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ABSTRACT

Genetic evidence suggests that the  Bacillus subtilis
recF gene product is involved in DNA repair and
recombination. The RecF protein was overproduced
and purified. NH »-terminal protein sequence analysis
of RecF was consistent with the deduced amino acid
sequence of the recF gene. The RecF protein (pre-
dicted molecular mass 42.3 kDa) bound single- and
double-stranded DNA in a filter binding and in a gel
retarding assay. The RecF—ssDNA or —dsDNA complex
formation proceeds in the absence of nucleotide
cofactors. RecF—ssDNA interaction is markedly stimu-
lated by divalent cations. The apparent equilibrium
constants of the RecF—DNA complexes are  [1110-130
nM for both ssDNA and dsDNA. The binding reaction
shows no cooperativity. The RecF protein does not
physically interact with the RecR protein. Under our
experimental conditions an ATPase activity was not
associated with the purified RecF protein or with the
RecF and RecR proteins.

INTRODUCTION

(6) nor double-stranded DNA (dsDNAJ)( The RecR protein,
however, binds both ssDNA and dsDN&-{0). In the presence

of ATP and divalent cations (M§and Zr#*), the affinity of the
RecR protein for ssDNA is3-fold lower than for dsDNASJ,10).

A RecR homomultimer is frequently located at the intersection of
two duplex DNA strands in an interwound DNA molecule
generating DNA loops of variable leng®).(

The EcaRecO protein, which binds ssDNA and dsDNA,
renatures homologous ssDNA, and forms D-lo6ykl). Direct
interactions betweeftcdRecO andEcdRecR, EcaRecF and
EcoSSB have been demonstrated biochemically and immuno-
logically (6,12). TheEcaRecO-EcaRecR complex promotes the
binding of EcdRecA to ssDNA and facilitates homologous
pairing by EcaRecA ©,11). At present, a.subtilisrecL gene
(phenotypic counterpart &corecQ has not been identified.

TheEcdrecF protein, which shows only a 26% identity to the
RecF protein, is unable to complemeBt subtilisstrain bearing
arecFnull allele (data not shown). TEeEdRecF protein exhibits
a weak ATPase activity and possesses ATP-independent sSDNA
binding and ATP-dependent dsDNA binding activities 8,14).

The addition ofEcdRecF to an assay fétcadrecA-promoted
DNA strand exchange blocks the reactibf) (To investigate the
biochemical properties of the RecF protein we have overpro-
duced and highly purified the protein. We show that the RecF

In Bacillus subtilis postreplication repair and transformationalprotein binds to ssDNA or dsDNA with a similar apparent
recombination occur primarily by activities classified within thedissociation constanKgpp, in the order of 110-130 nM, in the

a epistatic group (counterpartBécherichia colRecF pathway), absence of any nucleotide cofactor. The reaction did not show
whereas conjugational recombination in wild-typeoli occurs  cooperativity.

mainly through the RecBCD pathway (counterpaiB sbtilis
functions classified within th@ epistatic group)1-5). Genetic  MATERIALS AND METHODS
analysis in botlE.coli andB.subtilisshows that recombination ) . )
via these functions comprised within the RecFaogroup is ~Bacterial strains and plasmids

dependent, at least, on the RecA, RecF, RecR, RecL (genglig nerichia colistrains BL21(DE3)(5) and JM109 16) were
counterpart ok.coli RecO protein) and single-stranded DNA- ;e Bacillus subtilisstrain YB886 and its isogenic derivatives
bmdmg_(SSB) proteinsl{b). Furthermore, in botlk.coli an_d BG129 fecF15) (17) and BG376EcF36R) were used. Phage
B.subtilis therecF, recRandrecQ(recl) strains have a similar 113 mp18 (6) and plasmids pUC18.6), pBT95 (L7), pHP13

phenotype and share indirect suppressors, therefore, it Wa%) and pLvsS have been previously described. Plasmid
assumed that the RecF, RecR and RecO(RecL) functions act %%72 wgs )éonsﬁ)mted as foIIovF\?s: the Z.githIII—SaI 'DN A

similar stage 1-5). . ;

