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Abstract—The 5′-untranslated sequence of tobacco mosaic virus RNA – the so-called omega leader – exhibits features of a
translational enhancer of homologous and heterologous mRNAs. The absence of guanylic residues, the presence of multiple trinucleotide CAA repeats in its central region, and the low predictable probability of the formation of an extensive secondary structure of the Watson–Crick type were reported as the peculiarities of the primary structure of the omega leader.
In this work we performed chemical and enzymatic probing of the secondary structure of the omega leader. The isolated
RNA comprising omega leader sequence was subjected to partial modifications with dimethyl sulfate and diethyl pyrocarbonate and partial hydrolyses with RNase A and RNase V1. The sites and the intensities of the modifications or the cleavages were detected and measured by the primer extension inhibition technique. The data obtained have demonstrated that
RNase A, which attacks internucleotide bonds at the 3′ side of pyrimidine nucleotides, and diethyl pyrocarbonate, which
modifies N7 of adenines not involved in stacking interactions, weakly affected the core region of omega leader sequence
enriched with CAA-repeats, this directly indicating the existence of a stable spatial structure. The significant stability of the
core region structure to RNase A and diethyl pyrocarbonate was accompanied by its complete resistance against RNase V1,
which cleaves a polyribonucleotide chain involved in Watson–Crick double helices and generally all A-form RNA helices,
thus being an evidence in favor of a non-Watson–Crick structure. The latter was confirmed by the full susceptibility of all
adenines and cytosines of the omega polynucleotide chain to dimethyl sulfate, which exclusively modifies N1 of adenines
and N3 of cytosines not involved in Watson–Crick interactions. Thus, our data have confirmed that (1) the regular (CAA)n
sequence characteristic of the core region of the omega leader does form stable secondary structure, and (2) the structure
formed is not the canonical double helix of the Watson–Crick type.
DOI: 10.1134/S0006297910040024
Key words: omega leader of TMV RNA, regular (САА)n polyribonucleotide, RNA triple helix, chemical modification of RNA,
enzymatic cleavage of RNA, primer extension inhibition, diethyl pyrocarbonate, dimethyl sulfate, RNase A, RNase V1

In eukaryotes 5′-untranslated regions of mRNA
markedly influence the translation efficiency of the
encoding part of RNA carrying these regions. The 5′untranslated region of tobacco mosaic virus (TMV)
genomic RNA contains the so-called omega sequence, a
powerful enhancer of the translation of this RNA (“translational enhancer”) [1]. In recombinant constructs the
leader omega sequence enhances translation of foreign
RNAs both in vivo and in vitro (in cell-free systems) and
Abbreviations: AMV, avian myeloblastosis virus; cDNA, complementary DNA; CXR, 5(6)-carboxy-X-rhodamine; FAM, 6carboxy-4′,5′-dichloro-2′,7′-dimethoxyfluorescein; Hepes, 4(2-hydroxyethyl)-1-piperazineethanesulfonic acid; TMV,
tobacco mosaic virus; Tris, tris(hydroxymethyl)aminomethane.
* To whom correspondence should be addressed.

provides for efficient cap-independent translation initiation [2]. Omega leader can act as a translational enhancer
in various cell types, both plant and animal, as well as in
different cell-free translation systems [3-10].
The nucleotide sequence of the omega leader from
RNA of TMV strain U1 is shown in Fig. 1 [11]. This
sequence has an unusual primary structure. First, the
omega sequence is almost completely deprived of
guanylic residues (G): with the exclusion of the first
residue, adjacent to the cap-structure at the 5′ end of
TMV RNA, there are no other guanylic residues in the
almost 70 nucleotide-long leader chain. Second, more
than one-third of the omega sequence is comprised by its
central part consisting only of adenylic and cytidylic
residues. Third, adenylic and cytidylic residues of the
central part as well as those of adjacent to 5′ and 3′ prox-
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Fig. 1. The 5′-untranslated omega sequence of genomic RNA of TMV strain U1 [11]. The region containing successive (CAA)n repeats is
underlined. The initiation AUG codon at the beginning of the open reading frame of the North American firefly luciferase gene is also underlined and shown in bold.

