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ABSTRACT

The RecG helicase of Escherichia coli is necessary
for efficient recombination and repair of DNA in vivo
and has been shown to catalyse the unwinding of
DNA junctions in vitro . Despite these findings, the
precise role of RecG remains elusive. However, models
have been proposed in which RecG promotes the
resolution of linked duplexes by targeting three-
strand junctions present at D-loops. One such model
postulates that RecG catalyses the formation of four-
strand (Holliday) junctions from three-strand junctions.

To test this model, the DNA binding and unwinding
activities of RecG were analysed using synthetic
three- and four-strand junctions. The substrate spe-
cificity of RecG was found to depend critically on the
concentrations of ATP and MgCIl , and under certain
conditions RecG preferentially unwound three-
strand junction DNA. This was at least partly due to
the larger inhibitory effect of MgCl , on the binding of
four-strand as opposed to three-strand junctions by
RecG. Thus RecG may be targeted to three-strand
junctions in vivo whilst still being able to branch
migrate the four-strand junctions formed as a result

of the initial helicase reaction. The increase in the
dissociation constant of RecG on conversion of a
three-strand into a four-strand junction may also
facilitate resolution of the four-strand junction by the
RuvABC complex.

INTRODUCTION

activities of the RecBCD and RecA proteins (5). The single-
stranded DNA generated by RecBCD nuclease/helicase is
bound by RecA to form a nucleoprotein filament that promotes
pairing and strand exchange with a homologous duplex. The
initial product of this reaction is a D-loop that can be targeted
by structure-specific DNA-binding proteins to continue the
recombination reaction (Fig. 1). If the invading strand has a 3'-
end then it is postulated that a replication fork can assemble at
the 3'-end in the D-loop by the action of PriA (3,6-8). The
coordinated assembly of two replication forks has been
postulated to occur during the repair of double-strand breaks
and the integration of linear DNA fragments into tRecoli
chromosome during conjugation and transduction (4,9). A one-
ended event has been proposed as a mechanism for the repair
of collapsed replication forks during normal chromosomal
replication (10). Thus the assembly of replication forks at D-loops
may be critical for the maintenance of chromosomal integrity.

DNA replication primed via a D-loop generates two duplexes
linked by a three-strand DNA junction. To allow the separation
of these duplexes this junction must be removed. How this is
achieved is unknown but two very different models have been
postulated, both of which rely on the ability of RecG to drive
branch migration of the junction along the DNA. In the first
model, a single-stranded endonuclease with specificity for D-
loops has been suggested to cleave the displaced strand
(11,12). RecG can then resolve the structure by driving branch
migration of the junction to the nick (Fig. 1A). This model is
consistent with the known ability of RecG to target junction
structuresn vitro (13,14). The identification of ak.coliendo-
nuclease activity targeted to D-loops has lent further support to
this model (15).

In the second model, RecG is also postulated to bind to the
three-strand junction. However, instead of moving the junction

The important roles of DNA repair and recombination int0 @ nickin the D-loop, RecG drives migration of the junction
maintaining both prokaryotic and eukaryotic cell viability are in the opposite direction into regions of duplex:duplex DNA
well characterised. However, it is only recently that the inti-Pairing (Fig. 1B) (16). The three-strand junction would thus be
mate linkage between recombination, repair and replication gfonverted into a four-strand (or Holliday) junction that could
DNA has been appreciated (1). A key discovery was that th€€ targeted and resolved by the coordinated branch migration
Escherichia colreplication protein PriA, known to be required and endonuclease activities of the RuvABC complex (17). The

for the assembly of a replication fork at sites other tha@, is

ability of RecG to target three- and four-strand junctions, D-

important for efficient recombination, repair of double-strandloops and R-loops, and to counter strand exchange mediated by
breaks and maintenance of high cell viability (2,3). ThisRecA support this hypothesis (16,18-21). An interaction
finding has led to models of recombination that predict a majobetween RecG and D-loops was also suggested following the
role for DNA replication in the formation of mature recom- identification of mutations inpriA that suppress the DNA
binant chromosomes (1,4). Such models have in common threpair and recombination defects associated wigtG
ability of a DNA end to initiate recombination via the coordinatedmutations (6).
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Either of these models could account for the reduced DN/ D4
repair and recombination seenriecG mutants. Both models A L 3 end invasion

depend upon the ability of RecG to specifically recognise X A /

three-strand junctions and to drive their branch migratior

along the DNA. They differ in that the second model assume

RecG will end up bound to a four-strand Holliday junction. In A /\ B

this study we therefore compared the relative levels of DNA

binding and unwinding by RecG using synthetic three- anc 3 strand junction 3 strand junction
four-strand junctions. We have found that under different con 1 —_T1

centrations of MgGland ATP, which act both to modify DNA DD\/_N uclease =\
junction structure and to provide the energy required for heli —
case activity, the relative substrate specificities of RecGcank | ReeG
dramatically altered. This is related to the possibilevivo ligase l l branch
levels of free M@ and ATP and their effect on the role(s) of : migration