The biochemical activities of the coli andB.subtilisproducts E%%@g ?rgt;?'mda;n[\gatlf_\ic;gg r;(;;rtlngm plasmid pBT9S was
classified within thex epistatic group or required for the RecF
pathway are currently being characterized. Unless otherwi
stated, the indicated genes and products aBesobtilisorigin.
TheE.coli RecR proteinEcdrecR), which shows 44% identity The EcoRecA protein was from Gibco-BRL and tEedSSB
to the RecR protein, binds neither single-stranded DNA (ssDNAJrotein was from Pharmacia. The protease inhibitor PMSF was

?:Ehzymes and reagents
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from Boehringer Mannheim, and BIGCHAR,-bis-3D-gluco-  gradient from 75 to 250 mM NaCl, 7 M urea. The fractions
namidopropyl-cholamide) and IPTG (isopropylthiogalactosidegorresponding to the radioactive material, which coincides with
were from Calbiochem. S-Sepharose and Protein A—Sephardbke pure RecF protein, were pooled (Biglane 6). The pooled
were from Pharmacia. fractions were concentrated in a second SP-Sepharose as

The rNTPs, dNTP and AT#5] were purchased from Boehringer described above (Fid, lane 7). The refolding conditions were
Mannheim. The nucleotides were dissolved as concentrated statiosen to minimize formation of aggregates. Urea was slowly
solutions at pH 7.0 and their concentration was determineggmoved by dialysing against equal volumes of buffer D [50 mM
spectrophotometrically. Tris—HCI pH 7.0, 1.5 M potassium glutamate (KGlu), 4%

[32P]dNTPs, $2P]NTPs and3°S]methionine were from Am- BIGCHAP, 5% glycerol]. Samples were stored at>@QFig. 1,
ersham Corp. Ultrapure acrylamide was from Serva. The lolane 8). The RecF protein concentration was determined by using
molecular weight (LMW) protein marker was obtained fromthe molar extinction coefficient of 29 300#¢nt1at 280 nm and
Gibco-BRL. is expressed as mol of protein protomers.

Rabbit polyclonal antibodies against RecF and RecR proteins

. ] were obtained by the use of conventional technidl@s (
DNA manipulations

Covalently closed circular plasmid DNA was purified by usingFilter binding assay
the sodium dodecyl sulphate (SDS) lysis meti@)l End-label-
ing of ssDNA and dsDNA was performed as described byhe formation of RecF—DNA complexes was measured by using
Sambrooket al (19). Oligonucleotides were synthesized on aralkali-treated filters (Millipore, type HAWP 0.4fm) as de-
Applied Biosystem 380B DNA synthesizer and purified througtscribed by Alonset al. (8). The standard reaction (28 was
non-denaturing polyacrylamide gel electrophoresis (ndPAGE) bsarried out in a solution of 4 ng #P-labeled 60 nt sSDNA (480
standard procedures. nM) or 8 ng of2P-end-labeled pUC18 dsDNA (480 nM) and the
The concentration of DNA was determined using molamndicated amount of the RecF protein in buffer E (50 mM
extinction coefficients of 8780 and 6500 MnT1at 260 nm for  Tris-HCI pH 7.0, 200 mM KGlu, 4 mM ZnSQ 0.16%
ssDNA and dsDNA, and the amount of DNA is expressed as mBIGCHAP) and incubated for 15 min at “37. The binding
of nucleotides (ssDNA) or base pairs (dsDNA). reactions were performed in buffer E, unless stated otherwise.
Synthetic oligonucleotides with a 50% (50 nt) or a 33% (60 nt) of Ice-cold buffer E (1 ml) was added to the reaction mixture to
dC + dG content in their ssDNA were synthesized. A 50 rdtop it. The reaction was then filtered trough KOH-treated filters.
(5-AGAGGATCCCCGGGTACCGAGCTCGAATTCCATTAG-  Filters were dried and the amount of radioactivity bound to the
TACCAGTATCGACA-3) and a 60 nt (SCTCCTATTATGCTC- filter was determined by scintillation counting. The DNA retained
AACTTAAATGACCTACTCTATAAAGCTATAGTACTGCTA- on the filter was corrected for the retention of radiolabeled DNA
TCTAATC-3') long oligonucleotides were used. in the absence of RecF protein. The specific activity of the labeled
The ssDNA was'5end-labeled witly-32P and the dsDNAwas DNA was measured as TCA precipitable material. All reactions
3-end-labeled wittn-32P as described by Sambroetkal (19).  were performed in duplicate.
Quantitative equilibrium binding measurements were also
) ) . performed by using the filter binding assay. Protein RecF—DNA
Protein manipulations complexes were formed at increasing concentrations of protein
_ i ) ) RecF to establish the protein—-DNA equilibrium. The apparent
The RecR protein was purified as previously descriBpdRecF  gqyilibrium binding constant was determined by the method of
was purified as follows: a culture (3 )BEoli BL21(DE3) strain  Riggs et al. (20). Dissociation measurement was initiated by
containing pBT9S and plysS was grown in L medium andyqgition of a 50-fold molar excess of the unlabeled DNA.