imal parts of the omega sequence are mainly grouped in
CAA triplets. Thus, the central part is an almost regular
sequence consisting of CAA nucleotide triplets arranged
in succession. The CAA-containing part is restricted on
both sides by U-rich regions, a short one on the 5′-side
and a longer one on the 3′-side. On the whole, the features exhibited by the omega leader nucleotide sequence
point to the impossibility of the formation of a stable secondary structure based on canonical Watson–Crick base
pairing of G:C and A:U type. This situation was for a long
time an argument in favor of the supposition that it is an
unstructured nature of the omega leader that provides for
its easy accessibility for ribosomes, and as a result, its
properties of a translational enhancer [12, 13]. However,
it was shown in our laboratory that unstructured
sequences, for which the absence of secondary structure
in solution was really proved, such as poly(U) [14], do not
exhibit properties of translational enhancers, at least in
translation systems of higher eukaryotes [15].
On the other hand, we have previously studied physical properties of the RNAs that were synthesized copies
of the leader omega sequence of TMV RNA and the regular polyribonucleotide (CAA)19, the latter modeling the
nucleotide sequence of the central part of the omega
leader [16]. It was shown by UV-spectroscopy and analytical centrifugation that both the complete omega
sequence and the homolog of its CAA part have a stable
and cooperatively melted structure, and their sedimenta-

tion coefficients correspond to those of compactly folded
RNAs of the same lengths. At the same time, the polynucleotide of the same composition and of the same length
but with random sequence of nucleotides, poly(A2,C),
did not exhibit such properties and behaved as a disordered non-compact polymer [16]. These data show that
the compact structure of the omega sequence can be
formed by the regular nucleotide sequence (CAA)n representing the core part of the omega sequence.
Theoretical analysis of possibilities of the regular polyribonucleotide (CAA)n to fold into a compact structure
due to formation of hydrogen bond pairs of nonWatson–Crick type resulted in creation of the triple helix
model in which bases are bound to each other by hydrogen bond pairs into alternating triads A:C:A, C:A:A, and
A:A:C [17].
To test the type of possible structural organization of
the omega leader RNA, we used standard methods of partial chemical modification of nucleotides and restricted
enzymatic degradation, which are widely used in testing
RNA spatial structures (see, for example, [18, 19]). The
data obtained in this work confirmed experimentally the
absence of double helices with Watson–Crick base pairs.
At the same time, analysis of the data has shown the presence of an extended region involved in formation of a
non-canonical secondary structure in the central part of
the omega sequence corresponding to the (CAA)-containing core of the omega leader.

Fig. 2. Scheme of the use of pTZ10omegaLUC construct for the synthesis of RNA containing omega sequence of RNA from TMV strain U1
(shown in bold). The relative position of the restriction site of endonuclease XbaI used for linearization of the plasmid is indicated. Nucleotide
sequence of the 5′-untranslated RNA region (total RNA length is 136 nucleotides) containing the omega leader RNA is shown at the bottom;
the omega sequence within the 5′-untranslated RNA region is shown in bold, and the initiation codon of the luciferase gene is shown in bold
and underlined.
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CHEMICAL AND ENZYMATIC PROBING OF TMV OMEGA LEADER STRUCTURE
MATERIALS AND METHODS
Purification of plasmid containing omega sequence of
TMV RNA. Plasmid construct pTZ10omegaLUC [3]
copying omega sequence of TMV RNA (Fig. 2) was
amplified in Escherichia coli DH5α cells. Cells were lysed
and the lysate was neutralized using appropriate solutions
from the PureYield Plasmid Midiprep System kit
(Promega, USA). Cell debris, denatured proteins, and
genomic DNA were pelleted by centrifugation, and the
resulting supernatant was applied on adsorption columns
from the same reagent kit. Plasmid DNA was eluted from
the columns by deionized water and purified from protein
contaminants by phenol extraction. Sodium acetate
(pH 5.0) up to 300 mM and 2.5 volumes of 96% ethanol
were added to the solution and DNA was collected by
centrifugation at 15,000g for 15 min, dried, and dissolved
in deionized water. The integrity and purity of the
pTZ10omegaLUC plasmid were checked by electrophoresis in 1.5% agarose gel (stained with ethidium bromide).
