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ABSTRACT

An effective procedure for specific determination of
the cap structure at the 5′-terminus of mRNA and for
isolation of the corresponding full-length cDNA has
been developed. The procedure involves covalent
attachment of an oligonucleotide template extender
to the 5′-cap structure of mRNA followed by RT–PCR
using M-MLV SuperScript II reverse transcriptase. In
the course of reverse transcription, the enzyme
‘jumps over’ the cap structure and includes the
sequence complementary to the oligonucleotide
template extender into the 3′-end of the first cDNA
strand. The cap-jumping method was successfully
tested using some mammalian cellular mRNAs,
genomic RNAs of tobacco mosaic virus (TMV) U1 and
the recently isolated crucifer-infecting tobamovirus.
Moreover, cDNA products corresponding to the
genomic tobamovirus RNA were obtained from total
RNA extracted from tobacco plants infected by
crucifer-infecting tobamovirus or tobacco mosaic
virus. Using the cap-jumping method, we have
shown for the first time that genomic crucifer-
infecting tobamovirus (crTMV) RNA contains a 5′-cap
structure. This improved method can be recom-
mended for the construction of full-length and 5′-end
enriched cDNA libraries, identification of capped
RNAs and determination of their 5′-terminal
sequences.

INTRODUCTION

The generation of full-length cDNAs from mRNA is a major
challenge in biotechnology research. Even with the whole
genome sequencing initiatives reaching fruition there is still a
great need for reliable methods to construct cDNA libraries. In
particular, there is a need to identify 5′-untranslated regions
(UTRs), novel regulatory motifs, internal ribosome entry
sites, etc. Several protocols have been proposed to construct full-
length cDNA libraries, however, most of them are not satisfactory
in terms of efficiency and bias in the representation of the cDNAs.

In general the 5′-ends of genes are under-represented, especially if
a poly(dT) primer is used in first strand cDNA synthesis and
RNase H is required for second strand cDNA synthesis.

The majority of eukaryotic cellular and viral messenger
RNAs (mRNAs) are blocked at the 5′-end by a cap structure,
m7G(5′)ppp(5′)Np, which has important effects on the matur-
ation, translation and stability of mRNA. The cap structure
consists of an inverted 7-methylguanosine linked via a 5′–5′
triphosphate bridge to the first transcribed residue, and its pres-
ence is indicative of the integrity of the proximal 5′-UTR
preceding a mRNA coding region (1,2). Traditionally, for most
eukaryotic mRNAs the ribosome scanning model of translation
initiation proposes that the 40S ribosomal subunit binds the 5′-cap
and moves along the 5′-UTR until it reaches an AUG codon
(3). Consequently, the majority of structurally polycistronic
RNAs of eukaryotic viruses are functionally monocistronic,
i.e. only the first open reading frame is translationally active.
The downstream genes of viral genomes are commonly
expressed by deployment of so-called subgenomic RNAs
(sgRNAs) which are 3′-co-terminal with genomic RNA, but
lack one or more 5′-proximal genes (4). The 5′-proximal genes
of many viral genomic mRNAs, including the RNA of tobamo-
viruses, encode a virus-specific RNA-dependent RNA
polymerase essential for viral RNA synthesis and capping in
the cytoplasm of infected cells. It has been shown that the
genomic RNA of tobacco mosaic virus (TMV) and many
eukaryotic viruses are capped (5,6), whereas RNAs of some
other viruses are uncapped or their 5′-terminus can be blocked
in different ways (7).

Many viral mRNAs lack a 5′-terminal cap or a poly(A) tail,
or both. For example, RNA of viruses belonging to the Picona-
viridae family lack a cap structure, but contain a 5′-terminal
viral protein linked by a phosphodiester bond to the extremely
long, highly structured 5′-UTR (7). Thus, it is important in
virus research to know the type of 5′-terminal structure of viral
RNA because it reflects different aspects of the viral life cycle.

