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ABSTRACT

The RecA protein of Escherichia coli performs a
number of ATP-dependent, in vitro reactions and is a
DNA-dependent ATPase. Small oligodeoxyribonucleo-
tides were used as DNA cofactors in a kinetic analysis

of the ATPase reaction. Polymers of deoxythymidilic
acid as well as oligonucleotides of mixed base
composition stimulated the RecA ATPase activity in a
length-dependent fashion. Both the initial rate and the
extent of the reaction were affected by chain length.
Full activity was seen with chain lengths =30 nt. Partial
activity was seen with chain lengths of 15-30 nt. The
lower activity of shorter oligonucleotides was not
simply due to a reduced affinity for DNA, since effects

of chain length on  K,ATP and the Hill coefficient for
ATP hydrolysis were also observed. The results also
suggested that single-stranded DNA secondary struc-
ture frequently affects the ATPase activity of RecA
protein with oligodeoxyribonucleotides.

INTRODUCTION
DNA strand exchange catalyzed EBscherichiacoli RecA protein

exchange involving four stran@kb). Finally, Konforti and Davis
showed that the displaced strand and ATP hydrolysis are factors
that determine the polarity of strand exchaingetro (16).

The majority of studies referenced above used genome length
DNA, such as M13 an@X174, as the ssDNA cofactor and the
replicative forms of these phages as homologous duplex DNA. If
the DNA cofactor is a short oligonucleotide, simpler complexes
of RecA, ATP and ssDNA can be formed. A number of
investigators used single-stranded oligodeoxyribonucleotides of
defined length and sequence as ssDNA cofactors to investigate
the repressor cleavage activity of Rgd#6,17,18), the sSDNA
binding activity of the protei(lL9), the sequence dependence of
the ATPase activity20), the importance of ends in the ATPase
activity of RecA proteirf21), the &ility of RecA to form D loops
(22,23), the role of the ATPasdiaity in strand exchang@d4),
the synapsis event in the homologous pairing of DNA molecules
by RecA (23), the role of RecA in bking transcriptior{24), the
base pairing and interactions involved in homologous recognition
promoted by RecA protein (25-27), the intéicat between
RecA and fluorescent dye-labeled oligonucleot{@83 and the
interactions between strands in RecA—-DNA compléx@es

Analysis of the binding of RecA to oligonucleotides was
performed using non-stoichiometric amounts of RecA and the

in vitro has been divided into three distinct stages: presynapsign-hydrolyzable ATP analog AT#$ (19). Under theseondi-

synapsis and branch migrati¢h2). ATP linding is required

tions, RecA protein can bind to oligonucleotides 16—-20 nt in

during all three stages of the reaction, but the role of hydrolysigngth, suggesting a complex of 5-7 RecA monomers. Furthermore,
is less clear. The ATPase activity of RecA protein is stronglthis binding required a 10- to 100-fold molar excess of RecA over
stimulated by single-stranded (ss)DKBA-6). Early experiments nucleotide concentration and required ATB] RecA was able
suggested that ATP hydrolysis was necessary to form staiebind weakly to oligonucleotides 9-15 nt in length but was
heteroduplexe$7-8) and was opiired only for the branch unable to bind to oligonucleotides 8 nt in length.

migration stage of strand exchai§ge9). Menetsket al.reported

Amaratunga and Benight demonstrated that {gl@)T)16

that all three phases of the strand exchange reaction can occuand(dT-dCGwere able to stimulate the ATPase activity above that
the absence of ATP hydrolysis, since the non-hydrolyzable analoty the DNA-independent reaction, while oligo(dT-dCglA)
ATP[y|S can replace ATP (10). Inddition, they found that (dC-dG}gand (dA-dGgcould no{20). Although RecA can bind
plectonemic joint molecules up to 3.4 kb in length were formedo oligonucleotides 9—-15 nt in length, polymers of (dT) or (dA)
These studies utilized completely homologous DNA moleculdgss than 20 nt in length were inefficient as cofactors in either the
as substrates and, under these reaction conditions, it was sh@WiPase reaction or in the repressor cleavage regdifonFor

that the ATPase activity of RecA protein was required tgolymers of (dT) >25 ntin lengtkp(@PP)in the ATPase reaction
dissociate the protein from the heteroduplex products once tvas a function of DNA chain lengt®1). digo(dT)sowas shown

reaction was complet@d0-12). Recently Kimet al. (13) and
Rosselli and Stasiak (14) showed that didition to recycling

to be as effective as poly(dT) in stimulating the ATPase activity
of RecA, oligo(dT)pand oligo(dT3gwere found to be less active