Transcription of RNA using T7 RNA polymerase and
its purification. Purified plasmid pTZ10omegaLUC was
cleaved by restriction endonuclease XbaI in the region
following the luciferase gene of the American firefly
Photinus pyralis (Fig. 2). A sample of 200 µg of plasmid
pTZ10omegaLUC was incubated with 400 units of
endonuclease XbaI (Fermentas, Lithuania) at 37°C for
4 h in Tango 1X buffer (Fermentas), after which the reaction mixture was twice extracted with phenol. After phenol extraction, DNA was precipitated from the reaction
mixture by addition of sodium acetate (pH 5.0) to
300 mM, and 2.5 volumes of 96% ethanol and the precipitate was centrifuged at 15,000g for 15 min, after which
the pellet was dried and dissolved in deionized water.
Completeness of the cleavage reaction was estimated by
electrophoresis in 2% agarose gel (ethidium bromide
staining).
RNA of total length of 136 nt containing the omega
sequence was obtained by transcription of the abovementioned template DNA by T7 RNA polymerase (Fig.
2) under the conditions recommended in the literature
[20, 21] with slight modifications. The mixture for the
transcription reaction contained 80 mM Tris-acetate,
pH 7.5, 10 mM KCl, 22.2 mM Mg(CH3COO)2, 20 mM
dithiothreitol, 20 mM β-mercaptoethanol, 2 mM spermidine, 0.01% (v/v) Triton X-100, 0.2 mM EDTA, 4 mM
each nucleoside triphosphate (ATP, GTP, CTP, UTP)
(Fermentas), 1 unit/µl RNase inhibitor RiboLock
(Fermentas), 0.1 µg/µl template DNA, and 12 units/µl
T7 RNA polymerase (Fermentas) in 500 µl total volume.
The reaction mixture was incubated for 3 h at 37°C, then
extracted twice by acidic (pH 5.5) phenol, and nucleic
acids were precipitated by addition of ammonium acetate
to 2 M and 2.5 volumes of 96% ethanol. The precipitated
nucleic acids were collected by centrifugation at 15,000g
for 15 min in the cold, and the pellets were dried under
BIOCHEMISTRY (Moscow) Vol. 75 No. 4 2010
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vacuum and dissolved in 250 µl of deionized water. To
purify the preparation from the initial template DNA, the
solution was brought to 10 mM Tris-acetate, pH 7.5,
2.5 mM Mg(CH3COO)2, 0.1 mM CaCl2, 2 units/µl
RNase inhibitor RiboLock (Fermentas), and 1.5 units/µl
DNase I (Boehringer Mannheim, Germany). The reaction mixture was incubated for 1 h at 37°C, then it was
extracted twice with acidic phenol (pH 5.5), and nucleic
acids were precipitated by addition of 300 mM sodium
acetate (pH 5.0) and 2.5 volumes of 96% ethanol.
Precipitated nucleic acids were collected by centrifugation at 15,000g for 15 min in the cold, and pellets were
dissolved in 200 µl of deionized water. The solution was
supplemented with 68 µl of saturated LiCl solution, the
mixture was incubated for 1 h at 0°C, and the precipitate
was collected by centrifugation at 15,000g for 15 min in
the cold. The pellet was dissolved in 500 µl of deionized
water, then the solution was brought to 2 M ammonium
acetate and 2.5 volumes of 96% ethanol were added. The
resulting mixture was centrifuged at 15,000g for 15 min in
the cold, the pellet after centrifugation was dissolved in
500 µl of deionized water, and the resulting solution was
brought to 300 mM sodium acetate (pH 5.0) and 2.5 volumes of 96% ethanol were added. The resulting mixture
was centrifuged at 15,000g for 15 min in the cold, the pellet was washed with 80% ethanol and dissolved in 150 µl
of deionized water, and the solution was frozen. The purity and homogeneity of the RNA preparation was estimated by electrophoresis in 6% denaturing polyacrylamide
gel (staining by toluidine blue).
RNA modification by dimethyl sulfate. In the case of
modification by dimethyl sulfate, 0.5 µl dimethyl sulfate
was added to 50 µl solution containing buffer A (40 mM
Hepes-KOH, pH 7.5, 50 mM KCl, 0.5 mM EDTA) and
2 µg RNA. The reaction was carried out for 30 sec at
25°C, then stopped by addition of 200 mM Tris-HCl,
10 µg total tRNA from Escherichia coli, and 2.5 volumes
of 96% ethanol, and the mixture was cooled in liquid
nitrogen.