As the presence of a cap structure at the 5′-end of eukaryotic
mRNAs is a good marker for the 5′-terminal part of the coding
region, several methods for isolation of full-length mRNAs
based on the use of this structure have been developed to
improve the construction of cDNA libraries with more full-
length sequences of genes (8–14). Some of these protocols
include affinity capture of mRNA using a cap-binding protein
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coupled to a solid support (8), replacing the cap structure with
a synthetic oligonucleotide, which is ligated to the mRNA by
RNA ligase (9,10), and the chemical addition of a biotin group
to the diol residue of the cap structure (11). Another related
procedure is the CapFinder technique (12,13), which relies on
the terminal transferase and the template switching activity of
SuperScript II reverse transcriptase to generate a specific
anchor sequence complementary to a template switching oligo-
nucleotide. The CapSelect technique, which was introduced by
Schmidt and Mueller (14), avoids the template switching
requirement and exploits the extraordinarily high terminal
transferase activity of SuperScript II reverse transcriptase with
capped mRNAs in the presence of manganese, followed by
controlled ribonucleotide tailing of cDNA ends using terminal
deoxynucleotidyl transferase and rATP. A double-stranded
DNA adapter is then ligated to the known cDNA end.
However, these techniques for enrichment of full-length
cDNA libraries are time consuming, involve numerous
enzymatic steps and yield variable results.

One of the limiting factors in the classical rapid amplifica-
tion of 5′-cDNA ends is getting the reverse transcriptase to
copy the mRNA of interest completely into the first strand
cDNA. Prematurely terminated first strand cDNAs are also
tailed by terminal transferase, resulting in large populations of
truncated cDNAs. To overcome this, the attachment of an
anchor primer to the 5′-end of the mRNA, which is incorporated
into the first strand cDNA only when reverse transcription
proceeds through the entire length of the mRNA of interest,
has been proposed (15–17). Before such a linker can be
anchored, the mRNA is dephosphorylated using calf intestinal
phosphatase, which acts only on degraded mRNA and leaves
the capped, full-length mRNAs unaffected (15). Degraded
mRNA is then unable to participate in subsequent ligation
reactions. The full-length mRNAs are decapped using tobacco
acid pyrophosphatase, which leaves them with a
phosphorylated 5′-terminus (16,17). A synthetic oligo-
ribonucleotide is then ligated to the mRNA using T4 RNA
ligase. The oligo–mRNA hybrids are reverse transcribed using
a gene-specific primer to create first strand cDNA. However,
the multiple steps and enzymatic reactions required in this
system make it a technically difficult procedure. Problems
arise when dealing with mRNA populations and rare tran-
scripts due to the inefficiency of the multiple enzymatic steps.

Earlier, Carninci et. al. (11) reported a chemical method for
specific biotinylation of the cap structure either before or after
cDNA synthesis by chemical coupling to the cis-diol groups of
the cap structure and at the 3′-end of mRNA. Upon RNase I
digestion only mRNA–cDNA hybrids are protected, which
allows the 3′-biotin to be eliminated and any non-full-length
cDNAs to be excluded from capture by streptavidin-coated
magnetic beads. Recently, a method for 5′-capped mRNA
isolation has been proposed, which combines the advantages of
having an anchor oligonucleotide at the 5′-end of mRNA with
the efficiency of a chemical ligation approach (18). The
method includes specific coupling of a 3′-amino oligo-
nucleotide tag (particularly the 3′-phosphorohydrazide of a
deoxyribooligonucleotide) to the oxidized 5′-terminal 3′,5′-
diol group of the capped mRNA with preliminary modification
of a diol group at the 3′-end of the mRNA by ligation of a
nucleoside 3′,5′-diphosphate in the presence of T4 RNA ligase.
The tagged mRNA was used in reverse transcription to obtain

single-stranded cDNA followed by cDNA amplification by
PCR using a set of two primers. One of the primers represents
an oligodeoxyribonucleotide with a sequence corresponding to
the ligated tag, while the other primer has a specific sequence
complementary to the 3′-region of the tested mRNA.

In this paper, we describe an improved procedure for the
construction of full-length and 5′-enriched cDNA libraries as
well as for specific detection of the mRNA 5′-cap structure in
RNAs. This ‘cap-jumping’ method was tested using some
mammalian cellular mRNAs, full-length genomic RNAs
isolated from purified preparations of TMV (strain U1), which
is a typical member of the Tobamovirus genus, and the recently
characterized crucifer-infecting tobamovirus (crTMV) (19).
Also, total RNA preparations isolated from HeLa cells and
crTMV-infected tobacco plants were used for cap detection on
selected cellular and viral RNAs.

