Published online June 15, 2004

3190-3197 Nucleic Acids Research, 2004, Vol. 32, No. 10
DOI: 10.1093/nar/gkh641

Structure-specific DNA binding and bipolar helicase

activities of PcrA
Syam P. Anand and Saleem A. Khan*

Department of Molecular Genetics and Biochemistry, University of Pittsburgh School of Medicine, 200 Lothrop Street,

Pittsburgh, PA 15261, USA

Received April 26, 2004; Revised and Accepted May 15, 2004

ABSTRACT

PcrA is an essential helicase in Gram-positive bac-
teria, but its precise role in cellular DNA metabolism
is currently unknown. The Staphylococcus aureus
PcrAhelicase has both 5'—3' and 3' -5’ helicase activ-
ities. In this work, we have studied the binding of
S.aureus PcrA to a variety of DNA substrates that
represent intermediates in DNA replication, repair,
recombination and transcription. PcrA bound poorly
or not at all to single-stranded DNA, double-stranded
DNA with blunt ends, partially double-stranded DNA
containing fork and bubble structures, and duplex
DNA substrates containing either 5 or 3’ single-
stranded oligo dT tails. Interestingly, PcrA bound
with high affinity to partially duplex DNA containing
hairpin structures adjacent to a 6 nt long 5’ single-
stranded region and one unpaired nucleotide (flap)
at the 3’ end. However, PcrA did not detectably bind
to partial duplexes with folded regions adjacent to a
6 nt long 3’ single-stranded tail (with or without a 1 nt
flap at the 5’ end). PcrA showed moderate helicase
activity with partially double-stranded DNAs con-
taining 3' or 5 single-stranded oligo dT tails, the
3'—5' helicase activity being more efficient than its
5'—3 helicase activity. Interestingly, PcrA showed
maximal helicase activity with substrates containing
folded structures and 5 single-stranded tails, sug-
gesting that its 5’ —3’ helicase activity is greatly stimu-
lated in the presence of specific structures. However,
the 3'—5' helicase activity of PcrA did not appear to be
affected by the presence of folded substrates contain-
ing 3’ single-stranded tails. Our dataindicate that PcrA
may recognize DNA substrates with specific struc-
tures invivoandits 5—3' and 3'—5’ helicase activities
may be involved in distinct cellular processes.

INTRODUCTION

DNA helicases play essential roles in cellular DNA metabol-
ism, including DNA replication, repair, recombination and
transcription [for reviews, see (1-4)]. All organisms contain
multiple helicases, and it has been postulated that although

some helicase functions may be redundant, other helicases
may be required for specific cellular processes. The pcrA
gene was originally identified as being required for the repli-
cation of rolling circle-replicating (RCR) plasmids in
Staphylococcus aureus (5). Subsequently, pcrA was found
to be an essential gene in S.aureus and Bacillus subtilis
(6-8). Moreover, the pcrA gene has been identified in all
Gram-positive bacteria whose genomes have so far been
sequenced. PcrA belongs to the superfamily I of DNA heli-
cases, which also includes the Rep and UvrD (helicase II)
helicases of Escherichia coli, and contain seven conserved
helicase motifs (1,9). In pairwise comparisons, the PcrA heli-
cases of different Gram-positive bacteria share ~60% identity
(10). The PcrA helicases also share ~40% identity with Rep
and UvrD helicases of E.coli. Although disruption of the pcrA
gene in Gram-positive bacteria is lethal, the loss of either rep
or uvrD does not result in lethality (11). Genetic and biochem-
ical studies have shown that PcrA is involved in plasmid RC
replication and in UV repair of cellular DNA (5-8,12-15).
PcrA can also complement rep uvrD double mutants of
E.coli (7). Studies in B.subtilis with conditional pcrA mutants
have shown that PcrA does not play a major role in chromo-
somal replication (7). Mutations in the recF, recO and recR
genes have been isolated that allow viability of pcrA mutants,
suggesting that PcrA may be involved in the resolution of toxic
recombination intermediates and/or stalled replication forks
(8). However, the precise role of PcrA that makes it essential
for cell viability is yet to be identified.