RNA modification by diethyl pyrocarbonate. For
modification by diethyl pyrocarbonate, 4 µl diethyl pyrocarbonate was added to 20 µl solution containing buffer A
and 2 µg RNA. The reaction was run for 5 min at 25°C
with continuous mixing, after which it was stopped by
addition of 10 µg total tRNA of Escherichia coli and 2.5
volumes of 96% ethanol, and then cooled in liquid nitrogen.
RNA cleavage by RNase V1. For partial cleavage by
RNase V1, reaction mixture (50 µl) containing buffer A,
10 mM Mg(OAc)2, 4 µg RNA, and 0.075 ng/µl RNase
was kept for 20 min at 25°C, then the solution was twice
extracted with phenol. Acidic (pH 5.0) 300 mM sodium
acetate and 2.5 volumes of 96% ethanol were added to the
aqueous phase, and the mixture was cooled to –20°C.
RNA cleavage by RNase A. In the case of partial
cleavage by RNase A, reaction mixture (50 µl) containing
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buffer A, 4 µg RNA, and 10–6 unit/µl RNase was incubated for 5 min at 25°C, and then the solution was twice
extracted by phenol. Acidic sodium acetate (pH 5.0)
(final concentration 300 mM) and 2.5 volumes of 96%
ethanol were added to the aqueous phase, and then the
mixture was cooled to –20°C.
RNA purification after modification or cleavage. After
precipitation with ethanol, RNA in all cases was collected by centrifugation at 14,000g in the cold for 15 min, and
the pellet was washed with 80% ethanol, dried in vacuum,
and dissolved in 10 µl deionized water.
Reverse transcription. The reaction of reverse transcription was carried out mainly as described previously
[22, 23]. Reaction mixture for reverse transcription of the
total volume 20 µl contained 1 µg of untreated RNA
(control) or RNA after treatment (as described previously), 100 pmol of fluorescence-labeled DNA primer (5′FAM-GGGCCTTTCTTTATG), 1× buffer for reverse
transcriptase of avian myeloblastosis virus (AMV) recommended by Promega (USA) (50 mM Tris-HCl, pH 8.3 at
25°C, 50 mM KCl, 10 mM MgCl2, 0.5 mM spermidine,
10 mM dithiothreitol), 0.5 mM of each deoxynucleotide
triphosphate (dATP, dGTP, dTTP, dCTP), 1 unit/µl
RNase inhibitor RiboLock (Fermentas), and 0.33 unit/µl
AMV reverse transcriptase from Promega. The mixture
was incubated for 20 min at 37°C, then 130 µl solution for
reaction stopping (1% SDS, 10 mM EDTA) was added,
and the mixture was extracted by an equal volume of phenol. The nucleic acid fraction was precipitated from the
aqueous phase by 300 mM acidic (pH 5.0) sodium acetate
and 2.5 volumes of 96% ethanol and collected by centrifugation at 14,000g for 15 min in the cold; 20-30 µg of
total purified tRNA of Escherichia coli from Serva (USA)
was used as co-precipitator. The nucleic acid precipitates
were dried at 45°C for 15 min and dissolved in 50 µl 90%
formamide with 1× TBE buffer (89 mM Tris-base, 89 mM
boric acid, and 2 mM EDTA).
Capillary electrophoresis, fluorescence detection, and
analysis of signal from separated cDNA transcripts.
Immediately before separation the samples (see above
“Reverse transcription”) were additionally diluted 2 to 10
times (depending on the amount of cDNA corresponding to the maximal fluorescence peak) by 90% formamide containing 1× TBE buffer and supplemented with
Fluorescent Ladder 60-400 bases (CXR) fluorescent
DNA length markers (Promega) (0.3-0.6 µl marker per
15 µl sample). Then samples were heated at 99°C for
2 min. The total volume of each sample introduced in one
well of a standard 96-well plate was 15 µl. Fluorescencelabeled cDNA in samples was separated and analyzed on
ABI PRISM 3100-Avant Genetic Analyzer apparatus for
capillary electrophoresis from Applied Biosystems
(USA), mainly according to recommendations of the
manufacturer, as described in [22, 23]. The data were
processed using GeneMarker 1.5 software from
SoftGenetics (USA). The fluorescence distribution pro-

files of separated cDNA were aligned with initial RNA
sequence using calibration of separation by the lengths of
marker DNA.