induced as described by Alonso and Stieigg. (The cells were  ajiquots were taken at the indicated times, chilled on ice and
harvested by centrifugation &t@ and mixed with a similar cell \,easured as indicated above.

lysate containing RecF protein labeled witPS]methionine as

previously describedL{). The cell paste (10 g wet weight) was

resuspended in 50 ml buffer A (50 mM Tris—HCI pH 7.0, 0.5 mM=lectrophoretic mobility shift assay (EMSA)

EDTA, 0.2 mM PMSF, 5% glycerol) containing 500 mM NacCl.

The cells were lysed by sonication (235 s pulses of 100 W EMSAs were performed as previously describ&dd), except
using an M.S.E. sonicator). The overexpressed RecF protein what a low ionic strength buffer (7 mM Tris—HCI pH 7.9, 3 mM
readily sedimented by low speed centrifugation (Eidanes 3 sodium acetate, 0.3 mM EDTA) was uséd)( The standard
and 4). The pellet was washed in buffer A and resuspendedrigaction (25ul) was carried out in a solution of 4 ng of a
buffer B (50 mM NaHPQy/NaH,PO, pH 7.0, 0.5 mM EDTA, 32P-labeled 50 nt ssDNA (480 nM) or 8 ng38P-end-labeled
0.2 mM PMSF, 10% glycerol) containing 50 mM NaCl and 2 M50 bpEcaRI-HindIll pUC18 dsDNA (480 nM) and increasing
deionized urea. The pellet was collected and resuspended in 50amhcentrations of RecF protein in buffer F (50 mM Tris—HCI pH
of buffer B containing 50 mM NaCl and 7 M urea. DilutegPidy, 7.0, 4 mM MgC$, 4 mM ZnSQ, 0.16% BIGCHAP) containing
was addedb the supernatant to bring the solution to pH 5.0. Th&0 mM NaCl, and incubated for 15 min at&7 Samples were
supernatant (Figl, lane 5) was loaded onto an SP—Sepharogeansferred to ice and|8 of a solution containing 30% glycerol,
column equilibrated with buffer C (50 mM pPOy/NaHPO,  0.25% bromophenol blue and 0.25% xylene cyanol were added.
pH 5.0, 0.5 mM EDTA, 0.2 mM PMSF, 10% glycerol) containingThe protein—-DNA complexes formed were resolved on an 8%
50 mM NaCl and 7 M urea. The column was washed with buffexdPAGE (80:1 acrylamide/bis), ran at 3 mA &C4and dried

C containing 75 mM NaCl and 7 M urea and eluted by a stggrior to autoradiography.
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labeled RecF protein (42 kDa). A major fraction of the

e = ;4_- 5.6 7 & e overproduced 42 kDa polypetide (predicted molecular mass
=8 == - 94 42 304) was insoluble. The RecF aggregates could, however, be
i = § = - &7 dissolved in the presence of 7 M urea (Eigne 5). This property
s — 2 was exploited in our purification scheme to release unwanted
s =] _ 30 proteins. Figurel shows the progressive purification of the
: = 42 kDa RecF polypeptide. After the last purification step, the
— 20 (42 kDa) RecF polypeptide is >98% pure, as judged by SDS-
t B4 PAGE (Fig.1, lane 8).
H g | T = 14 Two putative initiator codons were predicted for the RecF
: 'y protein. The initiator codon could be either a UUG or an internal