PcrA helicase was first isolated from Bacillus
stearothermophilus and its biochemical properties studied
(16-22). This PcrA was shown to be a 3’—35" helicase
using substrates that lack the potential to form folded struc-
tures (18,22). The B.stearothermophilus PcrA helicase has
been crystallized and its three-dimensional structure deter-
mined (16,17). Mutational studies of B.stearothermophilus
PcrA have also identified regions of the protein that are impor-
tant for its ATPase, helicase and translocation activities (18).
The S.aureus and Bacillus anthracis PcrA proteins have also
been purified and characterized. Interestingly, both these
helicases have robust 3'—5' as well as 5'—3’ helicase activ-
ities (15,23). In vitro studies have shown that these two heli-
cases can promote unwinding of plasmid pT181 DNA that has
been nicked at the origin by the plasmid initiator protein
(15,24). Furthermore, these helicases were shown to promote
the in vitro replication of plasmid pT181 DNA that replicates
by a RC mechanism (15,24).
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We have investigated further the biochemical activities of
S.aureus PcrA to obtain clues about its possible roles in cel-
lular DNA metabolism. In DNA binding studies, PcrA was
found to interact poorly or not at all with single-stranded (ss)
oligonucleotides, with double-stranded (ds) blunt-ended oli-
gonucleotides (with or without fork structures) and with partial
duplex substrates containing 5’ or 3’ oligo dT ss tails. How-
ever, PcrA bound with high affinity to substrates with folded
structures that also contained a 5’ ss tail and a 1 nt flap at the 3’
end (resembling double flap structures generated during the
synthesis and processing of Okazaki fragments during lagging
strand DNA synthesis), but failed to interact with similar sub-
strates that contained a 3’ ss region. In general, the helicase
activity of PcrA was correlated with its DNA binding activity,
i.e. it showed a much stronger helicase activity with substrates
to which it bound with high affinity. The 3’ —5’ helicase activity
of PcrA was more efficient than its 5'—3' activity with partial
duplex substrates containing oligo dT tails. Interestingly, the
5'—3'helicase activity of PcrA was much more efficient than its
3'—5’ activity with substrates containing hairpin structures and
flaps. Our results show that PcrA has DNA binding specificity
for structured substrates, and it is likely that its bidirectional
helicase activity might be involved in distinct biochemical
pathways involving different DNA substrates.

MATERIALS AND METHODS
Purification of the His-PcrA protein

The pcrA gene was amplified by PCR using the chromosomal
DNA from S.aureus strain S6 as the template. The sequences
of the primers, which contained BamHI linkers, were
5'-CCGGATCCAATGCGTTATTAAATCATATGAATACA-
GAGCAAAGTG-3' (forward) and 5'-CCGGATCCCGATA-
AATCAGCCATCCCTTAATCCTCC-3' (reverse). His-PcrA
protein was overexpressed by induction with 1 mM IPTG at
37°C for 2 h and purified by using nickel affinity chromato-
graphy as described previously (15). The concentration of the
His-PcrA preparation reached ~0.5 mg/ml in the peak frac-
tions, and the purity was tested by SDS-PAGE and staining
with Coomassie brilliant blue.

DNA binding assays

Binding of the PcrA helicase to various DNA substrates was
studied by electrophoretic mobility-shift assays (EMSA). Var-
ious DNA substrates were prepared by labeling one strand of
the oligonucleotides with 32P at the 5" end using T4 polynu-
cleotide kinase (25), and annealing the cold complementary
strand at a 3-fold molar excess. The reactions were performed
in a buffer consisting of 20 mM Tris—HCI (pH 8.0), 100 mM
KCI, 1 mM EDTA, 100 ng poly (dI-dC), 5 mM DTT, 10%
ethylene glycol, indicated amounts of PcrA and ~3 nM DNA
substrate (15). The reactions were incubated at RT for 15 min
and the DNA-protein complexes resolved by electrophoresis
on 6% native polyacrylamide gels (25). The gels were dried
and subjected to autoradiography.

DNA helicase assays

DNA substrates were prepared by labeling one strand of
the oligonucleotides with 32P as described above. Helicase
reactions were performed at 37°C for 20 min in a buffer
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containing 20 mM Tris-HCI (pH 7.5), 100 mM KCl, 3 mM
MgCl,, 3 mM ATP, 10 mM DTT, 10% glycerol, ~4 nM
labeled DNA substrate and the indicated amounts of the
PcrA helicase. The reactions were stopped by the addition
of SDS-dye and the products were analyzed by 10% native
PAGE (15). Gels were subsequently dried and exposed to
Kodak X-ray films.