MATERIALS AND METHODS

Pure capped rabbit α- and β-globin mRNA transcripts (∼650 bp)
and SuperScript II reverse transcriptase were purchased from
Gibco BRL, M-MLV reverse transcriptase was purchased
from Fermentas and pCR2.1 TOPO vector was purchased from
Invitrogen. Escherichia coli strains DH5α and SURE were
used for cloning of the recombinant constructs. Oligonucle-
otides were either purchased from Dharmacon Research or
synthesized using an ABI 381A synthesizer. The sequences of
the PCR primers are shown in Table 1. Plasmid TMV304 with
full-length cDNA of the TMV (U1) genome under control of
the SP6 promoter was kindly provided by Dr W. O. Dawson
(University of Florida, Lake Alfred, FL). A full-length
genomic cDNA clone of crTMV was obtained by Dr P. A. Ivanov
(Moscow State University, Moscow, Russia; unpublished
results). Inoculation of Nicotiana tabacum cv. Samsun plants
with viruses, virus isolation and RNA extraction from virus
particles were performed as described by Dorokhov et al. (19).
Total RNA preparations from crTMV- or TMV-infected
tobacco was obtained by the method of phenol deproteiniza-
tion as described (20,21). The GeneBee program package (22)
was used for RNA secondary structure prediction. Sequences
of cDNAs were obtained using an ABI Prism 377. Electro-
phoresis of PCR products was performed in 2% agarose gels
with staining with ethidium bromide.

Synthesis of the 3′-modified oligonucleotide template 
extender (OTE)

A deoxyribooligonucleotide containing a 3′-ribo unit or ribo-
oligonucleotide (0.1 µmol) was dissolved in 0.5 ml of water
and its 3′-terminal cis-glycol group oxidized with 0.1 M NaIO4
(100 µl) for 15 min at room temperature to generate a dialdehyde
unit (23,24). The excess NaIO4 was reduced with 100 µl of
0.2 M sodium hypophosphite for 20 min.

Sodium acetate (0.5 M, pH 4.0) was added to the modified
OTE obtained as described above to 50 mM final concentra-
tion, followed by 300 µl of 20 mM ethylenediamine (or
1,4-phenylenediamine) dihydrochloride. The mixture was
incubated with 150 µl of 0.2 M NaCNBH3 in acetonitrile for
1 h at 20°C. Then, the reaction mixture was diluted with water
to a volume of 1.5 ml and the amino-modified oligonucleotide
was isolated by gel filtration on a Pharmacia NAP-25 column.
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Ligation of the OTE to the cap structure

RNA (1–2 µl, 1 µg/µl) was mixed with 14 µl of water and 1 µl
of 1 M sodium acetate (pH 5.5). Then, 4 µl of a 0.1 M solution
of sodium periodate was added. The reaction mixture was
allowed to stand for 1 h and terminated by addition of 0.1 M
sodium hypophosphite (5 µl) for 10 min.

Water (23 µl) and 1 M sodium acetate buffer pH 4.5 (1 µl)
were added to the 5′,3′-oxidized mRNA and it was treated with
20 µl of 20 mM ethylenediamine dihydrochloride for 15 min at
room temperature. Then, 0.2 M sodium cyanoborohydride
(10 µl) was added and the reaction mixture was allowed to
stand for 2 h. The nucleotide material was precipitated with 2%
lithium perchlorate solution in acetone (400 µl) at –20°C for
15 min and isolated by centrifugation at 10 000 g for 5 min.
The pellet was washed with acetone (2 × 500 µl) and dissolved
in 50 µl of 0.02 M sodium acetate buffer, pH 4.5. A 3′-dialde-
hyde modified oligonucleotide (2 µl, 30 pmol/µl) was added to
the solution of aminated mRNA and, after incubation for
15 min at room temperature, 0.2 M sodium cyanoborohydride
(10 µl) was added. The reaction mixture was allowed to stand
for 2 h. The nucleic acid material was precipitated with 2%
lithium perchlorate solution in acetone (400 µl) at –20°C for
15 min and isolated by centrifugation at 10 000 g for 5 min.
The pellet was washed with acetone (2 × 500 µl) and dissolved
in 30 µl of 0.4 M NaCl. Then, 10% aqueous cetyltrimethyl-
ammonium bromide (CTAB) (3 µl) was added to a final
concentration of 1% and the reaction mixture was incubated
for 15 min at room temperature. The pellet was isolated by
centrifugation and resuspended in 35 µl of 0.4 M NaCl, 1%
CTAB. After keeping at room temperature for 15 min and
centrifugation for 5 min, the pellet of tagged RNA obtained
was dissolved in 1.2 M NaCl (30 µl). Then, it was precipitated
with 80 µl of ethanol at –20°C for 16 h. The pellet was isolated
by centrifugation at 10 000 g for 5 min and washed with 500 µl
of 70% ethanol. The tagged RNA was dissolved in 25 µl of
water.

