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A method for the amplification of a single DNA strand
at Dow copy number is described. U is a wholly PCR
based approach which involves an initial linear
amplification of the target using a tagged strand
specific primer. This is followed by classical PCR
amplification of the progeny using a pair of primers,
one specific for the sequence tagged onto the 5' end
of the first round primer, the second specific for the
target sequence. Given the protocol used the ratio of
the two strands in the final amplification product was
50:1.

INTRODUCTION

The replication of viruses frequently results in the unequal
production of one of the two DNA or RNA strands. Replication
of single stranded phage DNA by a rolling circle model being
a case in point. Retroviral replication is also highly asymmetric
involving RNA-dependent and DNA-dependent DNA polymer-
ization by the viral reverse transcriptase and DNA-dependent
RNA polymer-ization by the cellular RNA polymerase II.
Recently we have described the phenomenon of G—A
hypermutation of the human immunodeficiency genome whereby
up to 40% of all G residues become substituted by A (1). It is
not known during which step of retroviral replication this
phenomenon occurs.

In order to analyse better asymmetric viral replication processes
we have developed a means of amplifying a low copy number
single DNA strand in a two step PCR procedure involving both
linear and exponential amplification cycles.

MATERIALS AND METHODS
Target sequences and amplification primers

The two single stranded M13 recombinant sequences used
(L602R and L610) encoded 430bp complementary sequences
derived from the second coding exon of the human
immunodeficiecy virus type 1 (HIV-1) rev gene. These sequences
map to 7880-8306 on the HIV-1 Lai sequence (2, 3). They were

identified as part of a longitudinal study of HIV-1 rev coding
sequences in vivo (4). Within the region analysed in this study
four mismatches were apparent between these complementary
sequences (Fig. 1).

The sequences of the amplification primers were: SplA 5'
CACCGCATGGATAGGATTGAGGACAGGCCCGACG-
GAAC: SplB 5' GGCAAGCTTCACCGCATGGATAGGA-
TTGAG; and Sp2 5' CCCGAATTCCAGAAGTTCCACAAT-
CC. The sequences specific for the HTV-1 rev sequences are
shown underligned, while a randomly chosen sequence tagged
onto the 5' end of the SplA primer is shown in boldface.
Restriction sites and clamps are shown in normal type. The
second round primer SplB encoded only the random sequence
along with a HindHI restriction site doubly (underligned) at the
5' extremity so as to facilitate cloning. Finally the HIV-1 specific
Sp2 primer encoded an EcoRI site (doubly underligned) for the
same reasons. All oligonucleotides were synthesized using
phosphoramidate chemistry. After detritylation and alkaline
deprotection, crude material was used for all applications without
further purification.

PCR amplification
Approximately 3.105 molecules of both single stranded
recombinant Ml3 DNA (i.e. L602R and L610) were mixed
together. Nine reactions were carried out involving three different
SplA primer concentrations (lOOfmol, lfmol and 0. lfmol) with
respectively 10, 50 and 100 linear amplification cycles. One
fourth of the initial linear amplification reaction was taken and
amplified for a further 35 cycles in an exponential amplification
reaction using the Sp2 and SplB primer pair at a concentration
of lOOpmol/reaction. Amplification conditions were: 2.5mM
MgCl2, 50mM KC1, lOmM Tris-HCl pH 8.3, 0.2mM dNTP,
2.5U Taq polymerase in a final volume of 100/il overlaid with
50/tl of heavy white mineral oil (Sigma). All amplifications were
performed in a Perkin Elmer-Cetus thermal cycler. For linear
amplifications the samples were first heated at 90°C for 5 min.
The denaturation, annealing and extension temperatures and times
were 95°C (30s), 50°C (1 min) and 72°C (1 min) respectively.
For exponential amplification the parameters for denaturation,
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annealing and extension were 95°C (30s), 50°C (30s) and 72°C
(30s) respectively followed by a final elongation step of 10 min
at 72°C. As a control the target sequences were amplified using
the Sp2 and SplA primers at lOOpmol each for 35 cycles using
the same conditions as described above. The final product size
was 212bp.