RESULTS
Purification of the S.aureus PcrA helicase

We have described previously the cloning and overexpression
of the pcrA gene of S.aureus (15). The original cloning was
based on PCR amplification of the pcrA gene using primers
based on the published sequence of this gene (5). However,
after the sequence of the whole S.aureus genome was pub-
lished (26), we noticed that the size of the pcrA gene was
slightly larger than that reported originally (26). The revised
sequence of pcrA indicated that it encodes 730 amino acids
(26), whereas the original PcrA that we purified and charac-
terized consisted of 693 amino acids (15). We, therefore,
re-cloned the pcrA gene using the revised sequence informa-
tion. Automated DNA sequencing of the cloned pcrA gene
showed that its sequence was identical to that reported by
Kuroda et al. (26). The full-length PcrA helicase was then
overexpressed and purified as a Hise fusion by using nickel
affinity chromatography as reported previously (15). The pro-
tein was ~90% pure. The impurities essentially consisted of
breakdown products of His-PcrA. For simplicity, the His-PcrA
protein is simply referred to as PcrA.

DNA binding activity of the PcrA helicase

We utilized a variety of synthetic oligonucleotides (Table 1) to
study the DNA binding activity of the PcrA helicase. The
substrates consisted of ssDNA, blunt-ended duplex DNA, 5’
and 3’ overhang duplexes, and forked and bubble duplexes
(Figure 1). We also utilized partial duplexes in which the ss
region can fold into secondary structures, with or without
additional 5’ or 3’ ss tails and double flap-like structures
(Figure 1). The substrates used resemble those expected to
be present in various DNA metabolic pathways, such as repli-
cation, repair, recombination and transcription. Incubation
of PcrA with an ss oligonucleotide or blunt-ended DNA
(substrates A and E, respectively) did not generate significant
levels of DNA—protein complexes (Figure 2). Similarly, PcrA
showed very little or no binding to substrates D and F repre-
senting duplex DNA with forked and bubble structures,
respectively (Figure 2). These results indicate that PcrA
does not interact stably with ssDNAs or dsDNAs lacking
any ss overhangs. Incubation of PcrA with dsDNAs containing
3" or 5’ oligo dT overhangs (substrates B and C, respectively)
also failed to generate detectable levels of DNA—protein com-
plexes (Figure 2), demonstrating that the presence of a ss—ds
junction is not sufficient for binding by PcrA. We also tested
the DNA binding activity of the PcrA helicase utilizing partial
duplex substrates in which the ss regions can form secondary
structures (Figure 1). These probes represent the plasmid
pT181 origin of replication, and their 5’ and 3’ ss regions
correspond to the IRII element that can assume a hairpin
structure (27-29). The presence of the hairpin structure in
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Table 1. Oligonucleotides used in this study

Oligo  Sequence

1 A (TTTTTTTTTTTTTTTTTTTTTGGCGACGGCAGCGAGGC)

2 d (GCCTCGCTGCCGTCGCCA)

3 d (TGGCGACGGCAGCGAGGCTTTTTTTTTTTTTTTTTTTT)

4 d (ACGTATCGTAGATATACTATGTATTGGCAGAGTGCACAATT)

5 d (AATTGTCCACTCTGCCAATACATAGTATATCTACGATACGT)

6 d (GCGATAGTCTCTAGACAGGTACAGGATCGTTACTAATCGTC-
TATGACGTG)

7 d (GCCTCGCTGCCGTCGCCTTTTTTTTTTT T TTTTTTTTT)

8 d (CACGTCATAGACGATTACATTGCTAGGACATGCTGTCTAGAG-
ACTATCGC)

9 d (GATCCAACCGGCTACTCTAATAGCCGGTTGGACGCACATAC-
TGTGTGCATATG) ¢

10 d (CATATGCACACAGTATGTGCGTCCAG)

11 d (GATCCAATCGGCCATTAGAGTGGCCGATTGGACGCACATA-
CTGTGTGCATATG)

12 d (GATCCAATCGGCCATGGCCGATTGGACGCACATACTGTGT -
GCATATG)

13 d (CATATGCACACAGTATGTGCGTCCA)

14 d (ACCGGCTACTCTAATAGCCGGTTGGACGCACATACTGTGT -
GCATATG)

15 d (ATATGCACACAGTATGTGCGTCC)