Water (23 µl), 1 M sodium acetate buffer pH 4.5 (1 µl) and
the 3′-aminated OTE (2 µl, 30 pmol/µl) were added to the

solution of 5′,3′-oxidized mRNA obtained as described above
and the reaction mixture incubated for 15 min at room tempera-
ture. Then, 0.2 M sodium cyanoborohydride (10 µl) was added
and the reaction mixture was allowed to stand for 2 h. The
nucleic acid material was precipitated with 2% lithium
perchlorate solution in acetone (400 µl) at –20°C for 15 min
and isolated by centrifugation at 10 000 g for 5 min. The pellet
was washed with acetone (2 × 500 µl) and dissolved in 30 µl of
0.4 M NaCl. The following operations were performed as
above.

Reverse transcription and PCR procedures in solution

Tagged RNA (12 µl, 0.5 µg) and a specific 3′-end primer (1 µl
of a 25 µM solution) were mixed with 4 µl of a buffer
containing 250 mM Tris–HCl, pH 8.3, 375 mM KCl and
15 mM MgCl2 (standard conditions) or 2 µl of the same buffer
(low salt conditions) and heated at 95°C for 30 s, followed by
cooling on ice. Then, DTT was added to a final concentration
of 1 mM together with 2 µl of dNTPs (10 mM) and 0.5 µl of
RNasin (Life Technologies). After incubation with 0.5 µl
(100 U) of SuperScript II reverse transcriptase for 1 h at 42°C,
40 mM MnCl2 (1 µl) was added and the reaction mixture was
incubated for an additional 15 min at 42°C. Then, cDNA was
amplified using Taq DNA polymerase (1 µl, 5 U; Sigma) and
two sets of the specific primers: 3′ + 5′ or 3′ + Tag (1 µl of a
25 µM solution) (Table 1). PCR was performed using a
MiniCycler (MJ Research) and consisted of 30 cycles of
denaturation at 94°C for 1 min, annealing at 50°C for 1 min
and extension at 72°C for 1 min.

Solid phase protocol

MGSA4 streptavidin-coated magnetic beads (3 µl) (with a
binding capacity of 10 pmol biotinylated oligonucleotide/µl;
Seradyne) were washed twice with 30 µl of 250 mM NaCl,
10 mM Tris–HCl, pH 7.5, and suspended in 10 µl of the
same buffer. Then, 500 mM NaCl (10 µl) and a solution of
the 5′-biotinylated tagged mRNA (10 µl) were added and the
mixture was incubated for 30 min at room temperature with

Table 1. Sequences of oligodeoxyribonucleotide primers used in PCR experiments

Primer Sequence Primer position on template mRNA

(5′) (3′)

Tag-1 GCCAGTTTAAACGAT

Tag-2 CUAAUACGACUCACUAUAGGG

Ω ATATGAATTCGTATTTTTACAACAATTACC TMV (1–20)

U1-Sph ATATCCATGGTCTCGAACGTCCAGGTTGGGC TMV (449–461)

K5 ATAAGAATTCGTTTTAGTTTTATTGCAACAA crTMV (1–21)

2PM CTCAAGCGATCGAAAGCCA crTMV (323–339)

α-R-5′ GGTCCAGTCCGACTGAG α-Globin (9–25)

α-R-3′ CTCACTCAGACTTTATTC α-Globin (530–547)

β-R-5′ CTTTTGACACAACTGTG β-Globin (8–24)

β-R-3′ CCAGAAGTCAGATGCTC β-Globin (546–563)

G-5′ TTAGCACCCCTGGCCAAGG GAPDH (529–547)