Cloning and sequencing
After amplification the reaction products were separated on a
0.8% low melting point agarose gel. The purified DNA was
digested with £coRI and HindlE and subsequently ligated into
similarly cleaved M13mpl8 RF DNA. The control DNA
amplified by the SplA-Sp2 pair only was kinased and blunt end
cloned into alkaline phosphatased treated Smal cleaved M13mpl8
RF DNA. After transformation of E. coli strain TGI,
recombinant M13 plaques were transferred to nitrocellulose filters
and screened by hybridization with strand specific probes PI and
P2 which span the four base mismatches shown in Fig. 1. Their
sequences are PI 5' AGACCTGCGGAGCCTGTT and P2 5'
CGACCTACGGAGCCCGTG. Filters were prehybridized at
50°C for lhr in 4XSSC, 0.5% SDS, 1 xDenhardt's solution and
5mg/ml denatured salmon sperm DNA. They were then
transferred to a fresh solution (as above) containing 5' 32P end-
labeled and heat-denatured probe mix (106cpm/ml solution) and
hybridized for 1 hour at 50°C. Filters were washed three times
with 0.1 % SDS, 2 XSSC at 50°C. After autoradiography the ratio
of P1/P2 hybridizing plaques was established. To confirm the

100

Figure 1. Schema representing strand specific amplification. The initial double
stranded heterologous molecule is shown on top with the four mismatched base
pairs. Using the SplA primer one of the two strands is amplified linearly 100X
(A). Thereafter the SplB (specific for SplA) and Sp2 (specific for rev) primer
pair are added and exponential amplification is now possible. During the first
such cycle only Sp2 may serve as a primer. During the second SplB will prime
polymerization from sequences tagged by the initial SplA primer (B). However
there remains a little SplA primer, albeit at a non optimal concentration, which
can now prime from the complementary copy to the undesired strand (C).
Subsequent rounds results in the co-amplification of both strands. It is to be expected
that the molar ratio of the two products will be of the order of 100:1 as shown.

hybridization results 20 PI positive recombinant M13 clones were
grown up and sequenced by the standard dideoxy method using
[a-35S]dATP (600Ci/mmol) and resolved on buffer gradient
gels.

RESULTS

The experimental plan is outlined in Figure 1. The four sites at
which base mismatches occur between DNA strands are
indicated. There are three distinct steps, A, B and C. Step A
involved 100 cycles using the SplA primer of which the 17 most
3' bases are complementary to the HIV-1 rev target sequence.
This resulted in a linear amplification of one of the two strands
yielding a relative ratio of approximately 100:1. Part of this
reaction was taken and reamplified using the Sp2/SplB primer
pair resulting in a classical PCR reaction. During the first cycle
of exponential, or classical PCR, the Sp2 primer copies both the
plus strands preserving the ratio of 100:1. In the second cycle
SplB, by virtue of its sequence identity to the 5' most 21 bases
of SplA will ensure amplification of sequences tagged by the
SplA primer. It must be noted that there will still be some
remaining SplA primer in the reaction (step C). During the
second cycle of classical PCR the remaining SplA primer may
anneal to the untagged complementary sequence and now copy
this strand. In all subsequent cycles both strands will be amplified
by the Sp2/SplB primer pair. However it is to be expected that
the relative ratio of the strands will be > 100:1 since priming
by SplB, being in molar excess over SplA, predominates. This
assumes, of course, that the 100 single strand cycles are
completely efficient.

A 25/il aliquot of products from the 10, 50 and 100 linear
amplifications was followed by 35 classical cycles of PCR. Two
lOjil samples from each of the final reactions were
electrophoresed on a 1.5% agarose gel and transferred to
nitrocellulose. One filter was hybridized with the radiolabelled
PI probe, the other with P2. The autoradiograms are shown in
Figure 2. The band intensities have been normalized to the control
which contained an equimolar proportion of the two sequences
as amplified by the SplA and Sp2 primer pair alone. As can be
seen the signal intensities were much stronger using the P2 probe
as opposed to the PI probe. In order to quantitate precisely the
proportion of the two strands the products from 3A, 3B and 3C
(100 linear cycles) were cloned into the EcoRl and Hindm sites
of M13mpl8 RF DNA. The recombinant plaques were screened