AUG codon, 40 codons downstream of the UUL énd
Figure 1. SDS—polyacrylamide gel electrophoresis of RecF protein purification. references therein). The_ N-terminus of the P“”f'Ed protein was
Coomassie blue-stained 12.5% SDS—PAGE. Lane 1, cell lysate (non-induce§€guenced by automatic Edman degradation. The N-terminal
cells); lane 2, cell lysate (induced cells); lanes 3 and 4, supernatant and pellsequence of the first 15 residues of the purified 42 kDa
of the lysis, respectively; lane 5, supernatant of 7 M urea; lane 6, elution f“?"polypeptide was determined to be MYIQNLELTSYRNYD. The
SP-Sepharose at 125 mM NaCl in buffer C containing 7 M urea; lane 7, elution\|_tarminal amino acid sequence was identical to the sequence
from the concentrating SP-Sepharose column; lane 8, renatured RecF protein. . . .
The molecular mass standards (in kDa) are indicated. predicted from the nucleotide sequence oféle& gene starting
with the UUG codon and confirmed that the 42 kDa purified
protein was encoded by thecF gene (7).

We have verified that thecFgene used for overexpressing the
RecF protein, from plasmid pBT95, encodes for a wild-type
The protein—protein interactions were assayed by affinity chrom@roduct by subcloning the DNA segment containing rde
tography. The RecF, RecR or BSA proteins\B were covalently ~gene into &B.subtilis replicon (generating plasmid pCB72) and
cross-linked to the Affi-Gel-10 (1 ml) resin as recommended by theonfirming that pCB72-borneecF gene product fully restored
manufacturer (BioRad). The RedR;cRecA orEccSSB protein  the phenotypes of threcFL5 strain (data not shown).

(1 pM) was loaded onto an affinity column that has been

equilibrated with binding buffer F containing 50 mM NaCl. Bound
fractions were eluted with 5 vol of binding buffer containing 1 M
NaCl and 5 vol of the same buffer containing 1% SDS. Fractionfe apility of RecF protein to act as an ATP-dependent or
of 100l were collected and analyzed by SDS—-PAGE. ATP-independent nuclease (dsDNA or ssDNAexo- and/or endo-

Antibodies against RecF were coupled to a Protein A-Sepharqsgclease), DNA helicase, and to bind to dSDNA or ssSDNA were
column as recommended by the supplier (Pharmacia). REbH (1 assayed (see below). Binding to ssSDNA and dsDNA were the
and RecR (LM) proteins were incubated together or separategn|y activities observed. The ability of RecF protein to bind to
at 30°C for 15 min in binding buffer (50 mM Tris—HCI pH 7.5, pNA was assayed by filter binding. The RecF protein (180 nM)
2 mM MgCh, 1 mM ZnSQ, 2 mM ATP) containing 100 mM s able to bind a line@?P-labeled sSDNA (60 nt) (480 nM) (dG
NaCl and then loaded onto the AntiRecF—Protein A-Sepharoseqc content 33%) or linearizeédP-labeled dsDNA (pUC18,
column (50ul column) equilibrated with the same buffer. The 2686 bp) (480 nM) (dG + dC content 50%) to nitrocellulose
Containing 100 mM NaCI, 1 M NaCland 6 M urea. Fractions Wergnhanced by the presence of 2 mM ATP (Tab]eThe same

Protein affinity chromatography

Characterization of RecF activities

analyzed by SDS-PAGE. results were observed when a 50 nt (dG + dC content 50%)
ssDNA or a 166 bp (dG + dC content 32%) dsDNA was used in
Other methods the binding reaction in the presence of the RecF protein (data not

shown). Since no homology (>3 nt) was detected between the

The N-terminal amino acid sequence of the RecF protein Welferent substrates and the RecF protein binds to these substrates

determined by Helga Gaenze (Max-Planck-Insfitut fir molekular&,ith a similar efficiency, it is likely that the RecF protein forms

Genetik, Berlin, Germany) with an automated Edman degradati%complex with DNA in a sequence-independent manner
in a pulsed-liquid phase sequencer (model 476, Applied Biosys- As shown in Tablé, the binding of RecF protein (180 nM) to