RecG. ZF —h:’f"--—---—-xa_

-
MATERIALS AND METHODS RecG 4 strand ‘
. e . branch junction P,nA.
Protein purification migration replication

All chromatography, centrifugation and dialysis was performed a = - = e
4°C. Protein concentrations were determined with a modifiec \ '_"‘X"‘ A\
Bradford assay (Bio-Rad) using bovine serum albumin as
standarq (22). Protein concentrations were expressed as mo PriA RuvARC
of pr_oteln monomer. . ) replication resolution
Wild-type RecG was purified from a BL21(DE3F.coli
strain carrying plasmid pGS772, in whichkcGwas expressed ———
from an IPTG-inducible promoter (13). Two batches of 500 ml _'\
of cells in LB broth containing 10 g/l NaCl were grown at’&7
in 1 | baffled flasks to an absorbance of 0.65 at 650 nm. IPTC
was then added to 0.4 mM and growth continued &C3for
another 3 h. The cells were pelleted by centrifugation, resus-
pended. In .25 .ml O.f 40 mM T”S_HCI (pH 8), 2mM EDTA and Figure 1. Models of RecG helicase activity at D-loops generated by RecA
frozen in liquid nitrogen prior to storage at &L The cell  fom single-stranded DNA with a free 3-end)(A single-stranded endonuclease
suspension was subsequently thawed &4C3&nd DTT added cleaves the displaced strand of the D-loop and the 5'-end generated by this
to 1 mM. The cells were sonicated on ice, NaCl was added tgeavage is ligated to the 3'-end of the invading single-stranded DNA. Targéting o
1 M and the suspension was then centrifuged at 19 000 r.p r}Ee RecG branch migration protein to the three-strand junction at the D-loop
for 15 mi . s Il SS-34 Th "™ then allows this junction to be removed by unwinding of the junction towards
or min using a -orva B r(_)t_or' € supernatant Wag eng of the displaced single-stranded DNA, thus resolving the two duplexes
filtered through a Sum filter unit (Millipore) and RecG was pehind the future site of replication fork assembly. This assembly is catalysed
precipitated from this solution by addition of ammonium sulphateby the binding of PriA to the DNA structure generated by the action of RecG
to 40% saturation and centrifugation as above for 20 min. Theelicase activity. In the alternative model presentedBj the three-strand

[y . . junction present at the D-loop is unwound by RecG towards the redion o
precipitate was resuspended in 9 ml of bUﬁer_A (50 mM T”S_duplex:duplex DNA pairing rather than a nick in the D-loop. The four-strand
HCI, pH 7.5, 1 mM EDTA, 1 mM DTT) and dialysed against jynction produced by RecG catalysis is then targeted by the RuvABC complex

the same buffer. This was then loaded onto a 15 ml heparinwhich cleaves two opposing strands of the junction, thus resolving the two
agarose column (Sigma) and bound proteins eluted with @uplex DNAmolecules. Simultaneously, replication fork assembly is catalysed
160 ml 0—=0.5 M KClI gradient in buffer A. The RecG, which bythg binding of PriA to the 3'-end ofth_e D-loop. Note that only one of the two
eluted between 0.3 and 0.4 M KCI, was dialysed into buffer BDOSS”OIe outcomes of RuvC cleavage is shown.

(50 mM sodium phosphate, pH 7.4, 1 mM EDTA, 1 mM DTT,

0.5 M ammonium sulphate) and loaded onto a 5 ml Phenyl

Sepharose 6 Fast Flow column (Pharmacia). Bound proteins

were eluted with a stepped gradient of 0.5-0 M ammoniurrpe”et was resuspended i_n 5 mI_o_f buffer A plus 0.2 M KCl,
sulphate in buffer B, with RecG eluting at 0 M salt. RecG Passed through a 0.48n filter (Millipore) and run through a

fractions were dialysed against buffer A plus 0.1 M KClI andl-ﬁx 78 cm Sephacryl S200 HR gel filtration column (Pharmacia)
then bound to a 3 ml single-stranded DNA—cellulose columrtSing buffer A plus 0.2 M KCI. The RecG eluted as a peak of
(Sigma). Proteins were eluted with a 0-1 M KCI gradient in@PparentV,, 62 000 and was dialysed against buffer A plus
buffer A, with RecG eluting between 0.4 and 0.6 M KCI. The 50% glycerol before storage at &