16 d (AACCGGCTACTCTAATAGCCGGTTGGACGCACATACTGTG-
TGCATAT)

17 d (TATGCACACAGTATGTGCGTCCAACCGGCTATTAGAGTAG-
CCGGTTTGATCC)

18 d (GTGGACGCACATACTGTGTGCATATGGATC)

19 d (CATATGCACACAGTATGTGCGTCCAG)

20 d (GATCCATATGCACACAGTATGTGCGTCCAACCGGCTATTAG-
AGTAGCCGGT)

“The underlined sequences can basepair and form folded structures. The
Hpall cleavage sequence is present within this region and cleavage with this
enzyme was used to confirm the presence of basepaired regions in these
oligonucleotides.

these probes was confirmed by their sensitivity to digestion by
Hpall, which is expected to cleave the oligonucleotides only if
the stem region is present as a duplex (data not shown). No
significant binding of PcrA to duplex substrates L and P con-
taining folded regions at their 5 or 3’ ends was observed,
respectively (Figure 2). However, PcrA bound to limited
but detectable levels to a similar substrate J that contained
a folded region at its 5’ region along with a 6 nt overhang at the
5" end (Figure 2). Interestingly, PcrA bound with high affinity
to substrate G containing a hairpin at its 5’ region, a 6 nt ss
overhang at the 5’ end and a 1 nt flap (unpaired nucleotide) at
the 3’ end of the complementary strand (Figure 2). This sub-
strate (which resembles a double flap structure) is identical to
J, except for the presence of a 1 nt flap at the 3’ end of the top
strand (Figure 1). However, the presence of a single nucleotide
flap at the 3’ end in the absence of a 5’ ss region was not
sufficient for PcrA binding (substrate K, Figure 2). PcrA also
bound efficiently to substrate H which has a structure similar to
that of G but in which the stem sequence has been inverted
(Figure 2 and Table 1), demonstrating that the structure rather
than the sequence provides the primary recognition site for
PcrA. The loop was not important for PcrA binding since its
deletion did not appreciably affect binding to PcrA (substrate
I, Figure 2). Note that substrate I generates two bands, the
slower being a dimer due to pairing of the stem regions of two
molecules (Table 1). This was confirmed by the generation of
an Ncol site upon dimerization of the probe (data not shown).
Interestingly, substrates with similar secondary structures
but containing a 6 nt ss region at their 3’ ends were not
bound by the PcrA helicase regardless of whether or not
they also contained 1 nt flap at their 5’ ends (substrates M,

Name Structure Oligo Name Structure Oligo
No. No.
3
A | Single Stranded — U J 5" hairpin with a - 9+13
5' ss overhang 855
B 3’ tailed duplex R R 243 3
K 5" hairpin with a —/5, 14+10
1 nt 3 flap 3E
C 5' tailed duplex 5 — 1+2
g L 5" hairpin with 3 5 15+16
D | Forked duplex —— 247 no ss overhang 25
~~5
E | Blunt duplex ——— 4+5 | M | %hairpinwitha S 17418
3’ ss overhang and 335
1 nt 5 flap
F | Bubble duplex = = 548 5
N 3’ hairpin with a Y 17+19
. 3’ ss overhang E ;
G 5" hairpin with a =1 9+10
5" overhang and EES 5
a1nt3 flap (0] 3' hairpin with i 20+18
3 a1nt5 flap 85
H | Same as G, haipin ~——— 5 11+10
sequence altered 2 5 5
P 3’ hairpin with , 20+19
. no ss overhang 3 l E
Same as G, loop —’_”_, 12+10
sequence deleted 5

Figure 1. Structures of the various substrates used in this study.
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Figure 2. Structure-specific DNA binding activity of the PcrA helicase. EMSAs were carried out using 5' **P-labeled substrates (Table 1 and Figure 1) and the
indicated amounts of PcrA. The DNA—protein complexes were resolved on polyacrylamide gels. P, probe; C, DNA—protein complex.
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Figure 3. PcrA has bipolar 3'—5' and 5’ —3' helicase activities. **P-labeled substrates were incubated with the indicated amounts of PcrA, and the products resolved
by native PAGE. The probes used are listed in Table 1 and their structures are depicted in Figure 1. ds, substrates containing partial or fully duplex DNA; ss, single-
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N, O and P: Figure 2). The above experiments showed that
PcrA has structure-specific DNA binding activity, and the pre-

sence of an unpaired 5’ ss region and a flap-like structure
promotes its binding to the DNA.