tems). . __the 60 nt sSSDNA or 2686 bp dsDNA is independent of nucleotide
Ay-gr]ge’?;ﬁ)?;i) activity of RecF was measured as described ¥factors. When 1-2 mM GTP was added to the reaction mixture,
T\ RecF—ssDNA complex formation was about half as efficient as
in the absence of the nucleotide cofactor (Tapl&urthermore,
RESULTS the addition of 1-2 mM UTP or A8 has an inhibitory effect
P . in both RecF—ssDNA and RecF—dsDNA complex formation.
Purification of Reck protein The binding of the RecF protein to sSDNA (480 nM), and to a
The pBT95-encoded RecF proteity was specifically labeled lesser extent to dsDNA (480 nM), is enhanced by the addition of
with [3%S]methionine with the help of aim vivo expression Mg2* and Z@*. When the RecF protein is present in limiting
system {5). The RecF polypeptide, under the expressiommounts (110 nM), the rate of RecF—ssDNA complex formation
conditions described in Materials and Methods, accouni®¥6r is increased by the addition of Kfgup to 4 mM and Z# up to
of total protein mass (Fid., lanes 1 and 2). The purification of 8 mM. The same values are obtained for the RecF—dsDNA
the RecF polypeptide was monitored by following radioactivelycomplex (Tablel).
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Table 1.Reaction requirements for RecF—DNA binding activity 100 . .
Experimental condition % DNA retained on filter . sl g oo J
ssDNA dsDNA et o8 °
b ¢
a Complete 100 100 & ol ° ]
o .
— RecF 3.4 2.6 £ !
+2 mM ATP 73 70 i’ 40 - ° 1
+2 mM dATP 84 96 & o
ES 20 | . 1
+2mM GTP 58 89 Le
+2mM dGTP 82 85 o . 0% )
+2mM UTP 62 63 -8.5 7.5 -6.5 5.5
fog [RecF] in M
+2mMdTTP 107 99
+2mM CTP 108 94
Figure 2.Binding of DNA to membrane filters in the presence of RecF protein.
+2mM dCTP 88 95 Four ng oB2P 60 nt (480 nM) ssDNA (closed circles) or 8 ng%t 2686 bp
+2 mM ATR/S 45 55 pUC18 (480 nM) DNA (open circles) in buffer E, was brought t6G7
N Increasing amounts of RecF protein were added (final volunpd) 251d the
b -z 100 100 incubation was continued for 15 min. The incubation mixture was diluted with

1 ml of ice-cold buffer E and filtered in a filter holder. The DNA retained on

+ 1 mM Zre* 192 115 filter was corrected for the retention 8#P]ssDNA and $2P]JdsDNA in the
+4 mM Zre* 200 155 absence of RecF protein (2—-3% of total input).

— Mg2* 100 100

+1mM Mg?* 132 105 . ‘ ,

+4 mM Mg+ 182 126 /

The binding reactions were performed at@7¥or 15 min in a 25 volume with

4 ng of32P-labeled 60 nt (480 nM) ssDNA or 8 ng BP-labeled 2686 bp
dsDNA (480 nM), and a given concentration of RecF protein: 180a)ind

110 nM () in buffer F, with the omission or additions indicated. The DNA re-
tained on filter and the quantitation of binding products were as described in Fig-
ure 2. Under the conditions used in the complete reactian3®gof the SSDNA

[RecF]/[DNA bound]
N

and 70t 4% of the dsDNA [in (a)] and 402% of the ssDNA and 452% of O E
the dsDNA [in (b)] were converted to protein—~DNA complexes, and this amount ol
of binding is indicated as 100%. /
o . .
0 10 20 30
DNA-binding activity of the RecF protein T/IDNA] in M