RecG-containing pool was diluted with buffer A to 0.1 M KCI DNA substrates

and then loaded onto a 1 ml Q Sepharose Fast Flow column

(Pharmacia). The column was washed with buffer A and thdhe synthetic oligonucleotides used to construct the junction
RecG, which did not bind, was then precipitated by addition ofstructures in this study were: (1) 5-GACGCTGCCGAATT-
ammonium sulphate to 40% and centrifugation as above. TRETGGCTTGCTAGGACATCTTTGCCCACGTTGACCC-3';

— i A

- e
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(2) 5'-TGGGTCAACGTGGGCAAAGATGTCCTAGCAAT- competition so as to ensure that any RecG dissociated from the
GTAATCGTCTATGACGTT-3"; (3) 5-CAACGTCATAGA- junction DNA was trapped by the competitor DNA. Reactions
CGATTACATTGCTAGGACATGCTGTCTAGAGACTAT-  were performed either with 5 mM EDTA in the binding buffer,
CGA-3'; (4) 5-ATCGATAGTCTCTAGACAGCATGTCCT- as described above, or in the same buffer with the EDTA
AGCAAGCCAGAATTCGGCAGCGT-3'; (5) 5'-CCTCGAG- replaced by 2 mM MgGI Control experiments in which water
AAGCTTCCGGTAGCAGCGAGAGCGGTGGTTGAATT-  was substituted for the competitor DNA excluded the poss-
CCTCGAGG-3'; (6) 5'-CCTCGAGGAATTCAACCACCGC- ihility that shear forces generated by mixing the binding reactions
TCTTCTCAACTGCAGTCTAGACTCGAGG-3'; (7) 5-CC- did not by themselves cause disruption of the RecG-DNA
TCGAGTCTAGACTGCAGTTGAGAGCTTGCTAGGACG- interactions as measured by the band shift assay (data not
GATCCCTCGAGG-3'; (8) 5-CCTCGAGGGATCCGTCC- shown).
TAGCAAGCGCTGCTACCGGAAGCTTCTCGAGG-3.. The assays for junction dissociation by RecG were performed at
Two sets of three- and four-strand junctions were constructe87°C in 20 mM Tris—HCI (pH 7.5), 2 mM dithiothreitol, 100g/
using these oligonucleotides employing the procedure ofnl bovine serum albumin and the indicated concentrations of
Parsont al. (23) in which one of the strands in each junction RecG, ATP and MgGland used 0.3 nM of junction DNA.
was labelled at the 5'-end witly-f2P]JATP. The first set had a MgCl, and ATP optima were estimated in 20 reaction
branch point that was free to migrate within a 12 bp homowvolumes. The reactions were started by the addition of RecG
logous core, flanked by 19-20 bp heterologous arms to preveahd after 10 min the reactions were stopped by addipbd®
spontaneous dissociation (24). The four-strand junction wag00 mM Tris—HCI (pH 7.5), 2.5% (w/v) SDS, 200 mM EDTA,
designated 4J12 and was made using oligonucleotides 1-#0 mg/ml proteinase K and incubating at°@7for 10 min.
The three-strand version, 3J12, was constructed using oligiReactions to analyse the polarity of junction unwinding were
nucleotides 1, 2 and 4, with strand 2 labelled. The second set performed in an identical manner except that 50 nM RecG was
junctions also employed 50mer oligonucleotides (based onsed in 5mM MgCJ, 5 mM ATP at 37C for 30 min. The rates
junction 1 in Ducketet al.; 25) but lacked a homologous core of junction dissociation by RecG were measured by performing
so that the branch point was unable to migrate. This static fourt20pl reactions. Aliquots of 1Qul were removed at the indicated
strand junction, 4J0, was made using oligonucleotides 5—8imes after the addition of RecG and deproteinised by addition
The three-strand junction, 3J0, was made with oligonucleoef 2.5l of stop solution as described above. The percentage of
tides 5, 7 and 8, with strand 5 labelled. A set of three-stranguinction dissociation in reactions was analysed by electro-
versions of JO was also made using all four possible threghoresis through 10% polyacrylamide gels and quantification
strand combinations of oligonucleotides 5-8 as illustrated imsing a phosphorimager (21).
Figure 6, specifically to test the polarity of unwinding by All binding and dissociation assays were performed in duplicate

RecG. The oligonucleotide which provided the free 5'-end obyr triplicate and means of the data were used for graphical
each junction was radiolabelled. The concentrations of alpresentation.

