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RNA-primed PCR

Hiroki Shibata, Tomoko Tahira, and Kenshi Hayashi'

Division of Genome Analysis, Institute of Genetic Information, Kyushu University, Maidashi 3-1-1,

We show that RNA can serve as a
primer in PCR. Use of rTth DNA poly-
merase is essential because it has
strong reverse transcriptase activity.
RNA primers can be obtained by in
vitro transcription and are less costly
than DNA primers, which are chemi-
cally synthesized. RNA-primed PCR
also opens the possibility that a spe-
cific amplification reaction can be
achieved in the absence of knowledge
of the target nucleotide sequence.

PCR is a widely used technique to am-
plify DNA regions that are bracketed by
two oligonucleotide primers of known
sequences.” Usually, those primers are
DNA, which are chemically synthesized.
With the technological progress of auto-
mated DNA synthesizers, the cost of the
primer synthesis remains a major part of
the expense of the projects that involve
extensive use of PCR. Also, previous
knowledge of nucleotide sequences of
primer regions is a prerequisite for the
synthesis of specific primers.

We show here that in vitro-transcribed
oligoribonucleotides can serve as primers
in PCR. In principle, any unknown nucle-
otide sequences on DNA can be copied in
quantity as single-stranded RNAs by at-
taching phage promoters and transcribing
them in vitro.”** Thus, RNA-primed PCR
opens the possibility of amplifying target
sequences inexpensively without previ-
ous knowledge of primer sequences.

MATERIALS AND METHODS

Templates and Chemically
Synthesized Primers

Two cloning vectors, pGEM2 and pBlue-
script SK(+), served as templates for
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primer extension and RNA-primed PCR
experiments (Fig. 1). Four DNA primers,
SP6-30, G410, T7-30, and BS430, and
one RNA primer, RS28, were chemically
synthesized (Table 1). All primers were
gel-purified by the standard protocols.®

RNA Primers Synthesized by In
Vitro Transcription

An RNA primer, RGB32, was enzymati-
cally synthesized from BamHI-digested
PGEM2 as a template (Fig. 1A; Table 1)
using an in vitro transcription kit (Ri-
boMAX large-scale RNA production sys-
tem-SP6, Promega). RGB32 included the
entire sequence of the chemically syn-
thesized RNA primer RS28 and an addi-
tional four nucleotides at the 3" end (Ta-
ble 1). Another RNA primer, RSX30, was
also obtained by in vitro transcription
using a kit (RiboMAX large-scale RNA
production system-T7, Promega) with
Xhol-digested pBluescript SK(+) serving
as a template (Fig. 1B; Table 1). Both in
vitro transcription reactions were per-
formed using 2.5 pg of linearlized plas-
mid DNA serving as templates in a reac-
tion mixture of 50 ul that contained a
trace amount of [a-*?P]JUTP (3000 Ci/
mmole; Amersham). After phenol ex-
traction and ethanol precipitation, the
transcripts were separated by electro-
phoresis in 10% polyacrylamide gel con-
taining 7 M urea. Products of expected
lengths (detected by autoradiography)
were eluted from the gel and recovered
by the standard procedures.®® Primary
transcripts showed considerable hetero-
geneity,** and 100-500 pmoles of pu-
rified RNA primers could be recovered
from each 50-pl in vitro transcription re-
action. However, this amount was suffi-
cient for >20 reactions of PCR.
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Primer Extension

Pyull-digested pGEM2 served as a tem-
plate for chain elongation reactions
using RNA and DNA primers. The reac-
tions were performed in 7.5 pl (Se-
quenase reaction) or 10 pl (all other reac-
tions), which contained 0.6 pMm of the
primer and 0.8 ug of the template, using
the following enzymes in various condi-
tions: (1) Sequenase version 2.0 DNA
polymerase (Amersham) in the sequenc-
ing conditions [37°C for 5 min in 26.7 mm
Tris-HCI (pH 7.5), 33.3 mM NaCl, 13.3 mm
MgCl,, 6.7 mmM DTT, and Sequenase ver-
sion 2.0 DNA polymerase at 0.2 U/ul]; (2)
AmpliTag DNA polymerase (Perkin Elmer
Cetus) under PCR conditions [74°C for 5
min in 10 mm Tris-HCI (pH 8.3), 50 mMm
KCl, 2.5 mm MgCl,, and AmpliTaqg DNA
polymerase at 0.1 U/ul]; (3) tTth DNA
polymerase (Perkin-Elmer Cetus) in the
condition of reverse transcription [70°C
for 5 min in 10 mwM Tris-HCI (pH 8.3), 90
mM KCIl, 1 mMm MnCl,, and 1Tth DNA
polymerase at 0.25 U/ul]; and (4) rTth
DNA polymerase in the PCR condition
[74°C for S min in 10 mMm Tris-HCl (pH
8.3), 98 mM KCl, 4% glycerol, 0.04%
Tween 20, 0.6 mM EGTA, 0.2 mM MnCl,,
2 mM MgCl,, and 1Tth DNA polymerase at
0.05 U/ul]. All reactions also contained 40
uM dGTP, 40 um dATP, 40 um TTP, 4 um
dCTP, and 3 uCi of [a-*2P]dCTP (3000 Ci/
mmole; Amersham). Denaturing and an-
nealing conditions were at 100°C for 2
min followed by chilling on ice. The in-
ternally labeled products were analyzed
by urea-polyacrylamide gel electrophore-
sis and autoradiography following the
standard procedures.®