G-3′ CTTACTCCTTGGAGGCCATG GAPDH (1050–1069)
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mild agitation. The magnetic beads with tagged mRNA were
isolated from the mixture by sedimentation on a magnetic
stand, washed with 3 × 30 µl of 250 mM NaCl, 10 mM Tris–HCl,
pH 7.5, and resuspended in 22 µl of diethylpyrocarbonate
(0.1%) treated water. Magnetic beads with tagged mRNA
(11 µl) were mixed with oligo(dT) or gene-specific primer (1
µl, 10 pmol) and incubated for 10 min at 70°C. Then, 5× RT
buffer (4 µl), RNasin (1 µl), DTT (2 µl) and dNTPs (25 mM,
0.5 µl; Sigma) were added. Reverse transcription was carried
out in the presence of SuperScript II enzyme (200 U, 1 µl) for
50 min at 42°C, followed by incubation at 70°C for 10 min to
inactivate the enzyme. Amplification of cDNA by RT–PCR
was performed using magnetic beads (2 µl) from the reverse
transcription experiment in 50 µl of the incubation buffer
containing a set of primers: specific 3′ + 5′ primers or 3′ + Tag
primers (10 pmol each) (Table 1), dNTPs (0.5 µl, 25 mM) and
Taq DNA polymerase (3 U). PCR consisted of 30 cycles of
denaturation at 94°C for 0.5 min, annealing at 50°C for 0.5 min
and extension at 72°C for 1.5 min. Magnetic beads were
removed from the cDNA solution by sedimentation on a
magnetic stand.

RESULTS AND DISCUSSION

General outline of the cap-jumping method

Both the 5′- and 3′-ends of full-length mature eukaryotic RNAs
contain the same ribonucleotide cis-glycol groups, whereas
non-capped mRNAs, for example 5′-deleted mRNAs, have
only one cis-glycol group at the 3′-end and a hydroxyl or phos-
phate (diphosphate or triphosphate) group at the 5′-terminus.
This unique structure difference between capped and non-
capped mRNAs can be used for discrimination of the two
species.

The first step in the cap-jumping method is ligation of a
synthetic oligonucleotide to the ends of mRNA using chemical
reactions characteristic of the 2′,3′-cis-glycol ribonucleoside
group (Fig. 1). Sodium periodate oxidation of the 5′- and 3′-
terminal 2′,3′-cis-glycol groups of a capped mRNA generates
reactive dialdehyde functions at both mRNA ends. We used
two possible ways for addition of an oligonucleotide to the
terminal dialdehyde functions of mRNA. In the first variant,
the procedure includes generation of amino functions at the
ends of mRNA by reductive amination of the dialdehyde
groups in the presence of an excess of an aliphatic or aromatic
diamine hydrochloride, followed by addition of a previously
prepared OTE bearing a 3′-dialdehyde group (Fig. 1, path A).
In an alternative procedure, the OTE containing an amino
function at the 3′-end is attached to the terminal dialdehyde
groups of the modified mRNA using reductive amination in the
presence of sodium cyanoborohydride (23,24; Fig. 1, path B). The
OTE represents a 3′-modified oligoribonucleotide. As a variant,
the OTE can be constructed from deoxyribonucleotides and
contain a 3′-terminal ribonucleoside unit.

After oligonucleotide attachment to the mRNA, the excess
OTE is removed from the RNA by size exclusion chromatog-
raphy or by precipitation with CTAB in the presence of 0.3 M
NaCl. CTAB is a strong cationic detergent that binds nucleic
acids to form an insoluble complex. This complex formation is
influenced by salt concentration. When the salt concentration
is >1 M no complex formation occurs, while below 0.2 M all

nucleic acids are efficiently complexed. Between 0.3 and
0.4 M incorporation of small single-stranded nucleic acids into
the complex is very inefficient (25,26).

The OTE–mRNA substrate created by chemical ligation is
suitable for first strand cDNA synthesis by reverse transcription
using a 3′-specific or oligo(dT) primer. A reverse transcriptase
‘reads’ through the cap structure and, using the attached OTE
as a template, continues extension to the end. As a result, the
sequence complementary to the OTE sequence becomes
attached to the 3′-terminus of the first strand cDNA (Fig. 2).
Consequently, the first cDNA strand is tagged with a known
sequence at its 3′-end, which can subsequently be used to
prime second strand synthesis. For the complement of the OTE
to be included in the first strand of cDNA it requires a reverse
transcriptase which is able to overcome (‘jump over’) the cap
structure and continue with first strand cDNA synthesis. It is
known that some reverse transcriptases, particularly AMV,
HIV and M-MLV, have a terminal transferase activity and are
able to add from one to several non-template nucleotides to the
3′-end of a newly synthesized cDNA strand upon reaching the
5′-end of the mRNA template (27,28). These non-template
nucleotides could serve as a ‘bridge’ over the cap structure. In
the experiments on reverse transcription described in this paper
we used M-MLV SuperScript II reverse transcriptase. As
shown earlier, this enzyme exhibits high terminal transferase
activity (typically it adds 3–4 nt) in the presence of 5′-capped
mRNA templates and manganese cations (13), as well as
having the ability to switch to a second template (28). We also
tested a wild-type M-MLV reverse transcriptase and found that
it was able to overcome the cap structure and to reverse tran-
scribe the OTE-I sequence, whereas the HIV and AMV reverse
transcriptases did not show positive results in our hands (data
not shown).