DNA substrates were estimated by monitoring the specific
activity of each labelled oligonucleotide after end-labelling
and the final activity of the purified substrate. ConcentrationXESULTS

were in moles of junction substrate. Relative levels of RecG helicase activity for three- and

DNA binding and unwinding assays four-strand junction structures under different MgCl ,

Band shift assays in the absence of Mg@eére performed on and ATP concentrations

ice and quantified as described using 0.1 nM junction DNA inThe aims of this work were to test the hypothesis that the
50 mM Tris—HCI (pH 8), 5 mM EDTA, 1 mM dithiothreitol, preferredin vivo substrates of RecG are three-strand rather
100 pg/ml bovine serum albumin and 6% (v/v) glycerol (21). than four-strand junctions (Fig. 1A and B) and whether the role
Assays in the presence of MgCivere performed in an of RecG is to catalyse the branch migration of three-strand
identical manner except that EDTA was replaced by thgunctions at D-loops into four-strand junctions to allow subsequent
indicated concentrations of Mggin the reaction buffer and resolution of the two linked duplexes (Fig. 1B). To analyse the
gel running buffer. relative specificity of RecG for unwinding three- and four-
The relative rates of dissociation of RecG from junctionstrand DNA structures we employed small synthetic DNA
DNA were measured essentially as described (26). Recginctions constructed as described in Materials and Methods.
(5 nM) was preincubated on ice for 15 min with 0.05 nM 4J120ne set (4J0 and 3J0) lacked a region of homology and thus the
or 3J12 junction DNA in a total volume of 48. An aliquot of ~ branch point had a defined position at the centre of each
10 pl of the binding reaction was then loaded onto a 4% poly4unction. However, junctionsn vivo contain large tracts of
acrylamide gel in 6.7 mM Tris—HCI (pH 8), 3.3 mM sodium homology through which the branch point is free to migrate.
acetate and 2 mM EDTA running at 160 V. Non-specific com-To try and mimic this feature a second set of junctions (4J12
petitor DNA [8 pl of poly(di-dC)] was then added at 5 mg/ml and 3J12) had a 12 bp region of homology through which the
to the reaction on ice. Another 10was immediately removed branch point could spontaneously move, although this meant
and loaded onto the gel under current; this time point was takeifat the branch point was not well defined in these structures
as 0. Further 1Qul samples were taken at 2, 5, 10 and 30 minand could possibly occupy any position within the 12 bp
and electrophoresis continued for a further 60 min after thédomologous region.
final time point was taken. A parallel reaction in which the Earlier studies indicated that the concentrations of*Nand
competitor DNA was present with the junction DNA prior to ATP were important factors in determining the level of
the addition of RecG provided a measure of the efficiency ofinwinding of four-strand junctions by RecG (26,27). Therefore,
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Figure 3. Relative rates of unwinding three- and four-strand junctions by RecG
under different MgCland ATP concentrations. The rates of unwinding of 4J0
and 3J0 by 4 nM RecGA-C) and of 4J12 and 3J12 by 0.01 nM RedG-)
were measured in the presence of: (A and D) 1 mM Mdg&inM ATP; (B and E)

2 mM MgCl,, 10 mM ATP; (C and F) 5 mM MgGJ 10 mM ATP. Filled square,
four-strand junctions; open square, three-strand junctions.

[ATP] (mM)

Figure 2. MgCl, and ATP optima for RecG helicase activity on three- and

four-strand DNA junctions. The level of junction unwinding was monitored

using 4J0A), 3J0 B), 4J12 C) and 3J12 D) at the indicated concentrations ) . .

of ATP and MgC}. RecG was present at a final concentration of 1 (A and B) migrate. It should also be noted that higher RecG concentrations

or 0.01 nM (C and D). were required to unwind both 4J0 and 3J0 as compared with
junctions containing a homologous core (Fig. 2 and data not
shown). This has been attributed to the inhibitory effect of

) o larger heterologous arms on the ability of RecG to unwind
the amounts of dissociation of 4J0 and 3J0 and of 4J12 anjdinctions (26).