RNA-primed PCR

RNA-primed PCR was performed in 10
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RNA-PRIMED PCR
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FIGURE 1 Locations of primers on template plasmids. (4) pGEM2 and its four primers are shown. RGB32 was obtained by an in vitro runoff
transcription of BarmHI-digested pGEM2. (B) pBluescript SK(+) and its three primers are shown. RSX30 was obtained by in vitro runoff transcription
of Xhol-digested pBluescript SK(+). DNA primers are shown by arrows. RNA primers are shown by broken lines with arrowheads. Transcription
promoters are represented by open boxes. Expected PCR products and their lengths are indicated below.

mM Tris-HCI, 90 mm KCI, 1 mMm MnCl,,
200 puM of each of the four dNTPs, and
0.25 U/ul of 1Tth DNA polymerase in a
5-pl reaction mixture using 10 pg to 1 ng
of pGEM2 or pBluescript SK(+) serving as
templates and 0.6 um of each of the oli-
goribonucleotides serving as primers. The
mixture was subjected to 20 cycles of 94°C
for 30 sec and 70°C for 3 min in GeneAmp
PCR System 9600 (Perkin-Elmer Cetus).
The PCR products were resolved by elec-
trophoresis in 1.5% agarose gel and
stained by ethidium bromide.®

RESULTS AND DISCUSSION

Amplification using RNA as primers in
PCR requires two reactions that are not
involved in conventional DNA-primed
PCR: (1) DNA chain elongation must
start from RNA primers at the beginning
of the reaction in each thermal cycle;
and (2) the chain elongation must be
completed by reverse transcribing RNA
template, again in each thermal cycle.
We first examined the priming activ-
ity of an RNA primer using various DNA
polymerases in various conditions (Fig.
2B). Chain elongation starting from
RNA primer was observed in two combi-
nations, by Sequenase (Amersham) in

Table 1. DNA/RNA primers

the sequencing condition (lane 2) and
by rTth DNA polymerase (Perkin-Elmer
Cetus) in the RT condition (lane 6), al-
though elongation from RNA primer
was always less efficient than that from
DNA primer (lanes 1,3,5,7).

Successful chain elongation from
RNA primer and the fact that 1Tth DNA
polymerase possesses strong reverse
transcriptase activity'® encouraged us to
perform PCR using 1Tth DNA poly-
merase in the reverse transcription con-
dition with RNA as one of the primers.
As shown in Figure 3, amplification
from pGEM2 using RNA/DNA primer
pairs RS28/G410 (lane 2) and RGB32/
G410 (lane 3) yielded bands of the same
expected length (410 bp), which was
slightly shorter than the band of the
product of a DNA/DNA primer pair, SP6-
30/G410 (440 bp, lane 1). Similar results
were obtained using pBluescript SK(+) as
a template, that is, 430-bp product from
an RNA/DNA primer pair RSX30/BS430
(lane 5) and 460-bp product from a
DNA/DNA primer pair T7-30/BS430
(lane 4). None of the products were ob-
served when the reactions were per-
formed without template DNA. We con-
firmed that the products were resistant
to exonuclease I (data not shown), and

Template Name  Sequence (5-3)

Chemistry

pGEM2 SP6-30
RS28
RGB32

G410

pBluescript SK(+) T7-30
RSX30
BS430

GGCCAGTGAATTGTAATACGACTC
GGGCGAAUUGGGUACCGGGCCCCCCCUCGA
ACGACCGAGCGCAGCGAGTCAGTGAGCGAG

CATACACATACGATTTAGGTGACACTATA D
GAAUACACGGAAUUCGAGCUCGCCCGGG
GAAUACACGGAAUUCGAGCUCGCCCGGGGAUC
GTCGGGTTTCGCCACCTCTGACTTGAGCTG

UwmU OU=R®

therefore, to double-stranded DNA. Di-
rect sequencing of the PCR products af-
ter purification (Prep-A-Gene, Bio-Rad)
also revealed that the fragments had the
expected nucleotide sequences (data not
shown).

We sought factors critical for RNA-
primed PCR by tunning the reaction un-
der various conditions. The presence of
appropriate concentration of manga-
nese ion seems to be critical, as no prod-
uct was observed above 2'mM or below
0.5 mM MnCl, (data not shown). This
may reflect requirement of rather nar-
row range of Mn?* concentration in
steps of either initiation of chain elon-
gation from RNA primer or reverse tran-
scription of RNA template, both of
which are essential in RNA-primed PCR.
Use of Mn** instead of Mg?" is known to
reduce the fidelity of some thermoresis-
tant DNA polymerase.® We did not ex-
amine this point in detail, but the qual-
ity of the ladder of direct sequencing of
RNA-primed PCR product suggested that
at least the majority of the product car-
ried faithful sequence. Extension steps
shorter than 3 min resulted in dramatic
reduction of the product, perhaps sug-
gesting slow reactions during initial
chain elongation or reverse transcrip-
tion.