DNA helicase activity of PcrA

We also utilized the substrates used in DNA binding assays to
test the specificity of the helicase activity of PcrA. PcrA was
active in unwinding duplex substrates B and C containing
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Figure 4. PcrA efficiently unwinds structured substrates with 5 ss regions. Various *?P-labeled substrates containing a hairpin structure in their 5’ region were

incubated with PcrA and subjected to EMSA.

either a 3’ or a 5’ oligo dT overhang (Figure 3), demonstrating
that it has bipolar 3’ —5’ and 5’ —3’ helicase activities. Further-
more, its 3'—5’ helicase activity was more efficient than its
5'—3' helicase activity. Also, PcrA unwound the 3’ and 5’
overhang substrates much more efficiently than the forked
duplex (substrate D, Figure 3). PcrA did not significantly
unwind blunt-ended substrates either lacking or containing
ss bubble regions (substrates E and F, respectively;
Figure 3). To rule out the possibility that a contaminating
E.coli protein may be responsible for the unwinding activities
of the PcrA preparation, we purified a His-fusion of the
K33AQ250R double mutant of the S.aureus PcrA helicase.
This mutant was found to be inactive in its ATPase and
DNA helicase assays (data not shown).

We also tested partial duplex substrates in which the 3’ and
5" ss regions can fold into secondary structures. PcrA unwound
substrate L containing a 5" hairpin region without any ss over-
hang to a limited extent (Figure 4). PcrA showed a slightly
higher helicase activity with substrate K, which is similar to L
except that it also contains a 1 nt overhang at its 3’ end. This
suggests that the 1 nt overhang at the 3’ end may facilitate the
helicase activity of PcrA. Substrates G, H, I and J which all
contain a 6 nt long 5’ ss overhang adjacent to the folded region
were unwound efficiently by PcrA (Figure 4). The sequence of
the stem, or the presence of the loop was not critical because
PcrA also efficiently unwound substrates H and I (Figure 4).
The above results showed that PcrA is highly active as a 5'—3’
helicase with substrates containing a 5’ region that can fold,
and the presence of a 5’ ss tail significantly stimulates PcrA-
driven unwinding. We also tested the helicase activity of PcrA
utilizing duplex substrates containing a 3’ ss region that can
fold into a hairpin structure. Substrate P which lacks a 3’
overhang, and substrate O that contains a 1 nt 5’ overhang,
were unwound poorly by PcrA (Figure 5). The presence of a
6 nt overhang at the 3’ end in substrates M and N (with or
without an unpaired 1 nt at the 5" end, respectively), resulted in
increased unwinding by PcrA (Figure 5). We conclude that, in
general, the 5'—3’ helicase activity of PcrA is much more
efficient than its 3’—5’ activity in the presence of folded
substrates.
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Figure 5. Unwinding of DNA substrates containing hairpin structures at their 3’
regions by PcrA. **P-labeled substrates containing a hairpin structure in their 3’
region were incubated with PcrA and subjected to EMSA.



DISCUSSION

PcrA is an essential helicase found in Gram-positive bacteria
that belongs to the SFI family of nucleic acid helicases (1,2).
The PcrA helicases of Gram-positive bacteria share ~40%
identity with the UvrD and Rep helicases of E.coli. The
UvrD helicase of E.coli is involved in nucleotide excision
and mismatch repair pathways (1,30-32), whereas the Rep
helicase is required for the RC replication of ssDNA phages
(33). Also, rep mutants exhibit increased chromosomal break-
age and decreased rate of chromosomal replication (34,35). The
UvrD and Rep helicases of E.coli are not individually essential
for cell survival, although a uvrD rep double mutant is not viable
(11). The ability of PcrA to rescue uvrD rep double mutants of
E.coli (7), suggests that PcrA can also perform an essential
function. Studies in B.subtilis have suggested that PcrA does
not appear to play a major role in chromosomal replication, but
may be involved in the resolution of toxic recombination inter-
mediates or stalled replication forks (7,8,36). It is also possible
that PcrA may facilitate replication fork movement through
secondary structures, such as hairpins. PcrA may also play a
role in the maturation of Okazaki fragments during lagging
strand synthesis by unwinding regions of secondary structures
present in the displaced, adjacent Okazaki fragment.

