; Karpova, G.G.; Knorre, D.G.; Kobetz, N.D. The proteins of the messenger
RNA binding site of Escherichia coli ribosomes. Nucleic Acids Res. 1981, 9, 3465-3481.
Vladimirov, S.N.; Babkina, G.T.; Venijaminova, A.G.; Gimautdinova, O.l.; Zenkova, M.A_;
Karpova, G.G. Structural arrangement of the decoding site of Escherichia coli ribosomes as
revealed from the data on affinity labelling of ribosomes by analogs of mRNA—derivatives of
oligoribonucleotides. Biochim. Biophys. Acta 1990, 1048, 245-256.

Graifer, D.M.; Zenkova, M.A.; Malygin, A.A.; Mamaev, S.V.; Mundus, D.A.; Karpova, G.G.
Identification of a site on 18S rRNA of human placenta ribosomes in the region of the mRNA
binding centre. J. Mol. Biol. 1990, 214, 121-128.

Malygin, A.A.; Graifer, D.M.; Bulygin, K.N.; Zenkova, M.A.; Yamkovoy, V.I.; Stahl, J.;
Karpova, G.G. Arrangement of mRNA at the decoding site of human ribosomes. 18S rRNA
nucleotides and ribosomal proteins cross-linked to oligouridylate derivatives with alkylating
groups at either the 3'- or the 5'-termini. Eur. J. Biochem. 1994, 226, 715-723.

Vlasov, V.V.; Lavrik, O.I.; Mamaev, S.V.; Khodyreva, S.N.; Chizhikov, V.E. Chemical
modification of phenylalanyl-tRNA synthetase and ribosomes of Escherichia coli with derivatives
of tRNA-Phe carrying photoreactive groups on guanosine residues. Mol. Biol. 1980, 14, 531-538.
Knorre, D.G.; Vlassov, V.V.; Zarytova, V.F.; Karpova, G.G. Nucleotide and Oligonucleotide
Derivatives as Enzymes and Nucleic Acids Targeted Irreversible Inhibitors. In Advances in
Enzyme Regulation; Weber, G., Ed.; Pergamon Press: Oxford, UK, 1986; pp. 277-300.

Bulygin, K.; Malygin, A.; Karpova, G.; Westermann, P. Site-specific modification of 4.5S RNA
apical domain by complementary oligodeoxynucleotides carrying an alkylating group. Eur. J.
Biochem. 1998, 251, 175-180.



Molecules 2013, 18 14469

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Malygin, A.A.; Karpova, G.G.; Westermann, P. Hybridization of two oligodeoxynucleotides to
both strands of an RNA hairpin structure increases the efficiency of an RNA-DNA duplex formation.
FEBS Lett. 1996, 392, 114-116.

Hellen, C.U.T.; Sarnow, P. Internal ribosome entry sites in eukaryotic mRNA molecules. Genes Dev.
2001, 75, 1593-1612.

Graifer, D.; Karpova, G. Structural and functional topography of the human ribosome.
Acta Biochim. Biophys. Sin. 2012, 44, 281-299.

Graifer, D.; Karpova, G. Photoactivatable RNA derivatives as tools for studying the structural and
functional organization of complex cellular ribonucleoprotein machineries. RSC Adv. 2013, 3,
2858-2872.

Dittmar, K.A.; Goodenbour, J.M.; Pan, T. Tissue-specific differences in human transfer RNA
expression. PloS Genet. 2006, 2, 2107-2115.

Lee, T.-H.; Lapidus, L.J.; Zhao, W.; Travers, K.J.; Herschlag, D.; Chu, S. Measuring the folding
transition time of single RNA molecules. Biophys. J. 2007, 92, 3275-3283.

Sattin, B.D.; Zhao, W.; Travers, K.; Chu, S.; Herschlag, D. Direct measurement of tertiary contact
cooperativity in RNA folding. J. Am. Chem. Soc. 2008, 130, 6085-6087.

Jiao, Y.; Riechmann, J.L.; Meyerowitz, E.M. Transcriptome-wide analysis of uncapped mRNAs
in arabidopsis reveals regulation of mRNA degradation. Plant Cell 2008, 20, 2571-2585.

Lemay, J.-F.; Penedo, J.C.; Tremblay, R.; Lilley, D.M.J.; Lafontaine, D.A. Folding of the adenine
riboswitch. Chem. Biol. 2006, 13, 857-868.

Souliére, M.F.; Altman, R.B.; Schwarz, V.; Haller, A.; Blanchard, S.C.; Micura, R. Tuning a
riboswitch response through structural extension of a pseudoknot. Proc. Natl. Acad. Sci. USA
2013, 710, E3256-E3264.

Crawford, D.J.; Hoskins, A.A.; Friedmanc, L.J.; Gelles, J.; Moore, M.J. Single-molecule
colocalization FRET evidence that spliceosome activation precedes stable approach of 5'-splice site
and branch site. Proc. Natl. Acad. Sci. USA 2013, 110, 6783—-6788.

Graifer, D.; Karpova, G. Structural Aspects of Ribosomal Ligands Interactions Providing the
Work of the Human Translational Machinery. In Ribosomes; Zhou, L., Wang, L., Eds;
Nova Science Publishers: Hauppauge, NY, USA, 2013; pp. 1-29.

Sergiev, P.; Leonov, A.; Dokudovskaya, S.; Shpanchenko, O.; Dontsova, O.; Bogdanov, A.;
Rinke-Appel, J.; Mueller, F.; Osswald, M.; von Knoblauch, K.; et al. Correlating the X-ray
structures for halo- and thermophilic ribosomal subunits with biochemical data for the Escherichia
coli ribosome. Cold Spring Harb. Symp. Quant. Biol. 2001, 66, 87—100.

Malygin, A.A.; Graifer, D.M.; Laletina, E.S.; Shatsky, I.N.; Karpova, G.G. An approach to
identify the functionally important RNA sites by complementary addressed modification.
Mol. Biol. 2003, 37, 873—-879.

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