Efficiency of amplification in RNA-
primed PCR seems to be low, as judged
from more cycles needed than in the
conventional PCR. Still, RNA-primed
PCR was successful starting from as little
as 10 pg of template plasmid DNA sim-
ply by increasing number of thermal cy-
cles to 40. Thus, concentration of tem-
plate DNA is not critical to obtain
faithful amplification products in RNA-
primed PCR (Fig. 4). In those experi-
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FIGURE 2 Primer extension using various
DNA polymerases. (4) Location of primers.
PGEM2 was digested with Pvull and used as a
template. Products from each primer are in-
dicated by thick lines, with their expected
lengths in nucleotides. (B) Chain elongation
from DNA primer SP6-30 (lanes 1,3,5,7) and
RNA primer RGB32 (lanes 2,4,6,8) by DNA
polymerases. Employed enzymes are Seque-
nase v. 2.0 DNA polymerase (Amersham) un-
der the sequencing conditions (lanes 1,2),
AmpliTag DNA polymerase (Perkin-Elmer Ce-
tus) under PCR conditions (lanes 3,4), rTth
DNA polymerase (Perkin-Elmer Cetus) under
reverse transcription conditions (lanes 5,6),
and rTth DNA polymerase under PCR condi-
tions (lanes 7,8).

ments, similar levels of products were ob-
served using either linear or circular
plasmid DNA as a template. The amplifi-
cation was also successful in the presence
of excess human DNA (10 pg of pGEM2
and 1 ng of human genomic DNA), al-
though smeared background was some-
times observed (data not shown). There
seems to be no clear-cut upper limit in the
length of target in RNA-primed PCR. A
target fragment of 2 kb could be amplified
by increasing elongation steps to 5 min in
another primer-template combination
(data not shown).
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In aqueous solution, the RNA-DNA
duplex is more stable than DNA-DNA
duptex.”” Therefore, higher annealing
temperature must be required in the
RNA-primed PCR than in the conven-
tional PCR to perform amplification re-
action of similar specificity, if primers of
the same lengths are used. In PCR where
one primer is RNA and the other is DNA,
such as that described here, priming
from RNA may be less specific than that
from DNA. For RNA-primed PCR from
template of higher complexity, it may
be necessary to use two RNA primers, or,
one RNA primer and the other longer
DNA primer, and to adopt high anneal-
ing temperature to achieve maximal se-
lectivity of the amplification.

Several techniques using hemispe-
cific amplification have been developed
to amplify unknown region adjacent to
known sequence. These include in-
versed PCR,® ligation-mediated PCR,"®
and vectorette PCR.U'%!'D However, in
all of these techniques, specificity of am-
plification relies on at least one primer,
which must be located in the region of
known sequence. Thus, further exten-
sion of amplification units to the next
unknown region inevitably requires se-
quence determinations and chemical
primer synthesis based on this informa-
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FIGURE 3 RNA-primed PCR. pGEM2 served
as a template for amplification between G410
as a reverse primer and SP6-30 (lane 1), RS28
(lane 2), or RGB32 (lane 3) as forward prim-
ers. pBluescript SK(+) served as a template for
amplification between BS430 as a reverse
primer and either T7-30 (lane 4) or RSX30
(lane 5) as forward primers. A 100-bp ladder
was loaded in lane M.
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FIGURE 4 The effect of template concentra-
tion and numbers of thermal cycles in RNA-
primed PCR. The amplification reactions
were performed between RSX30 and BS430
using pBluescript SK(+) linearized by Scal as a
template at various concentrations: 1 ng
(lanes 1-3), 100 pg (lanes 4-6) and 10 pg
(lanes 7-9) per 5 pl. Numbers of thermal cy-
cles were 21 (lanes 1,4,7), 32 (lanes 2,5,8),
and 40 (lanes 3,6,9).

tion. Combination of RNA-primed PCR
with one of the hemispecific amplifica-
tion can, in principle, negate require-
ment of sequence determination in the
PCR-based genome walking, and drasti-
cally shorten its turnaround time.

Several strategies are conceivable to
obtain RNA primers of desired sequence
by in vitro transcription. For instance, a
common oligonucleotide adaptor carry-
ing a promoter sequence can be at-
tached by ligation to the desired region.
Truncation of template for in vitro tran-
scription can be achieved by digesting
the ligation product with appropriate
choice of restriction enzyme that cuts at
the site downstream of transcription ini-
tiation. In vitro transcription should
then give RNA primer of the desired se-
quence.

This is the first report that RNA can
serve as a primer in PCR, providing the
possibility of obtaining primers inex-
pensively by in vitro transcription. The
procedures presented here, especially
purification of RNA primers after in
vitro transcription, still requires many
manipulations. With further optimiza-
tion and simplification of each proce-
dures, RNA-primed PCR should find
wider applications such as in entirely
PCR-based chromosome walking with-
out chemical DNA synthesis.
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