The rate of ReCF_SSDNA an-d RecF—dsDNA complex formati-on igure 3. Determination of the relative affinity of RecF for ss- or dsDNA.
was determined as a fl_JnCtlpn of R.eCF protein Concen.tratloéinding reactions containing 120 ng of RecF (112 nM) and increasing
(Fig. 2). TheKgpp which in this case is equal to half-maximal concentrations 2P 60 nt ssSDNA (closed circles)¥P 2686 bp pUC18 DNA
protein concentration, is 110 and 120 nM at pH 7.0 an@ 3ar (open circles) in buffer E, was brought to°87(final volume 25ul) and
ssDNA and dsDNA, respectively. At the protein concentrationincubated for 15 min. The filtration and quantification of the binding products
midpoint about one RecF protomer bind§2e3 nt of sSSDNA or ~ Was as described in Figure 2.
2 bp of dsDNA in a non-cooperative manner.
To determine the affinity of RecF protein for ssDNA and
dsDN_Afur‘[her, binding reaptions were performed in t_he presenaganility of the RecF—DNA complex
of various DNA concentrations while the RecF protein level was
kept constant (112 nM). As revealed in Fig8r¢he data were The stability of the RecF—DNA complex over time was
plotted as the total amount of RecF divided by the concentratiaetermined. The RecF protein (110 nM) was incubated with a
of bound substrate versus the inverse of the total substrasbeled 60 nt oligonucleotide (480 nM) or a 2686 bp pUC18 DNA
concentrationX3). From the analysis of this data we confirm thatfragment (480 nM) until equilibrium was reached (15 min). A
the reaction did not show cooperativity (F3). 50-fold excess of specific non-labeled DNA was then added and
The slope of the line equals tkg constant for RecF binding samples analyzed at different times. As revealed in Figure
to the DNA substrate, provided that each RecF monomer has dRecF—dsDNA complexes were stable, at least during the first
functional DNA binding site 13). The Kq for RecF protein 60 min. The decay rate of the RecF protein with sSDNA was
binding to the 60 nt ssDNA and 2686 bp dsDNA substrate, whidiphasic. Two types of complexes were observed. In our standard
were calculated from the slope of the line, were 108 and 128 nk&action conditions at 3T, the half-life of 30% of the
respectively. These values are very similar to those obtained BgcF—ssDNA complexes was:82 min, whereas the remaining
measuring th&app (see above). 70% of the RecF—ssDNA complexes were stable, at least during
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' ' , in either Tris—borate (90 mM Tris—borate pH 8.0, 1 mM EDTA),
100 40 o o 1 Tris—glycine (50 mM Tris base, 190 mM glycine pH 8.0, 1 mM
: ‘ ° EDTA) or even at half of the strength (8)®f both buffers (data
gor 1 not shown). RecF—DNA complexes, however, could be detected
LI . when a low ionic strength buffer (7 mM Tris—HCI pH 7.9, 3 mM
60 1 sodium acetate, 0.3 mM EDTA) was used.
As revealed in Figur&A and B, when the 50 nt ssDNA
s 1 (480 nM) or the 50 bp dsDNA substrate (480 nM) were incubated
with various amounts of RecF protein prior to electrophoresis,
20 | . two discrete species (indicated as types 1 and 2) with a retarded
electrophoretic mobility were observed. Type 2 was
0 . . s preferentially formed at low protein concentrations, whereas at
0 x “0 &0 80 high protein concentration both types 2 and 1 were detected.
time  (min) Conversely, EcoRecF-DNA type 1 and 2 complexes were
formed simultaneously and type 2 complexes were only obtained
Figure 4. Stability of the RecF-DNA complex. Four ng*6P 60 nt (480 nM in the presence of ANS (22).
SS%NA (closed tg/ircles) or 8 ng of &P 2682 bp pUClS%?SO nM) lgNA (op()en Stable RecF—ssDNA or RecF—-dsDNA complexes were ob-
circles) was incubated with RecF (110 nM) in buffer E (final volumelps  tained at a similar input ratio to that reported above @yighe
during 15 min at 37C. After reaching the equilibrium, the reaction mixture was formation of these Complexes does not require any nucleotide
gﬁfgnldoggm iﬁnthigriier,]:?e 02‘( 58';3'3 :‘;}‘;‘:‘; fégssgnoé jﬁ;‘t’igﬁ;s%%be'edcofactor and its presence does not alter their ratio (see lanes 7
of the ssDNApanéJ 4&92%(0fgthe)ﬂsDNA was converted to protein—DNA and 9)' Type 2 complexes, which migrate into the gel' mlght
complexes at time zero, and this amount of binding is indicated as 100%. represent separated RecF-DNA complexes, whereas type 1
complexes are protein—-DNA networks that remain in the well.
. . . - he same type of complexes were observed when a 60 nt sSDNA
the time of our analysis (60 min). As suggested by Griffin and 4 5 140 bp dsDNA was used (data not shown).
Kolodner (L3) and Hedgeet al (22) for the EcoRecF protein—

ssDNA complexes, two classes (type 1 and type 2) of RecF o
protein—ssDNA complexes are formed. RecF substrate specificity

- The RecF substrate specificity was analyzed by using the filter
RecF—DNA complexes analysed using EMSAS binding assay. The ability of non-labeled circular or linear DNA
The binding of the RecF protein to DNA was further analyzed bto act as competitor for the binding®P-labeled linear ssSDNA
means of EMSAS, that allow visualization of both the specificityvas tested. DNA binding reactions were performed in buffer E
of the complexes formed and the cooperative events. The Reafth a32P-labeled 60 nt ssDNA (480 nM), increasing concentra-
protein is unable to shift the mobility of a linear 60 or 50 nt ssDNAions of cold M13 phage DNA or a 60 nt ssDNA and the presence
or 140 or 50 bp dsDNA when the reactions were electrophoresefisaturating amounts of RecF (240 nM). Circular M13 ssDNA