Second strand synthesis is achieved using an oligodeoxyribo-
nucleotide primer with a sequence identical to that of the OTE.
Full-length cDNA is amplified by PCR using specific primers
to the extreme 3′- and 5′-ends. However, to avoid any bias that
could be introduced by PCR, it is possible to use restriction
enzyme sites encoded by the first and second strand primers to
generate overhangs for cloning into a suitable vector.

As a variant, we developed a simple solid phase procedure,
which includes ligation of the mRNA to a 5′-biotinylated OTE
followed by capture of the biotinylated tagged mRNA on
streptavidin-coated magnetic beads. After removal of all non-
bound material, the reverse transcription and PCR steps were
performed on the solid phase bound mRNA and amplified
double-stranded DNA fragments accumulated in solution.
After completion of the process, the magnetic beads were
separated from the solution of target DNA fragments.

In contrast to the procedure described by Merenkova et al.
(18), our method uses two possible routes for OTE attachment
(Fig. 1), one of which provides the 5′,3′-aminated mRNA,
which should be more stable than the 5′,3′-dialdehyde form.
Then, we exclude the deactivation of 3′-end mRNA cis-glycol
groups step. Ligation of an OTE to the capped mRNA results
in its attachment to both mRNA ends. However, the OTE is
attached in the correct orientation only at the mRNA 5′-end,
whereas at the 3′-end it is attached in the reverse orientation
and cannot be used as a template for priming or serve as a
primer itself. Therefore, the 3′-terminal OTE does not interfere
with any subsequent downstream processes and does not need
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to be removed. Moreover, for the first time we have devel-
oped a simple solid phase modification of the cap-jumping
method. It should be noted that all the above-mentioned
features greatly simplify the procedure for detection of 5′-
capped mRNAs.

Detection of the cap structure at the 5′-ends of cellular 
mRNAs

As one of our test systems we used purified capped rabbit α-
and β-globin mRNA transcripts (∼650 bp) (29,30). Chemically
reactive dialdehyde functional groups were generated at both
the 5′-cap structure and the 3′-end of the corresponding mRNA
(Fig. 1). A 5′-biotinylated oligoribonucleotide GCCAGUU-
UAAACGAU (OTE-I) was designed to incorporate a PmeI
restriction enzyme cleavage site for downstream cloning
purposes. It was 3′-modified to carry a dialdehyde (Fig. 1, path
A) or aminoethyl (Fig. 1, path B) group as described (23,24)
and then attached at the ends of the modified rabbit globin
mRNA transcript using reductive amination. The excess OTE-I
was removed from the tagged mRNA by size exclusion spin
column chromatography. The effectiveness of mRNA
modification was estimated in a set of control experiments

with a 32P-labeled OTE as 70–80% for the first procedure and
50–70% for the second procedure (data not shown). For
comparison, the yield of chemical ligation of the 3′-amino-
modified oligonucleotide to mRNA according to previous
results (18) was 30–80%. The tagged mRNA was captured on
streptavidin-coated magnetic beads and RT–PCR was
performed on the bound mRNA using SuperScript II reverse
transcriptase and an oligo(dT) primer, followed by PCR with a
combination of gene-specific primers to rabbit α- and β-globin
and the OTE-I specific primer (Tag-1) (Table 1 and Fig. 3A
and B). The amplified fragments were purified by gel electro-
phoresis (Fig. 3A, lanes 1a and b and 2a and b), cloned into
cloning vector pCR2.1 TOPO and for each experiment a set of
clones containing the PCR fragments from the same reaction
were sequenced. The results obtained (Fig. 4) clearly show that
the OTE-I sequence was successfully incorporated into the
extreme 5′-end of the sequences of rabbit α- and β-globin
mRNA, demonstrating proof of the cap-jumping approach.