3J12 were measured in the presence of a range of Mg« _ _ o
ATP concentrations. For the static junctions 4J0 and 3J0 twRates of three- and four-strand junction unwinding by RecG

main points arose from the activity profiles (Fig. 2A and B). Tree sets of conditions used in Figure 2 were employed to
Firstly, the maximal RecG activity on both substrates occurredietermine the actual rates of three- and four-strand junction
at 1 mM MgCl, 2 mM ATP. At higher MgCj concentrations  ynwinding so as to obtain an accurate measure of the relative
RecG catalytic activity was substantially reduced, irrespectivgpstrate specificity of RecG. Concentrations of Mgéhd

of the ATP concentration. Secondly, RecG activity was inhibiteds TP were chosen that gave high levels of dissociation of either
whenever the MgGIATP ratio was greater than 1:1 or |ess three- or four-strand junctions as measured in Figure 2. The
than 1:4. The mobile junctions 4J12 and 3J12 gave a differenthtes of unwinding for 4J0 and 3JO were maximal at 1 mM
pattern of activities as compared with 4J0 and 3J0 (Fig. 2C and DygCl,, 2 mM ATP, with the rate of 3J0 dissociation exceeding
The levels of RecG activity with the J12 junctions were sub-+hat of 4J0 (Fig. 3A). Rates of dissociation under other conditions
stantially reduced when MgEATP was greater than 1:2. were lower for both 4J0 and 3J0 but 4J0 was unwound at a
However, the maximal levels of unwinding of 4J12 and 3J1Zlightly higher rate than 3J0 (Fig. 3B and C). Thus, under reaction
generally occurred over a wider range of and at higher MgClconditions which gave maximal unwinding of both 4J0 and
and ATP concentrations. Therefore, the levels of unwinding 08J0, 3J0 was the preferred substrate of RecG.

the J12 junctions were less sensitive to the MgEIP ratio as The same three sets of reaction conditions were used for
compared with the JO junctions as long as the ATP concentratiofy12 and 3J12. At 1 mM MgGl2 mM ATP the rate of
exceeded that of MgGl Very similar results were obtained unwinding of 3J12 exceeded that of 4J12 (Fig. 3D). However,
with other three-strand versions of JO and J12 employingvith 2 mM MgCl,, 10 mM ATP the rate of dissociation of 4J12
different combinations of oligonucleotides 5-8 and 1-4was higher than 3J12 (Fig. 3E). Thus the relative substrate
respectively, which eliminated the possibility that the threespecificities of RecG for the three- and four-strand junctions
strand results were specific for 3J0 or 3J12 (data not shownglepended critically upon the MgCand ATP concentrations.
The activity pattern obtained for J12 (Fig. 2C) was alsolndeed, reaction conditions could be obtained which gave
observed for other four-strand junctions constructed wittapproximately equal rates of dissociation of both junctions
50mer oligonucleotides but containing 11 and 3 bp regions offFig. 3F).

homology (data not shown). This indicated that the relative The data in Figure 3 also support the observations in
activities obtained under different conditions with 4312 wereFigure 2, since the rates of dissociation of the J12 junctions
applicable to other junctions which possessed regions ofere higher than those for the JO junctions over a broader
homology through which the junction crossover point couldrange of MgCJ} and ATP concentrations.



Effect of MgCl, upon the binding affinities of RecG for
three- and four-strand junctions

The levels of free Mg ions within anE.coli cell are estimated to

be only 1-2 mM, despite a total intracellular Mgoncentration

of ~100 mM (28,29). This discrepancy arises because the
majority of Mg?* within the cell is bound to polyanions such as
nucleic acids. Therefore, DNAn vivo is likely to be com-
plexed with Mg*. However, a previous study demonstrated
that thein vitro unwinding of four-strand junction DNA by
RecG was inhibited by M ions (26). This inhibition was
attributed to Mg* ions promoting folding of the 4J12 junction
DNA used in the assays from an open, square planar confor-
mation into a stacked conformation. This suggested that the
switching of substrate specificities of RecG for the three- and
four-strand junctions observed in Figure 3 may have been due
to the differential effects of M& on such structures. This was
investigated using band shift assays to monitor binding of the
J12 and JO junctions in the presence of2Mn the absence of
MgCl,, RecG bound 4J12 with a higher affinity than 3J12
(Fig 4A and Table 1). Increasing levels of MgQlL-5 mM)
raised the relative dissociation constants of RecG for both
junctions (Fig. 4B—D and Table 1). However, this increase was
much less marked for 3J12 than for 4J12 and resulted in the
affinity of RecG for 3J12 being higher than for 4J12 in the
presence of MgGl

Table 1. Relative dissociation constants of RecG binding to three-
and four-strand junctions
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Figure 4. Effect of MgCl, on three- and four-strand junction binding by RecG.
Levels of RecG binding to 4J12 and 3J12-D) and to 4J0 and 3JEFH)

were monitored using band shift assays. Binding reactions and electrophoresis
were performed in the presence of EDTA or Mg&$ indicated. Filled square,

four-strand junctions; open square, three-strand junctions.