% labeled DNA retained on filter

A B
- - + _ __.-——-——"_'-___-___:HE_ -
1 2 3 4 5 & 7 8 9 1 2 3 4 5 & 7 8 9
. » o - & Type 11— s dum -

A

“ “ oype 2 .-,M !
- -
s8DHA deDNA

Figure 5. RecF—DNA complex formation. Different amounts of RecF (9, 27, 81, 243, 729 and 2187 nM, lanes 2—7, respectively) werewitbubatgf
32p_labeled 50 nt ssDNA (480 nMA.) or 8 ng of¥2P-end-labeled 50 HecaRI-HindIll pUC18 dsDNA (480 nM)R) for 15 min at 37C in buffer F. Samples were
transferred to ice andi8 of a solution containing 30% glycerol, 0.25% bromophenol blue and 0.25% xylene cyanol was added. The protein—~DNA caompléxes fo
were resolved on a 8% ndPAGE (80:1 acrylamide/bis), ran at 3 ni€ar# dried prior to autoradiography. In lane 9, 1.5 mM ATRI2. RecF and 480 nM ssDNA

(A) or 480 nM dsDNA (B) were present in the reaction mixture. In lanes 1 and 8 the RecF protein was omitted. The locat@nsDNA complexes are indicated.
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was half as efficient as the 60 nt long ssDNA in reaching 50%zed in a protein A—-Sepharose column. The Re¢fVjland the

competition of the radiolabeled substrate. RecR (1uM) proteins were preincubated together &tiG¥or 15
When a filter binding assay was used to determine the specificityin under optimal conditions for protein binding to DNA, and

of dsDNA binding activity of RecF protein it was observed thathen loaded onto the column. The RecF protein was retained in the

non-labeled linear DNA competes for the bindin§%¥-labeled  column, whereas the RecR protein was present in the flow

pUC18 linear DNA (480 nM) with a 1.5-fold higher efficiency through volume. This result again suggests that there is no direct

than supercoiled pUC18 DNA (data not shown). Thus, Reciateraction between RecF and RecR proteins.

displays at best a low preference for linear ssDNA or dsDNA over

circular ssDNA or supercoiled DNA.

DISCUSSION
The purified RecF protein does not seem to show an The 42 kDa RecF polypeptide (predicted molecular mass 42 304)
ATPase activity was insoluble. The RecF protein was denatured, purified, and

. . ) ) subsequently renatured. The N-terminal amino acid sequence of

The amino acid sequence alignment of 10 available RecF proteing purified polypeptide was consistent witleaF gene starting
(five of them from bacteria of Gram-negative origin) revealed &jith the UUG codon.
motif A (in the N-terminus) and a motif B (in the C-terminus) The EcoRecF protein shows a weak ATP hydrolytic activity
Commonly aS-SOCiated with nucleotide trlphosphate (NTP) blndlrmat is stimulated 2.5-fold b&checR q) Under our experi_
and hydrolysis 13,24). The presence of the motif A or P-loop mental conditions the RecF protein binds to ssDNA and dsDNA
consensus sequence (residues 30-@XXGKT-37, where X can  jith a similar affinity than thEcaRecF protein,13), but under
be any amino acid) and motif B (residues 312-327, an aspartaigherimental conditions RecF does not seem to hydrolyze ATP.
residue that participates in phosphate binding by binding gurthermore, the presence or the absence of the RecR protein
divalent cation) suggests that RecF could have NTPase activiipes not modify such a result (data not shown). However, a
(24,25). ) ) o B.subtilisstrain with a mutation in the putative phosphate binding