RESULTS AND DISCUSSION
Experiments were performed according to the following scheme. The RNA containing nucleotide
sequence of the omega leader (omega RNA) was treated
with modifying or cleaving agents at room temperature
(25°C) in buffer conditions identical to those described in
the literature [16] (40 mM Hepes-KOH, pH 7.5, 50 mM
KCl, 0.5 mM EDTA) except for reactions with RNase V1.
Since RNase V1 is active only in the presence of magnesium ions, 10 mM magnesium acetate was additionally
introduced into the corresponding reaction buffer.
Conditions for all reactions were adjusted to provide for
modification or hydrolysis of less than half of the RNA
molecules in each reaction mixture. Positions of modification or cleavage sites were determined using analysis of
lengths of the cDNA-products of reverse transcription
(method of inhibition of primer extension) synthesized
on the modified or partially cleaved omega RNA template. To achieve this, the DNA primer carrying a fluorescent group at the 5′ terminus was added to the reaction
mixture containing all four deoxyribonucleotide triphosphates and AMV reverse transcriptase. The primer
annealing site was located within the coding region of the
luciferase gene at the 3′ end of the RNA molecule and was
designed to provide efficient resolution of reverse transcription products. Extension of the DNA primer on the
control RNA chain led to reading out of the whole
remaining RNA sequence up to its 5′ end. In the case of
partially cleaved or modified omega RNA, additional
stops of reverse transcriptase occurred at the sites of chain
breaks or near the sites of nucleotide modifications. In
such cases shortened DNA copies of omega RNA were
formed. Lengths of synthesized shortened cDNAs directly indicated sites of cleavage or modification in the initial
RNA, while the amount of shortened cDNA molecules
showed intensity of the cleavage or modification at the
corresponding sites. Capillary electrophoresis with detection of fluorescent signal of reverse transcription cDNA
products in gel was used for analysis of lengths and
amounts of cDNA generated during reverse transcription
[22-26]. The distribution profiles of fluorescence of separated cDNAs were aligned with initial RNA sequence
using calibration of separation by the DNA markers of
different lengths. Figure 3 (a-e) shows the dependence of
the fluorescence intensities of the cDNAs of particular
lengths on the initial RNA nucleotide position after the
data processing.
Figure 3a shows the dependence of cDNA fluorescence of the initial RNA sequence after primer elongation by reverse transcriptase on untreated (control) RNA.
BIOCHEMISTRY (Moscow) Vol. 75 No. 4 2010
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Fig. 3. Results of chemical modifications and enzymatic cleavages of omega RNA. Control unmodified omega RNA (a) or omega RNA after
modification (b-e; see text) were used for reverse transcription, where fluorescence-labeled DNA primer (FAM) was used. The fluorescencelabeled cDNA was separated by gel electrophoresis in capillary tubes. Fluorescence profiles of separated cDNAs were read from the gel and
compared with the initial RNA sequence using fluorescent length markers (CXR) added to the samples. The figure shows the cDNA fluorescence plotted against the corresponding nucleotide positions of the initial omega RNA. All plots are normalized to total FAM fluorescence in
the gel. The scale on ordinate axis is chosen so that the shortened cDNA formed as a result of reverse transcriptase stopping at the modification or cleavage sites were well visualized. The fluorescence peak corresponding to the full-size cDNA (at 5′-end of omega RNA sequence) is
shown incompletely to meet scaling requirements. Numbers near the peak of the full-size cDNA show the amount of full-size transcripts of
omega RNA (free of hydrolysis or modifications) as % of total amount of transcripts from this RNA. The gray area shows the region of omega
RNA containing successive (CAA)n repeats. a) Unmodified (control) omega RNA; b) omega RNA modified by dimethyl sulfate; c) omega
RNA modified by diethyl pyrocarbonate; d) partial cleavage of omega RNA by RNase V1; e) partial cleavage of omega RNA by RNase A.

In this experiment a group of peaks corresponding to formation of the full-size cDNA transcript is prevalent.
There are no additional sites of polymerase stops along
the RNA chain.
Dimethyl sulfate can attack the nitrogen atom in the
first position of adenine or third position of cytosine.