[MgCl,] (mM) Relative dissociation constant (nM)
4J12 3J12 430 3J0
0.8 6.4 0.2 20
0.5 ND? ND 13 50
>100 20 50 100
2 >100 50 >100 >100
5 >100 >100 ND ND

Values were determined from the band shift data presented in Figure 4.

BHS53

aND, not determined.

of the J12 junctions actually reversed the relative substrate
binding specificity of RecG. This differential effect of Mg

may therefore explain, at least in part, the different rates of
three- and four-strand junction unwinding measured under

The pattern of relative affinities of RecG for 4J0 and 3J0 wawvarious MgC} and ATP concentrations (Fig. 3). These data
similar to that obtained for the J12 junctions. In the absence adlso suggest that binding of junction DNA may be a rate-
MgCl,, RecG had a lower relative dissociation constant for 4J0 thalimiting step of branch migration catalysed by RecG.

for 3J0 (Fig. 4E and Table 1). The presence of Mg@b—2 mM)

also increased the relative dissociation constants of RecG fételative rates of dissociation of RecG from 4J12 and 3J12
both 4J0 and 3J0, but in contrast to the J12 junctions this diMg2* has been shown to increase the dissociation rate of RecG
not lead to a higher binding affinity of RecG for 3J0 comparedfrom 4J12 (26). Therefore, it was possible that the switch in
with 4J0 (Fig. 4F-H and Table 1). However, the relative dissobinding specificity of RecG from 4J12 to 3J12 in the presence
ciation constant for 3J0 was 100-fold higher than for 4J0 in thef MgCl, could have been due to a preferential increase in the

absence of MgGlbut only 2-fold higher in 1 mM MgGCl
(Table 1). Thus the inhibitory effect of Mg&Was greater for

dissocation rate of RecG from 4J12 as opposed to 3J12. An
estimate of the relative levels of dissociation of RecG from

4J0 than for 3J0, which reflected the pattern seen with the J12J12 and 3J12 was obtained by preincubating RecG with

junctions.

labelled junction DNA and then adding non-specific competitor

Thus MgC}, preferentially reduced the affinity of RecG for DNA to act as a sink for any RecG that dissociated from the
four-strand as opposed to three-strand junctions and in the cagmction DNA prior to electrophoresis. In the absence of
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- - - - Figure 6. Polarity of unwinding of three-strand junctions by RecG. Unwinding
- assay gel of 4J0 (lanes 1 and 2) and all four possible three-strand versions of
- e - e - JO (lanes 3-10). The five junctions, using oligonucleotides 5-8 as described
in Materials and Methods, were constructed so that the free 5'-end of each
three-strand junction was radiolabelled as indicated with an asterisk. The
positions of intact four- and three-strand junctions are marked, as are the
100 flayed duplex and single-stranded oligonucleotide products. The polarity of RecG

E action was deduced from the production of labelled flayed duplex or single-
stranded oligonucleotide which indicated unwinding of the oligonucleotide arm
with a free 3'-end or a free 5'-end, respectively.

60 @ (A) 4712 EDTA
o (B) 3J12 EDTA
A (C) 4712 MgCl,

& (D) 3112 MgCl,

40

o DNA bound

20 than from 3J12 and may have explained the lower relative
dissociation constants of RecG with four-strand junctions as
0 j y ! compared with three-strand junctions (TaHle 1). However, the
0 o 20 30 presence of MgGlcaused an increase in the rate of RecG
Time after addition of . .o . .

competitor DNA (minutes) dissociation from 4J12 to approximately the level seen with
3J12. This may be one reason why the substrate binding

affinity of RecG shifted from four-strand to three-strand

junctions in the presence of MggFig. 4 and Tabl§]1).

Figure 5. Relative rates of dissociation of RecG from 4J12 and 3J12 junction . - . .
DNA. The rates at which RecG dissociated from 4J26dC) and from 3J12  Polarity of unwinding of three-strand junctions by RecG

DNA (B andD) were estimated from band shift gels as described in Material . R L
and Methods. RecG was preincubated with 4J12 or 3J12 and a sample was th F'e relative substrate specificities analysed above indicate that

electrophoresed into a gel containing EDTA (No competitor). Poly(dl-dC) wadR€CG  preferentially targets three-strand junctions under
then added to act as a sink for any RecG which dissociated from the junctiogertain conditions. A three-strand junction has polarity since

DNA and samples were run into the gel immediately after (0 min) and 2, 5, 1Q)ne S|ng|e_stranded arm has a 5'-end whereas the other S|ng|e_

and 30 min after competitor addition. A control reaction in which RecG was . ; :
added to a mixture of both the labelled junction DNA and the competitor DNAStranded arm ends 3'. The model proposed in Figure 1A