To understand the possible roles of PcrA that make it an
essential helicase, we investigated the DNA binding activity of
PcrA utilizing a variety of substrates that are expected to be
intermediates in various DNA transaction pathways, such as
replication, repair, recombination and transcription. PcrA did
not detectably bind to either ssSDNA or to blunt-ended dsDNA
with or without forked and bubble regions (Figure 2). Simi-
larly, very little binding of PcrA to duplex substrates contain-
ing either 3’ or 5’ oligo dT tails was observed (Figure 2). We
tested whether PcrA can specifically interact with DNA sub-
strates containing hairpins in the presence or absence of 3’ or 5/
overhangs. We also utilized similar substrates that also con-
tained a 1 nt 3’ tail (flap) which is generated during the proces-
sing of Okazaki fragments (37-39). Very little or no binding of
PcrA was observed with substrates containing a hairpin struc-
ture at their 5’ end in the presence or absence of a 1 nt 3’ flap
(Figure 3). However, the presence of a 6 nt long 5’ ss overhang
resulted in robust binding of PcrA to such substrates (Figure
2). PcrA bound with the highest affinity to partial duplex
substrates containing hairpin structures, a 5’ ss overhang
and a 1 nt 3’ flap (Figure 2). The binding of PcrA to such
substrates was not affected by sequence of the stem region or
the presence of a loop, since substrates H and I were as effi-
cient as substrate G for binding PcrA (Figure 2). Interestingly,
PcrA failed to interact with similar substrates that contained
hairpins and 6 nt long ss overhangs at their 3’ ends whether
or not they also contained a 1 nt 5" flap (Figure 2). The above
results suggest that PcrA has structure-specific DNA binding
activity, and the presence of a 5’ overhang is essential for its
stable interaction with substrates containing folded regions.
However, the presence of a 5’ overhang by itself is not suffi-
cient for stable PcrA binding in the absence of a folded region
in the DNA since PcrA did not stably bind to duplex substrates
containing oligo dT tails.

Our studies showed that PcrA can unwind both 3’ and 5’
oligo dT tailed substrates, suggesting that it has bipolar 3'—5’
and 5'—3' helicase activities (Figure 3). Furthermore, the
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3’—5' helicase activity of PcrA was stronger than its 5'—3/
helicase activity with such substrates. Interestingly, a forked
duplex (D) containing a junction between duplex DNA and
two single strands was a poorer substrate for the helicase
activity of PcrA as compared with 3’ or 5’ tailed substrates
that contain only one ss overhang (Figure 3). These results
suggest that DNA unwinding may require direct binding of
PcrA to a DNA branch with a free 5’ or 3’ end, and the presence
of a 3’ or 5 tail by itself (as is the case with the forked
structure) is not sufficient for efficient unwinding. Since the
structure of substrate D resembles a replication fork, our obser-
vations are consistent with the postulate that PcrA does not
play a major role in chromosomal replication. Also, very little
unwinding of blunt-ended substrates (with or without a bubble
region) was observed with PcrA (Figure 3), suggesting that
the presence of a free 5’ or 3’ end is required for its helicase
activity. In general, PcrA showed maximal helicase activity
with substrates to which it bound most efficiently in EMSA
studies (Figures 2 and 4). Surprisingly, the 5'—3’ helicase
activity of PcrA with substrates containing folded regions
and single nucleolide flap such as G, H, I and J containing
5" overhangs was much stronger than its helicase activity with
the oligo dT-tailed substrate (Figures 3 and 4). Similarly, the
5'—3’ helicase activity of PcrA was much stronger than its
3’5" activity with substrates containing folded and flap
regions (Figures 4 and 5). Quantification of the helicase activ-
ity of PcrA by counting the radioactivity in the gels shown
in Figures 3-5 using the Amersham Typhoon 9400 Imager
showed that 0.25-0.5 nM PcrA was sufficient for ~50%
unwinding of substrates G, H, I and J containing folded regions
and ss overhangs at their 5’ ends. On the other hand, 10-50-
fold higher levels of PcrA were required to obtain ~50%
unwinding of substrate B (3’ oligo dT-tail), and substrates
M and N containing folded regions and ss overhangs at
their 3’ ends. Other duplex substrates (C, D, E and F) and
substrates with folded regions at their 3’ ends (O and P) failed
to reach 50% unwinding even at the highest concentrations of
PcrA used (25 nM). These results support the notion that
recognition of specific DNA structures by PcrA may determine
the polarity as well as the efficiency of its helicase activity.
However, while PcrA interacted weekly with substrate J, it
efficiently unwound this substrate (Figures 2 and 4). Similarly,
while several substrates such as those containing oligo dT-tails
or those with a hairpin structure at their 3’ regions along with
single or double flaps (substrates M, N, O and P) were not
detectably bound by PcrA (Figure 2), they were unwound to
low to moderate levels by PcrA (Figures 3 and 5). These
results suggest that transient/weak interaction between PcrA
and DNA may be sufficient for DNA unwinding.

