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The binding of the recA protein from E. c¢oli to supercoiled
double-stranded DNA is strongly dependent upon the superhelical density
of the DNA molecule. A threshold of superhelical density is required for
strong binding in the presence of ATP. This finding is consistent with a
model in which recA protein first binds to unpaired regions and then
polymerises on the contiguous double-stranded lattice. © 1986 Academic

Press, Inc.

The recA gene product of E. coli is involved in two important
events : general genetic recombination and induction of the SOS response
(for reviews see references 1 and 2). The different activities of the
recA protein require its binding to single-stranded and double-stranded
DNA. However these two effectors {(or substrates) are not equivalent.
Under physiological conditions recA protein binds more strongly to sin-
gle-stranded DNA than to double-stranded DNA (3) although the effect can
be reversed at low salt (4). In the presence of ATP, binding to single-
stranded DNA stimulates further binding to homologous double-stranded DNA
(5). Binding of recA protein to a duplex DNA is very dependent upon the
topology of the DNA molecule. At low Mg2+ concentration binding to super-
coiled DNA molecules in the presence of ATP and subsequent unwinding do
not require homologous single-stranded DNA (6). In this case, the ATPase
activity of recA protein is two-third that induced by single-stranded DNA

of identical length whereas it is reduced ten-fold when it is induced by
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a linear duplex DNA (7). Formation of D-loops is also greatly dependent
on the topology of the double-stranded molecule (8). Anomalous kinetics
are observed when the double-stranded molecule is negatively supercoiled
implying that specific interactions occur between recA protein and the
double-stranded lattice starting from D-loop (9).

A better knowledge of the mechanism of recA protein binding to
DNA and especially of the role of DNA superhelicity is required in order
to understand the ubiquitous properties of this protein. For this purpose
we examined the binding of recA protein to negatively supercoiled DNA
molecules (form I DNA) as a function of superhelical density. We found
that binding is strongly dependent upon superhelical density of the DNA
molecule and that a minimum degree of unwinding is obviously required for

strong binding.

MATERIALS AND METHODS

Chemicals : recA protein was purified from strain KM1842 as
already described (10). The pAO3 plasmid was purified from strain E. coll
C 600 (a generous gift from Dr. Oka) by cesium chloride centrifugation.
Creatine kinase, creatine phosphate, adenosine triphosphate (ATP) and
adenosine-5'0-Y thiotriphosphate (ATPYS) were purchased from Boehringer
Mannheim. The concentration of the plasmid was expressed as moles of
phosphate residues per liter and determined from its absorbance at 260 nm
using ¢ = 6500 M~1 cm™!

Binding assay : Reactions were carried out in 20 mM Tris-HC1
(pH 7.5), 4 mM MgCl,, 0,1 mM EDTA and 1 mM 2-mercaptoethanol (18 ul final
volume). Unless stated otherwise, an ATP-regenerating system consisting
in a mixture of creatine phosphate and creatine kinase was also present
in the reaction mixture. When present, the final concentrations of pAOs3,
recA, ATP, creatine kinase and creatine phosphate were 130 uM, 25 uM, 2.4
mM, 100 U/ml and 4.1 mM respectively. The reaction was initiated by addi-
tion of recA protein to the mixture of all other components. Samples were
subsequently incubated at 37°C for 30 minutes (first incubation) then,
when stated, ATPYS was added to a final concentration of 230 uM and the
reaction allowed to proceed for 5 minutes (second incubation). At the end
of the second incubation, samples were chilled in an ice-water bath and 8
ul of loading buffer (20 mM Tris-HC1 pH 7.5, 20 % (v/v) glycerol, U4 mg/ml
bromophenol blue) were added. Then samples were loaded on a composite
acrylamide-agarose gel.

Composite acrylamide-agarose gel electrophoresis : Samples were
run on a 2 % acrylamide, 0.5 % agarose gel in a buffer containing 36 mM
Tris-HC1 (pH 7.7), 30 mM NaH»POy, 1 mM EDTA at 5 V/em for 12 hours at
room temperature according to Germond et al. (11). At the end of the
electrophoresis, the gel was stained with 2.5 ug/ml ethidium bromide for
30 minutes at room temperature, extensively rinsed and photographed under
UV light through a red filter. The negative of the gel photograph was
analyzed with a Helena densitometer.
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RESULTS

Native pAO3 DNA was resolved into topoisomers by gel electro-
phoresis (figure 1, lane 8). The linking number difference of the fastest
topoisomer (at the bottom of the lane) was nine as compared to relaxed
DNA (12). Six different topoisomers ranging in linking number differences
from 9 to Y4 were clearly separated on the gel. Topoisomers with smaller
linking numbers were not present in appreciable amount in the natural
population of plasmids extracted from E. coli C600. The major band at the
top of the lane corresponds to the open circular molecule (form II DNA).