(No preincubation) was also performed to ensure that the competitor inhibite@redicts that RecG preferentially unwinds the arm that has a
any dissociated RecG from rebinding to labelled junction DNA. Binding reactionfree 5'-end, thus driving the crossover point towards the D-loop.
fr?; ?g]:r? IE\/De-:—sA o(fA b%nddinB)igr(i)T('\Ig)'\g%gli(r? : Qgc?n'fs)e?g? Pégﬁ?ct,',?: 6 In contrast, Figure 1B suggests that RecG preferentially unwinds
g : the arm that has a free 3'-end, thus moving the crossover away
from the D-loop towards the region of duplex:duplex DNA
pairing. To investigate whether either of these predictions is
accurate, and by inference which model of RecG catalysis is
MgCl, RecG—-4J12 complexes were stable, with only a smaltorrect, all four possible three-strand versions of JO were con-
proportion of free DNA appearing over the time coursestructed and the free 5'-end of each junction was radiolabelled
(Fig. 5A and E). However, the presence of 2 mM MgCl (Fig. 6). If RecG unwound three-strand junctions as predicted
destabilised the RecG-4J12 complexes, which supported &y Figure 1A then each of the three-strand versions of JO in
increase in the dissociation rate of RecG from 4J12 in th&igure 6 would be preferentially unwound to give labelled
presence of Mg (Fig. 5C and E; 26). In contrast, the stability single-stranded oligonucleotides. If the second model is cor-
of RecG-3J12 complexes was low whether Mg@s present rect (Fig. 1B) then each three-strand version of JO would be
or not and were equivalent to the result obtained with 4J12 imnwound to give labelled flayed duplexes. The use of JO rather
MgCl, (Fig. 5B, D and E). This indicated that in the absence othan 4J12 excluded the possibility that any observed polarity
MgCl, the rate of dissociation of RecG from 4J12 was lowemwould be due to the crossover point being preferentially
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located towards one end of the junction. Two of the threeand it is possible that the conditions which favour unwinding
strand junctions were unwound to give primarily labelledof three-strand junctions by RecG may also enhance the disso-
flayed duplexes (Fig. 6, lanes 4 and 8) whereas the other twdation of R-loops.

three-strand junctions were unwound with the reverse polarity What relevance do these data have to the identification of the
to give mainly labelled single-stranded oligonucleotidesarget(s) of RecGn vivo? The importance of MgGland ATP
(Fig. 6, lanes 6 and 10). RecG also failed to display a preferenegncentrations in determining the substrate targeting of RecG
for unwinding either the free 3'- or 5-end of three-strandindicate that then vivo levels of these factors are crucial to
junctions containing 2, 4 and 12 bp homologous cores and thignderstanding the specificity of RecG. The concentration of
lack of polarity was unaffected by the concentrations of MgCI ATP in E.coliandSalmonella typhimuriurhas been estimated
and ATP (data not shown). There was also no correlatiofg pe ~3 mM (31,32). However, ATP concentrationgrcoli
between the G+C content of the duplex arms of each junctioparies according to growth conditions and has also been
and the direction of unwinding (data not shown). Thus RecGeported to transiently increase 2- to 3-fold after DNA damage
did not preferentially unwind the free 3'- or 5'-ends of threey; inhibition of DNA synthesis (33-35). Therefore, intra-

strand junctionsn vitro. cellular ATP concentration may lie somewhere between 1.5
and 9 mM depending on the state of the cell. In contrast, the
DISCUSSION total concentration of MY in E.coli is estimated to be

o i _.~100 mM (29). However, most of this is bound to polyanions
The models presented in Figure 1 predict that RecG specificalljithin the cell such as nucleic acids and the concentration of
targets three-strand junctions and, in the second modghg2+in solution, and not associated with polyanions, has been
(Fig. 1B), that RecG catalyses the unwinding of a three-strangstjmated to be only 1-2 mM (28). It is also unclear whether
junction at a D-loop to generate a four-strand structure. Thesgis estimate of free Mg includes that bound to nucleotides
predictions have been tested by comparing the rates of unwinding, ., as ATP or whether the concentration of free?Maries

of, and binding affinities for, model three- and four-strandccqrging to the state of the cell. Thus, theivo concentrations
junctions by Rec@n vitro. We have shown that the relative j¢ A1p and M@+ are not sufficiently well characterised to

rates of unwinding _depend critically on the cpncentrations 0 nequivocally determine the substrate specificity of RecG
MgCl, and ATP. This dependence can be attributed, atleast iy \iyq ysing the data presented here. However, the measured
part, to the differential effects of Mggbn the relative dissociation in vivo ranges of ATP and free Mgsuggest it is p,ossible that