To determine whether RecF protein has ATPase activity, Wgop (Walker's motif A,23) renders aecF allele impaired in
have measured ATP hydrolysis in the presence or absencepNA repair (data not shown). The molecular role of the ATP
DNA. Under the experimental conditions in which RecF (up tinding domain in RecF is ill defined. An ATPase activity may
280 nM) binds to ssDNA (480 nM) or a dsDNA (480 nM)become apparent upon addition of components not yet tested.
segment, a control protein (Mfd proteiti) displays a modest  TheK,q,0f RecF protein binding to sSDNA or dsDNA was of
ATPase activityKcar1.9 mirrl, see21) in the absence of sSSDNA the order of 110-130 nM, and the reaction did not show
or dsDNA (data not shown). Under the experimental conditiongooperativity. This could be, however, an underestimation
used, RecF alone (up to 280 nM) or in combination with the Reclecause the proportion of misfolded protein in our preparation is
protein (up to 400 nM) is not able to hydrolyse ATP either in thginknown. RecF—ssDNA complex formation is enhanced by the
presence or absence of sSDNA (M13 mp18) or dsDNA (pUC1yesence of divalent cations @ror Mg?*). The level of RecF
(data not shown). In botk.coli and B.subtilis however, the  protein required to convert 50% of the ssSDNA to protein-DNA
change of lysine to arginine at position 36 (motif A, K36R)complexes was one RecF protomer for every 2 nt of ssDNA. This
renders zecFallele impaired in DNA repai26, our unpublished s consistent with some of the data obtained with the purified

results). EcaRecF for ssDNA13,28). TheKq of theEcoRecF for ssDNA
is (1130 nM and the reaction did not show cooperativity).(
The RecF protein does not significantly interact with Since both proteins show a similkgypy it is likely that the
the RecR,EcoRecA or EcOSSB proteins denaturation and subsequent renaturation of the RecF protein has

not markedly affected its DNA binding activity.

To study a possible interaction between RecF and RecR,The amount oEcaRecF protein required to convert 50% of the
EcdRecA orEcoSSB, a protein affinity column was employed. ssSDNA substrate to protein—~DNA complexes wasEcdRecF
The RecF (§tM), RecR (6uM) protein or bovine serum albumin monomer for every 413) 15 (27) or 75 nt £2) of ssDNA. Unlike
(BSA) (6uM), as non-specific control, were immobilized on thethe RecF—ssDNA complex, thEcoRecF-ssDNA complex
Affi10 matrix and then the RecR (IM), the EcaRecA (1uM)  formation is insensitive to the addition of at leas2ig.3) and
or theEcdSSB (1uM) proteins were loaded separately on theshows a marked preference for ssSDNA ends (up to 85-fifl) (
immobilized protein matrixes. Both EcaRecF and RecF proteins bind specifically to ssDNA,

NeitherEcoRecA norEcdSSB binds to the RecF, RecR or BSA their affinity (Kg 110-130 nM) is one order of magnitude lower
columns. A minor fraction[5%) of the RecR was retained on than that of SSB of bacterial or phage (g&2)erigin for ssSDNA
the RecF affinity column and neither the presence of ATP (2 mM28). However, the affinityEcaRecF and RecF proteins for
or divalent cations [Z4f (1 mM) andMig2* (2 mM)] enhanced the ssDNA is one order of magnitude higher than that dEtitRecA
amount of the retained fraction (data not shown). About 25% g@fotein @9). Unlike the SSB protein, but similar to RecA, both
the RecR protein was also retained on the BSA affinity columecF proteins form protein—DNA network&2(28,29, Fig.5).
hence raising some doubts about the specificity of binding. TheselThe EcdRecF and RecF proteins form two classes of RecF—
data suggest that RecR binding to the RecF column is primarggDNA complexes1@3, this work). About 30% of the RecF-
non-specific. The RecF protein binds to an Affil0 columrssDNA complexes have a half-life 685 min, whereas the
coupled with the BSA protein, hence the binding of RecF to ReaRmaining 70% are stable (>60 min). In tBecoli case, the
immobilized in a column was not tested (data not shown).  half-life of the unstabl&coRecF—ssDNA complexB0% of the

To analyze further the possible interaction between RecF airdtial complex) isCL min and the half-life of the remaining 70%
RecR, polyclonal antibodies raised against RecF were immolis-[60 min. Both complexes could by separated by EMSA.
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In the EcaRecF case, in the presence of ¥$Ptype 1 RecF protein in RecA-promoted DNA strand exchange remains
complexes are so large that they remain in the well, whereas tyjpebe determined.
2 complexes migrate into the gel. Both type of complexes are
formed simultaneously. Furthermore, the type 2 complexes aRCKNOWLEDGEMENTS
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