These atoms are necessary for hydrogen bond formation
upon canonical (Watson–Crick) base pairing. Thus,
dimethyl sulfate has to modify RNA only in sites free of
canonical base pairing [27-29]. Numerous additional
BIOCHEMISTRY (Moscow) Vol. 75 No. 4 2010

sites of reverse transcriptase stops are generated on RNA
in the case of omega RNA modification by dimethyl sulfate (Fig. 3b). Modifications are distributed here along
the whole RNA strand and practically all adenines and
cytosines are modified. Thus, there are no extended
regions with Watson–Crick base interactions in the
omega RNA structure.
Diethyl pyrocarbonate can modify the adenine
nitrogen atom in the seventh position if the base is not
involved in stacking interactions, for example, in the case
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of the absence of A-form helical structure of the RNA
[27-32]. The distribution of modification sites along the
RNA after its treatment by diethyl pyrocarbonate is
shown in Fig. 3c. In this case mainly the 3′-proximal part
of the omega RNA is modified. The 5′ region of omega
RNA is relatively weakly modified. This implies that in
the 5′ region the stacking of bases is possible on an
extended part. On the other hand, the region of relatively
low modification includes almost the entire regular
omega RNA part with CAA repeats.
RNase V1 is able to catalyze cleavage of the phosphoester bond of any nucleotide residues incorporated in
A-form helices [28, 29, 33]. One can see that upon RNase
V1 cleavage of omega RNA (Fig. 3d), hydrolysis of the
sugar-phosphate chain near the 5′-terminal end of the
omega sequence occurs, and a group of isolated peaks is
formed, which are indicative of chain cleavage in the 3′
part of the molecule. The complete absence of cleavage
sites along the whole length of the central part, containing regular CAA repeats also confirms the absence of an
A-form RNA helix in this region. At the same time, formation of some short A-form helices, separated by nonhelical RNA regions, is probable in the 3′-proximal part
of the omega sequence.
RNase A mainly cleaves single-stranded RNA in the
sites following pyrimidine nucleotide residues, which are
not incorporated into helices and form no tertiary interactions [34, 35]. The result of omega RNA cleavage by
RNase A is shown in Fig. 3e. The most intensive omega
RNA cleavage occurs in the 3′-proximal third of the
chain rich in uridylic residues. In the 5′-proximal and
central parts of the molecule the amount of RNase A
cleavage sites is relatively low. This part of omega RNA
includes the regular region of the molecule with CAA
repeats. The resistance of 5′-proximal and central parts of
omega RNA to RNase A directly points to existence of
some stable secondary structure in this region, whereas
the 3′-proximal part is evidently single-stranded and
available for the cleavage. It should be noted that diethyl
pyrocarbonate and RNase A affect approximately the
same, 3′-proximal, part of omega RNA polyribonucleotide chain. The 5′-proximal half and central part of
the omega sequence, including the ordered regular region
with CAA repeats, are weakly susceptible to their attack.
Relative structural stability of the central part against
these agents is also accompanied by its complete resistance to RNase V1, cleaving polynucleotide strands within Watson–Crick double helices.
Hence, the experimental data shown in this paper
well agree with the recently proposed model of structural
organization of polyribonucleotides containing consecutive CAA repeats [17]. They confirm that, first, regular
sequence (CAA)n characteristic of the omega leader central part is able to generate a stable secondary structure,
and second, the structure formed is not a canonical double helix of a Watson–Crick type or anything similar in

the character of base interactions. The model suggests the
folding of RNA regions containing successive (CAA)n
repeats into a relatively stable and compact triple helix.
Data of this work do not contradict the proposed model.
The high sedimentation coefficient of the omega leader
and a higher thermodynamic stability of this RNA, as
compared to the polyribonucleotide consisting of only
regular (CAA)n repeats [16], agree with the previously
published data on enzymatic testing showing a higher,
compared to polyribonucleotide (CAA)n, resistance of
omega RNA to nucleases cleaving single-stranded RNA
[9]. Additional structural stabilization of the omega RNA
region with CAA repeats can be attained by the interactions with 3′-terminal U-rich region of omega RNA. On
the other hand, the described type of triple helices have a
relatively short length [17], which should result in
inevitable structural fluctuations making nitrogen atoms
(N1 of adenine and N3 of cytosine) in the omega RNA
accessible for dimethyl sulfate attack.
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