DNA helicases generally show a marked preference for sub-
strates containing either a 3’ ora 5’ ss tail, and these activities are
presumably related to their specific cellular functions (1-4,40).
For example, the UvrD, Rep, PriA,RecB, WRN, BLM and Sgs1
proteins are 3’—35' helicases whereas RecD and Dna2
proteins are 5'—3' helicases (1,3,41-48). The PcrA helicase of
B.stearothermophilus has been shown to have 3'—5 helicase
activity (18,22), although its 5'—3’ activity has not been
evaluated using structured substrates. The S.aureus and
B.anthracis PcrA helicases, on the other hand, have both
3'—5’ and 5'—3' helicase activities [this study, and (15,23)].
Other helicases such as RecQ of E.coli are also known to have
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both 3'—5" and 5'—3’ helicase activities (43,45). Also, heli-
cases such as PriA, WRN, BLM and Sgs1 have been shown to
contain structure-specific DNA binding and unwinding activ-
ities (41,42,44,46,49). Based on the DNA binding and bipolar
helicase activities of PcrA reported here as well as previous
studies, several possible roles of PcrA may be envisioned: (i)
PcrA is required for the RC replication of pT181 and other RCR
plasmids (12—15). It interacts with the RepC initiator protein of
pT181 and unwinds DNA from the RepC-generated nick at the
pT181 origin (15,24,50). The RepC nick site is located in the
loop of a hairpin structure (27-29,51), and nicking of the DNA
is expected to generate a 5’ ss region. It is likely that the 5'—3’
helicase activity of PcrA unwinds the DNA and promotes exten-
sion synthesis of the leading strand of the DNA. This is con-
sistent with the role of PcrA in unwinding the DNA to facilitate
progression of the replication fork during plasmid RC replica-
tion. (ii) PcrA has been suggested to play a role in the repair of
UV lesions in the DNA based on the observations that it can
restore UV resistance to a uvrD mutant of E.coli (7). Since UvrD
isa3’—5"helicase (1), itis likely that the 3’ —5' helicase activity
of PcrA is involved in UV repair. (iii) PcrA may be involved in
facilitating replisome progression through regions of chromo-
somal DNA containing hairpin or other structures. This activity
of PcrA, unlike the above two, may explain the requirement of
PcrA for cell viability. A similar role for the RecQ family of
helicases has also been proposed (43). (iv) Another possible role
of PcrA may involve maturation of Okazaki fragments during
lagging strand synthesis. During this process, DNA Polymerase
III synthesizing a new Okazaki fragment may displace the pre-
viously synthesized downstream Okazaki fragment, generating
a flap structure. If the displaced DNA has complementary
sequences, it may fold generating a hairpin-like structure.
PcrA may specifically bind and unwind such DNA, resulting
in subsequent processing/degradation of the primer RNA and
displaced DNA by RNaseH and other nucleases. A similar role
in the processing of the Okazaki fragments is performed by
the Dna2 protein of S. cerevisiae which has a 5'—3’ helicase
as well as nuclease activities (37-39,52). (v) Since pcrA knock-
outs are viable in the presence of mutations in the recF, recO or
recR genes (8), itis likely that PcrA is involved in resolution of
toxic recombination structures or stalled replication forks that
may impede replication fork progression. The helicase activity
of PcrA may promote reverse branch migration at four-way
Holliday junctions that may subsequently result in replication
restart (53-55). Such an activity of PcrA may also promote
replication re-initiation at sites of DNA damage, such as che-
mical lesions and nicks (53-55). However, other helicases such
as PriA, RecBCD and RecQ may also be involved in these
functions. Future investigations should reveal the mechanism
of action of PcrA in essential cellular processes.
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