Similar experiments were carried out with a population of
HeLa cell poly(A)+ mRNAs (31). The tagged HeLa mRNAs
were also bound to streptavidin-coated beads and subjected to
solid phase RT–PCR using primers specific for glyceraldehyde

Figure 1. Scheme for covalent binding of the OTE to the 5′-terminus of a capped mRNA.
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3-phosphate dehydrogenase (GAPDH). In this case, the 5′- and
3′-GAPDH gene-specific primers amplified a segment internal
to the gene with the 5′-primer annealing ∼600 bp from the
published 5′-end of the gene (31). Because of this the Tag-1 +
3′-GAPDH primer pair amplified a band approximately double
the size of the band amplified by the 5′- and 3′-GAPDH gene-
specific primer pair (Fig. 3A, lanes 3a and b).

These results have demonstrated that SuperScript II reverse
transcriptase is able to ‘jump over’ the cap structure together
with the unnatural junction of the chemically ligated OTE and
continue with first strand cDNA synthesis to the end of the
OTE, with addition of one or several nucleotides at the junction
point. The sequence procedure revealed that this non-template
nucleotide addition is a rather random event. However, for each
tested RNA the predominant inserted non-template sequences can
be found (Fig. 4). It could be explained as a result of specific inter-
action of a reverse transcriptase with unique combinations of
RNA and OTE sequences or, alternatively, by predominant PCR
multiplication of some selected fragments.

Detection of the cap structure at the 5′-terminus of viral 
RNAs

To examine the effectiveness of the cap-jumping approach, the
determination of capped and uncapped forms of genomic

RNAs from two tobamoviruses was undertaken. The naturally
capped genomic RNA was isolated from purified preparations
of TMV U1, and a synthetic transcript of the full-length TMV
U1 clone TMV304 cDNA (32) was used as its uncapped
counterpart. Furthermore, genomic RNA isolated from purified
preparations of another tobamovirus (crTMV) (19) was used to
reveal the presence of a cap structure in the virion RNA of this
virus. The uncapped synthetic transcript obtained from the full-
length cDNA clone of crTMV was taken as a negative control.
In these cases, the 3′-aminated 21mer OTE-II CUAAUACGA-
CUCACUAUAGGG, which contains a sequence homologous
to the T7 polymerase promoter, was used for chemical ligation
to the ends of viral RNAs. The 20mer oligodeoxynucleotide
homologous to OTE-II (Tag-2) was used as a tag-specific
direct (5′) primer in PCR with a tagged viral RNA–cDNA
heteroduplex (Table 1). The specific primers Ω and U1-Sph
were used as the TMV U1 RNA-specific direct and reverse
primers, respectively. Oligonucleotides K5 and 2PM (reverse
primer) were used in RT–PCR as the crTMV RNA-specific 5′-
and 3′-primers.

Analysis of the RT–PCR reaction products by agarose gel
electrophoresis revealed the formation of PCR product in the

Figure 2. Scheme of the cap-jumping approach to full-length double-stranded
cDNA synthesis.

Figure 3. Analysis of the ‘cap jumping’ ability of SuperScript II reverse tran-
scriptase. (A) Agarose gel electrophoresis of PCR products obtained for rabbit
α-globin mRNA (1), rabbit β-globin mRNA (2) and GAPDH mRNA (3) with
the use of the 5′-biotinylated 15mer OTE-I GCCAGUUUAAACGAU and a
solid phase protocol. The appearance of a PCR band with the specific 5′ + 3′
primer sets (1a, 2a and 3a) indicates the presence of tested RNA in the reaction
mixture. The appearance of the respective PCR band with the Tag-1 + 3′ (1b,
2b and 3b) primer sets indicates the presence of a cap structure in the RNA.
(B) General scheme of these experiments.



Nucleic Acids Research, 2001, Vol. 29, No. 22   4757

presence of Tag-2 and the corresponding reverse primers in the
case of the naturally capped TMV U1 RNA (Fig. 5),
supporting the validity of the ‘cap-jumping’ approach for cap
detection. At the same time, no discrete bands were obtained in
reaction mixtures with Tag-2, 3′-specific primers and
uncapped full-length transcripts of TMV U1 (TMV304) and of
crTMV RNA. The presence of discrete products synthesized
from the same uncapped templates with the TMV U1-specific
(Ω + U1-Sph) or crTMV RNA-specific (K5 + 2PM) primers
indicated that the 5′-proximal regions of both viral RNA
transcripts were intact (Fig. 5, lanes 3 and 8). As expected, the
PCR products obtained with viral RNA-specific primer pairs
[Ω + U1-Sph and K5 + 2PM, specific for the TMV U1 and
crTMV RNAs, respectively] (Fig. 5, lanes 1 and 6) were
slightly shorter than the products obtained with the Tag-2
forward primer in combination with the specific reverse primer
(Fig. 5, lanes 2 and 7). Moreover, the band mobilities corres-
ponded to the expected chain lengths (about 460 and 340 bp,
respectively) of the PCR products synthesized from uncapped,
and hence lacking the 5′-Tag-2 sequence, viral RNAs.

