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Fig. 1. Electrophoretic separation (ethidium-bromide-stained 6% poly-
acrylamide non-denaturing gel) of amplified and re-amplified hepa-
titis B virus (HBV) X-gene DNA

DNA depicted in lanes 1 and 2 represents the control size markers
with their base lengths indicated on the left of the Figure. The-band
in lane 2 was prepared by standard symmetric amplification of an
SP64 X-gene plasmid using primers 1 and 2 (HBV nucleotide
sequences 1420-1443 and 1788-1765 respectively). Lane 1 represents
DNA which was amplified using primer 2 and primer 3 (sense
sequence 1634-1648, 5'AGATCCTGCCCAAGG 3'). An aliquot
(2 %) from a PCR amplification reaction of DNA prepared as for
lane 2 was re-amplified asymmetrically for 15 cycles using only
primer 3 (normal sequence) and annealing temperatures of 50 °C
(lane 3) and 60 °C (lane 4). Similar re-amplification with primer 3
sequences mismatched at the eighth base (C, A or T instead of G) is
resolved in lanes 5-7. DNA which was produced after symmetric
re-amplification using a mismatched primer (similar to that used in
lane 5) and normal primer 2 at annealing temperatures of 50 °C and
60 °C is depicted in lanes 8 and 9 respectively. The DNA in lane 10
depicts separation of DNA re-amplified with the primer 3 sequence
mismatched at the 3' end (C instead of G). Two similar gels run
independently (lanes 1-7 and 8-10) are depicted in the Figure.

mismatch is not always sufficient to decrease DNA synthesis
significantly. More than one mismatch at the 3' end of a primer
is often required to detect a mutation [6].
Asymmetric PCR provides an alternative approach to the

detection of small mutations. Here we have shown that linear re-
amplification using only one primer improves the distinction
between amplification from mismatched and normal primers.
Using this procedure, incorporation of mismatched oligo-
nucleotides and their complementary sequences into the template
DNA does not occur. The data in Fig. 1 on the amplification of
an X-gene fragment of the hepatitis B virus demonstrate this. In
this set of experiments, a 368 bp X-gene fragment, amplified
using a standard PCR protocol, was used as template source for
reamplification from a set of five internal primers (see legend to
Fig. 1 for details). After linear asymmetric amplification from a
perfectly matched internal primer at a oncentration of 0.25 /M
(lanes 3 and 4), there is production of easily detectable extended
product after 15 cycles-the 154 base fragment. This band was
detectable when using an annealing temperature as high as 60 °C
(lane 4). All three mismatches at the eighth base of the primer
resulted in a failure to detect extension (lanes 5-7), as did a
primer which had a 3' mismatch (lane 10). In each of the
experiments using mismatched primers the annealing temperature
was 50 'C. Symmetric re-amplification with two primers (one
mismatched) at equal concentrations does result in significant
amplification of the smaller fragment (lanes 8 and 9 of Fig. 1).
The extent of symmetric re-amplification was similar when using
the fully complementary or any of the other mismatched primers.
The additional larger DNA band seen in lanes 8 and 9 is an
artefact which was often produced during symmetric logarithmic
PCR using the conditions described here.

Decreased melting temperature or conformational changes at
the site of extension by Taq polymerase are probably responsible

for the observed differences between symmetric and asymmetric
re-amplification. The inhibitory effect of single base mismatches
on primer extension during asymmetric re-amplification is a
useful property which can be exploited to assess oligonucleotide
and template DNA sequence complementarity.
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Mitochondrial cyclophilins
The cyclophilins, a family of proteins with peptidylprolyl

cis-trans isomerase activity, were first identified as abundant
cytoplasmic proteins, with about 165 amino acid residues and
very strong sequence conservation. Bovine and porcine cyclo-
philin-A are identical, while the human enzyme differs at only
three residues [1-3]. There are seven conservative differences
between human and rat.cyclophilin-A, plus one additional amino
acid at the C-terminal end of the human protein [4]. Proteins with
strong homology are present in the cytoplasm of all eukaryotic
organisms studied and in Escherichia coli.
More recently a second family of cyclophilins with an N-

terminal signal sequence has been reported in species ranging
from E. coli to man [5-7]. The E. coli cyclophilin-B is retained in
the periplasm, while the mammalian proteins in this group have
a C-terminal decapeptide which may direct them to an endo-
plasmic reticulum-associated compartment [8]. These cyclo-
philins-B have a lower level of similarity to the cytoplasmic
cyclophilins-A. In man there are 59 amino acid differences, many
not conservative, in addition to the N- and C-terminal extensions
of cyclophilin-B.
A mitochondrial form of cyclophilin has been reported in

Neurospora crassa, encoded by the same genes as the cytoplasmic
enzyme and arising by alternative splicing [9]. There is much
evidence for cyclosporin-sensitive peptidylprolyl isomerases in
mammalian mitochondria (see [10]), but no evidence for ad-
ditional exons available for alternative splicing in the human
cyclophilin-A gene Ill]. Now Connern & Halestrap [10] have
reported the N-terminal amino acid sequence of a rat mito-
chondrial cyclosporin-sensitive peptidylpro-lyl isomerase which
shows clear homology with the known rat and human cyclo-
philins but has seven amino acid differences from rat cyclophilin-
A and 12 differences from rat cyclophilin-B in the first 16 amino
acids. However, this partial rat mitochondrial sequence shows
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CyP-3 MLALRCGSRWLGLLSVPRSVPLRLPAARACSXGSGDPSSSSSSGNPLVYLDVDANGKPLGRVVL..
*** ******88 .* * *

Rat mitochondrial cyclophilin

Rat cyclophilin-A

Human cyclophilin-A

SSSQNPLVYLDVGADGQPL..
*8 8 * *88 *8

MVNPTVFFDITADKPLGMRVCG..
8*8*8*8*8** *G*8*P S 8

MVNPTVIPDIAVDGUPLGRVSF..

Fig. 1. Alignment of the N-terminal amino acid sequences of human CyP-3 1121, rat mitochondrial cyclophilin 1101, rat cyclophflin-A 1 and human
cyclophilin-A 131

greater similarity to the amino acid sequence ofthe corresponding
-region of a third human cyclophilin cDNA recently reported by
Bergsma et al. [12] and named CyP-3 (Fig. 1). This similarity
includes a run of three serine residues at the N-terminal end of
the mature protein, immediately following the cleavage site
identified by Connern & Halestrap [10].
CyP-3 has 75 % identity with human cyclophilin-A and over

60% identity with the corresponding region of cyclophilin-B.
Bergsma et al. also noted that CyP-3 encoded a putative leader
sequence and that the mature protein was associated with a
particulate fraction containing membranes and organelles
obtained by centrifugation of a post-nuclear fraction at 150000
g for 90 min. The N-terminal hydrophobic leader sequence of
CyP-3 includes several basic residues, which are not found in the
cyclophilin-B leader sequences but are characteristic of leader
sequences targetting proteins into organelles such as mitochon-
dria [13]. T-he CyP-3 sequence reported by Bergsma et al.
[12] thus probably encodes a human mitochondrial cyclophilin
homologous to the rat enzyme studied by Connern & Halestrap
[10].
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