;:uonnciitsrrwlt?)ir?;irl?gec((éigfgr 4tk:irr?g-5a2n%or_lr_1§aredl)wllt_rr1]efo(lzj(;ﬁltor;r;( tracellular conditions may favour the unwinding of three- as
nature of this effect is most likely due tothe .requirement ofopposed to four-strand junctions by RecG. The variation in the

. ; .~ levels of ATP seen under different growth conditions and during
Mg?* for ATP hydrolysis by RecG whilst at the same time it . AR o
T . . the SOS response also raises the intriguing possibility that the
!nﬂ.'tt)’.'t.s blr}dlljnNg AOL.RS.CG to ;our-str:;nd Jtl)J_?C'[IO?S'\Ag.&ZG). The bstrate spl?ecificity of RecG could a?ter ?nprespons):a to the
inhibition o inding is due to the ability o to pro- ; . -
mte e oldng of a our-irand ncton Tom ancpen, squar 7T, AT ety Rech, catahet et
planar comformation, which is bound with high affinity by y 9 prop

RecG, to a stacked structure, which is bound less well (26,30 {]eviouslybandl thedagtionhof RecI_BCI;) enzyme ha$ aIsc; %een
Therefore, the optimal level of Mgfor the unwinding of four- own to be altered by changes In the concentration of these

strand junctions by RecG is a delicate balance between thelFtorsinvitro (36,37). _
opposing effects. Th_e models presented in Fl_gu_re 1 also predict tha_lt Re_cG has
In contrast to the extensive studies conducted on the structure ®f distinct polarity of unwinding three-strand junctions,
four-strand junctions, nothing is known about the conformationé/though this polarity is different for the two models. However,
adopted by three-strand junctions and what the effect Mg there was no pref(_erentlal unwinding of either the free 3'- or 5"
might be on these structures. However, the observation that t#§&d of junctions (Fig. 6) and so the two models of RecG catalysis
optimal MgCl, and ATP concentrations for unwinding of could not be distinguished by these data alone. Other factors
three-strand junctions by RecG differed from those for four/nay dictate the polarity of RecG action at such junctiams
strand junctions indicates that Michas different effects on the Vivo. Previous studies have demonstrated that the presence of
structures adopted by three- and four-strand junctions. THBECA in anin vitro strand exchange reaction has a marked
finding that MgC}, preferentially increased the relative dissociationeffect upon the direction of branch migration catalysed by
constants of RecG for four- as opposed to three-stranBecG (16,18). Therefore, it is possible that the polarity of
junctions supports this conclusion (Figs 4 and 5) and indicate8ecG action at D-loops may be determined by RecA bound to
that the structures adopted by three-strand junctions in thée D-loop rather than the asymmetry of the three-strand junction.
presence of Mg were less inhibitory to binding by RecG than It should also be noted that the lack of RecG specificity for free
the stacked-X conformations observed for four-strandd'- or 5-endsn vitro is consistent with RecG acting at D-loops
junctions. Previous studies have indicated that a flayed dupleformed by invading single-stranded DNA 5'-ends as well as
is the critical feature of junctions recognised by RecG (21,26)those formed by 3'-ends (38). It has been postulated that RecG
Mg?2* may reduce the accessibility of this feature in four-strandnay actually act at both putative types of D-loop by countering
junctions to a greater extent than in three-strand junctions. RecA-mediated strand exchange and that this may have opposite
The binding and unwinding data obtained in this study mayeffects upon the promotion of recombination from D-loops,
also be relevant to the ability of RecG to unwind R-loopsleading to the formation of four-strand junctions from 3'-end
formed by the invasion of duplex DNA by a homologous RNAinvasion events but the abortion of 5-end invasion events
(19,20). R-loops share many of the features present in D-loog$,16).
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The data presented in this study indicate that RecG may b#0.

preferentially targeted to three-strand junctions. Howeverll: . ( _
12. Foster,P.L., Trimarchi,J.M. and Maurer,R.A. (198&netics142

only small changes in ATP and Muylevels are required to
alter the relative specificity of RecG for three- as opposed to, 3

of RecG to branch migrate three-strand into four-strand

junctions, since to do so RecG must be able to act as a helicasé

upon both structures. Data presented here indicate that t
dissociation constant of RecG for a junction increases upog,

strand structure in the presence of ¥1grhis would facilitate
the targeting of such junctions by the RuvABC complex,
leading to their resolution and separation of the two duplexes?
which supports the model presented in Figure 1B. We ar
currently developingin vitro DNA substrates that may

accurately reproduce a strand invasion event so as to dissext.
23.

such post-synaptic catalytic processes.
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