To reduce the amplification of non-specific products, we
optimized the conditions of the reverse transcription reaction;
in particular, we reduced the salt concentration and 2-fold
diluted standard buffer was used in these experiments. The
necessity to optimize the reverse transcription conditions for
genomic crTMV could be due to the presence of a computer-
predicted, potentially stable hairpin structure at the 5′-proximal
position of crTMV RNA. In contrast to crTMV, the analogous
region of TMV U1 genomic RNA is less structured (data not
shown).

Consistent with the uncapped nature of full-length crTMV
RNA synthetic transcripts, no discrete PCR product was
obtained in reactions with Tag-2 and crTMV RNA-specific

reverse primer 2PM (Fig. 5, lanes 4 and 9). In contrast, a PCR
product was invariably obtained with the natural virion crTMV
RNA, which clearly indicated the presence of a cap structure at
its 5′-terminus. Sequencing of the cloned PCR fragment
confirmed that the genomic crTMV RNA was capped (Fig. 4).

The feasibility of the ‘cap-jumping’ method for cap detec-
tion on a selected mRNA species existing in a mixture with
other RNAs was examined. The total RNAs isolated from
tobacco leaves systemically infected with crTMV (or TMV
U1) were subjected to the procedure described above. Reverse
transcription was performed with the crTMV RNA-specific
primer 2PM (Fig. 5, lane 11) (or with the TMV U1-specific
primer U1-Sph). The cap-tagging oligonucleotide-specific
Tag-2 and 2PM (Fig. 5, lane 12) (or Tag-2 and U1-Sph)
primers were used for PCR amplification. Electrophoretic
analysis of the PCR products clearly indicated that the method
described can be readily used for detection of a cap structure
on a selected mRNA of a multi-component RNA mixture.

CONCLUSIONS

In this study we have developed an improved method for the
detection of 5′-capped mRNAs and isolation of full-length
cDNA which requires minimum manipulations. The method
was tested for cellular RNAs as well as RNAs isolated from
viral particles. This procedure can significantly simplify iden-
tification of the 5′-end of a mature mRNA and amplification of
a full-length cDNA using the corresponding 5′- and 3′-deoxy-
ribonucleotide primers. Moreover, the specific attachment of
an OTE to the 5′-cap structure of mRNA allows one to over-
come some problems. Thus, the modification of 3′-OH ends of
total mRNA before reverse transcription greatly decreases the
level of background priming as a result of the RNA 3′-ends, i.e.
random self-priming (cf. 33). The ability to synthesize second
strand cDNA without the use of RNase H to generate mRNA
primers is essential if longer and rarer transcripts are to be
identified, and libraries constructed using this technique would
consist of predominantly full-length cDNAs. This can simplify
downstream screening of these libraries as there is a greater
chance of obtaining a complete sequence of the coding region
and also the 5′- and 3′-UTRs. Our experiments have also
shown that, in contrast to the SMART PCR procedure (13), the
sequence of an OTE, particularly the sequence of its 3′-end,
has no influence on the effectiveness of the cap-jumping
process.

It should be noted that translation in plants is highly cap
dependent and plant mRNAs known to naturally lack a cap
structure are viral in origin. TMV, which is a typical member
of the Tobamovirus genus, has a positive-stranded RNA
genome of 6395 nt that encodes at least four proteins (34).
Only the 126 and 183 kDa proteins are translated directly from
the genomic TMV RNA, whereas the 30 kDa movement
protein and 17.5 kDa coat protein are translated from indi-
vidual 3′-co-terminal sgRNAs (35–38). It was shown
previously that both genomic TMV RNA and sgRNA for TMV
coat protein were 5′-capped (6,37,38). Use of the ‘cap-
jumping’ method allowed us, for the first time, to show that the
5′-terminus of the genomic crTMV RNA contains a cap
structure similar to other TMV RNAs.

Figure 4. Sequences of the PCR fragments obtained in ‘cap-jumping’
experiments. Nucleotide insertions at the junction of a tag primer with a
region that corresponds to the published 5′-mRNA sequence are underlined.
For each mRNA, the predominant sequences of nucleotide insertions, which
were derived from the analysis of several independent clones, are shown.
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