PI

T A B C A B C A B C

Figure 2. Analysis of strand specific DNA in the final PCR product. Probes PI
and P2 are specific for the desired and undesired DNA strands. Samples 1, 2
and 3 represent 10, 50 and 100 linear amplification cycles while A, B and C
refer to initial SplA primer concentrations of 100, 1 and O.lfmol/reaction
respectively. The control lane (T) represents a classical amplification of the target
sequences using the SplA/Sp2 primer pair.
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with 5' labelled 32P end-labelled P2 and PI probes. The
proportion of P2:P1 positive plaques was 60:1, 40:1 and 50:1
for samples 3A, 3B and 3C respectively indicating that
background did not vary in proportion to the initial Spl A primer
concentration. From other work with these PCR amplified rev
sequences we know that there is no preferential bias in the blunt-
end cloning of this fragment into M13.

To strengthen the results of the hybridization experiments 20
P2 positive recombinant M13 clones from reaction 3C were
grown up and sequenced by the dideoxy chain terminator
procedure. All 20 yielded the expected sequence shown in Fig. 1.

DDSCUSSBQN

The protocol described allowed amplification of a specific DNA
strand. The proportion of clones corresponding to the
desired:undesired DNA strand was approximately 50:1 as
identified upon direct screening of the cloned 3A, 3B and 3C
products. That the complementary strand was detected may be
attributed to the fact that during the second cycle of classical PCR
the SplA primer, which still remained in the reaction, could
anneal to the untagged strand. The ratio of the two products was
less than the 100:1 ratio predicted were amplification to proceed
with 100% efficiencies probably because the concentration of
SplA primer was far from optimal, 100-0.lfmol as opposed
to lOOpmol in a normal PCR reaction. Presumably at such
concentrations not all target molecules were saturated by primer
within the 1 minute annealing time employed in the protocol.
The concentration of primer was kept low so that any
amplification between SplA and Sp2 in the round of PCR would
be inefficient with respect to SplB/Sp2 amplification. However
the relative amplification factor of 50 is sufficient to allow the
analysis of a number of biological processes.

An advantage of the method is that it is simple involving only
two steps. As the sequence of the Sp2 primer was defined
randomly it can be used to amplify any sequence so long as the
corresponding sequence is included at the 5' end of the initial
linear amplification primer. Furthermore as there is little
manipulation between the two amplification steps the risk of
contamination is reduced.

Strand specific amplification of DNA has been exploited for
a number of purposes. The most noticeable example being in
the sequencing of single stranded DNA derived from a plasmid
or phage (5). Other applications include strategies for
chromosomal walking (6). The degree of amplification depends
on the number of linear cycles of PCR. This works well when
the imput DNA concentration is sufficiently high. A normal PCR
amplification of a sequence from mammalian DNA employs 1/tg,
or approximately 150,000 cell genome equivalents. The 3.1O5

copies used in the protocol thus correspond to 1 copy/haploid
DNA equivalent indicating that the procedure is capable of
amplifying single mammalian gene sequences. Subsequent
experiments with DNA dilutions showed that as little as 10 copies
of single stranded Ml3 DNA could be detected (data not shown).

This simple method could be used for the amplification of one
strand over another where the differences anticipated are of the
order of < 50. The study of DNA repair in vivo of artificially
mismatched DNA sequences is an example. In these instances
the use of viral vectors and plaque purification enabled analysis
of progeny after transfection of cells by heteroduplex molecules.
Restriction enzyme and sequence analysis showed that upon
migration to the nucleus certain heteroduplexes were very

efficiently repaired while others were much less so (7—9).
However these techniques rely on high copy numbers and a viral
replicon and are therefore not readily applicable.

The method could be adapted to the analysis and quantitation
of replication intermediates of RNA viruses if preceeded by an
initial reverse transcriptase step. Finally it should prove useful
in determining during which stage of the HTV-1 replication cycle
G—A hypermutation occurs (1).
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