In control experiments where pA03 plasmid was incubated at 37°C

for 30 minutes with all components except recA protein (figure 1, lane 1)
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Figure 1 : a) Electrophoresis in 2 % acrylamide - 0.5 % agarose gel of
pAO3 DNA incubated with recA protein, ATP, ATPYS as described in the
following table whose columns correspond to the different lanes of the
gel. When present, ATPYS was added just before the second incubation.
Concentrations and experimental conditions are described in Materials and

Methods,

1 2 3 4 5 6 7 8
PAO3 + + + + + + + +
recA - + + + + + + -
ATP + - + + + - - -
ATP regenerating + - + + - - + -
system
1st incubation + + + + + - - -
(30 minutes)
ATPYS + - - + N - . -
2nd incubation + + - + + + + -

(5 minutes)

b) Densitometer tracings of lanes 1, 3, ¥ and 8 of the gel.
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the intensity of the two fastest-moving topoisomers decreased. This ef-
fect was particularly striking for topoisomer 9. A new extra band appea-
red just below the band which corresponds to the topoisomer having five
supercoils. This observation is consistent with the existence of a tran-
sition to a cruciform structure occurring in the largest palindrom of
pAO3 DNA which is 31 bp long (13, 14). Cruciform formation was demonstra-
ted by 2D-gel electrophoresis (results not shown). During incubation some
cleavage occurred converting supercoiled molecules to form II DNA. This

phenomenon might be due to a nuclease contamination.

When recA protein was added in the absence of ATP or ATPYS
(Figure 1, lane 2) a very faint band appeared between bands 4 and 5. The
relative decrease of the intensity of the fastest-moving band was less
important than in the absence of recA protein. However the cruciform
structure appeared very clearly. When pAO3 plasmid was incubated with
recA protein in the presence of ATP, the relative intensities of the
different bands did not change as compared with pAO3 alone except for the
faint band that appeared between topoisomers 4 and 5 (Figure 1, lane 3).
The most supercoiled topoisomer was not converted into the cruciform
structure. The most likely explanation is that, under these conditions,
recA protein interacts with this topoisomer preventing it to undergo the
transition. However such complexes between recA protein and PAO3 plasmid
might be instable and dissociate during loading (3). When ATPYS, a non-
hydrolysable ATP analog was used instead of ATP, the intensities of all
the bands of form I DNA decreased dramatically (figure 1, lane 7). In-
crease in the amount of form II DNA was not sufficient to account for
such a decrease (compare lanes 6 and 7 of figure 1). A diffuse fluores-
cence of ethidium bromide was seen on the gel. When the incubation time
increased, all the discrete bands vanished and a continuous diffuse zone
situated above the band corresponding to topoisomer 8 increased in inten-
sity (data not shown). Therefore the complexes recA protein- PAO3 DNA

formed 1in the presence of ATPYS are stable enough to alter the migration
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of the plasmid. Nevertheless no striking selective effects linked to
superhelical density were noticed under these conditions.

As shown on lanes 4 and 5 of figure 1, a striking selective
effect of linking number was observed when recA protein was first incuba-
ted with pAO3 plasmid in the presence of ATP and then for a short time in
the presence of ATPYS. In this case, the two fastest-moving bands of
supercoiled DNA disappeared selectively while a diffuse region appeared
above the position of the band corresponding to topoisomer 8. The faint
band between topoisomers U4 and 5 was still observed. A similar procedure
for stabilizing recA protein-DNA interactions was previously used by
Soltis and Lehman (15). It allowed the visualization of the complexes
preformed during the first incubation. When the ATP regenerating system
was omitted (compare lanes 4 and 5 of figure 1), the band corresponding
to cruciform DNA was observed. Such an effect was probably due to ADP
resulting from DNA-dependent hydrolysis of ATP catalyzed by recA protein

which inhibited further binding of recA protein to DNA.

DISCUSSION

This study clearly demonstrates that a threshold of superheli-
cal density is required for strong binding of recA protein to double-
stranded DNA in the presence of ATP. This threshold corresponds to the
density of the topoisomer having eight negative supercoils i.e. - 0.049,
The torsional stress associated with negative supercoiling facilitates
separation of the two DNA strands. Theoretical and experimental studies
(16-18) have shown that the number of unpaired base pairs increases mar-
kedly when superhelical density increases over a threshold comprised
between - 0.03 and - 0.08 depending on the plasmid and on the experimen-
tal conditions. The presence of a protein might shift the threshold va-
lue. A plausible explanation for our findings is that recA protein first
binds to unpaired regions and then invades the contiguous double-stranded
lattice via a nucleation-polymerisation process. The polymeric structure

of recA protein bound to a supercoiled plasmid has been previously re-
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vealed by electron microscopy (19, 20). The threshold of superhelicity
required for binding is expected to depend upon ionic conditions since
lowering the ionic strength destabilizes the double helix. As a matter
of fact, binding of recA protein to a supercoiled DNA is easier at low
rather than high Mg2* concentration (6). A similar binding mechanism with
a nucleation step on a single-stranded region, followed by polymerization
on the adjacent lattice, might take place when recA protein binds to
gapped DNA (21) or on DNA bearing D-loops (9). However, studies with
monoclonal antibodies clearly demonstrate differences in the structure of
recA protein bound to double-stranded and single-stranded lattices (22).
Single-stranded regions act as "activator" allowing cooperative binding
on the double-helix. The recA-DNA complex is then able to promote recom—
binational events (23).

In vivo, single-stranded regions could result from the action
of the recBC enzyme (24) or from the replication of damaged DNA which
leaves gaps opposite lesions (25). The requirement of a single-stranded
region to induce recA protein binding may greatly increase the number of
recombination events when DNA has been damaged and thus allow repair by
recombinational mechanisms (26).
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