RecA, ATP hydrolysis is required to facilitate the bypassing dhan poly(dT) and oligo(d33 was marginally active. It was
structural barriers, such as heterologous sequences, that may exastluded from this study that efficient binding to oligonucleotides,
in either one or both strands during strand exchange. In additiavith ATP as cofactor, required an oligonucleotide of 30-50 nt in
Kim et al. showed that ATP hydrolysis is required for strandength, suggesting 10-17 RecA monomers in the complex if the
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binding site is 3 nt/RecA. Thus it is apparent that although Reddiosystems DNA Synthesizer (Applied Biosystems Inc., Foster
can bind to oligonucleotides 20 nt in length, efficient binding (a€ity, CA). The oligonucleotides were stored i TE buffer
determined by maximum stimulation of ATPase activity) occurélris—HCI-EDTA buffer, pH 8.0) at —2€ and initial concentra-
when the chain length i 25 nt; below this length, binding tions determined by measuring the absorbance at 260 nm. For
appears to be less efficient and ATPase activity is not stimulatetigo(dT)s are value of 8520 MlcnT! was used to determine
significantly above background. concentratior(30) and for the lgonucleotides of mixed base
Analysis of the D loop reaction using a mixture of ADP anadtomposition, nucleotide concentrations were determined by
ATP[y]S (1.1 and 0.3 mM) showed that oligonucleotides with 26aking an Aggof 1 to be 2Qug/ml (31). All concentrigons are
bases of homology are able form D loops, whereas 20 bases ragorted as total nucleotides. In all experiments, unless otherwise
not sufficient (23). Maximum efficiency was saeith 38-56 bases stated, oligonucleotides were always used in a 200-fold excess so
of homology, in agreement with another study showing thahat concentration differences due to variations in extinction
oligonucleotides 30-50 nt in length (with AY}) were required coefficients due to base composition were not significant
to form D loopg22). It was later shown that RecA protein was Single-stranded M13 phage DNA (M13 ssDNA) was prepared
able to pair homologous oligonucleotides 15 bp long, with as felay infecting E.coli strain JM101 with wild-type M13, at a
as 8 bp of homology being required to form synaptic complexesultiplicity of infection of 10. The procedure used to purify
that were unstable in the absence of RecA (23). Usiaggscent  single-stranded phage DNA was that of Neuenebdl (32).
dye-labeled oligonucleotides, DNA substrates to which RecAhe concentration of phage DNA was determined by taking an
protein has an enhanced affinity, it was shown that using thisgg of 1 to be 4qug/ml (31). The purified DNA wadiguoted
artificial substrate in the presence of Af|B[ RecA could bind and stored in4 TE buffer, pH 8.0, at —2@. All concentrations
an 18mer and use this chain length in strand exchange reactians reported as total nucleotides.
(28). Thus, from thesdiglies using oligodeoxyribonucleotides
as ssDNA cofactor, it is clear that although RecA can bind to )
oligonucleotides 9—20 nt in length under non-stoichiometriPurification of RecA protein
conditions, longer chain lengths (i.e. >25 nt) are required for the . . . .
repressor cleavage activity, the ability to form D loops and fdRECA protein was purified frork.coli strain GE1171 [FA(lac
maximum stimulation of ATPase activity of the enzyme. pro)Xill ara argHAM  gyrANal) rpoB(Rif)  sfiAll
To further investigate this length dependence of RecA proteil§XA:TnS(Kar) ArecA1398 sttTnl((Tet)], which contains the
a steady-state kinetic analysis of the ATPase activity with oliggl@smid pGE226, a pBR327-based plasmid withtéfiegene
deoxyribonucleotides as ssDNA cofactor was performed. The@nfved and replaced by a 3 kb fragment containing .t
experiments were designed to provide insight into the inability $6CA gene. The plasmid confers ampicillin resistance: &lrf! kb
short oligonucleotides (i.e. <25 nt) to function as cofactors fdP Size. The procedure used to purify RecA is based on the
RecA and into the ability of longer chain lengths30 nt) to procedures of V\(emstoek al.(33) a_md Griffith .and Shores (34).
function efficiently as ssDNA cofactor. Our results show that théhe procedure involves a selective extraction from Polymin P
ability of an oligodeoxyribonucleotide to function as an efficienollowed by phosphocellulose chromatography. This is followed
cofactor in the ATPase reaction correlates with its ability t§Y SPermidine acetate precipitation of RecA protein (pH 7.5, final
promote efficient ATP binding, as evidenced by ak@y#P and concentration of spermidine acetate 7 mM). The precipitate is
a Hill coefficient for ATP binding= 3. In contrast, oligonucleo- Pelleted at 10 000 r.p.m. for 15 min &4 The resulting pellet
tides which are not efficient cofactors for ATPase do not promotg resuspended in a buffer containing 20 mM Tris—HCI, pH 7.5,
efficient ATP binding, i.e. they demonstrate an increakgfP 1 MM DTT, 0.1 mM EDTA and 20% glycerol and stored
and a Hill coefficient for ATP binding <3. The ability of an aliquoted at —80C. The concentration of purlfleleecA protein
oligodeoxyribonucleotide to function as a cofactor for ATPase {¥as determined at 280 nm using 27 000 MlenT? (2). Using

further complicated by the effects of single-stranded DNAN assay that followed the conversion of natf[INA to
secondary structure. acid-soluble nucleatides, no detectable nuclease contaminant was

found.

MATERIALS AND METHODS ) )
Adenosine triphosphate assay

Materials The hydrolysis of ATP by RecA protein was monitored using a
thin layer chromatography assay employifi]ATP. The

Phosphocellulose P11 was obtained from Whatman, ATP andncentrations of ATP and ADP were determined at 259 nm
ADP were purchased from Boehringer Mannheim and Polymin @H 7.0) usinge = 15 400 Mlcnt® (35). Unless otherwise
was from BRL. [2,8H]ATP (sp. act. 25 Ci/mmol) was from specified, reaction conditions were as follows: reaction mixtures
NEN DuPont, plastic backed polyethyleneimine (PEI)—cellulosé80pul) contained 20 mM buffer (Tris—HCI, pH 8.0), 10 mM MgClI
sheets were from Brinkman and Ecolume was from ICN. 30 mM NaCl, 1 mM DTT, [2,8H]ATP (67 uCi/ml), DNA at a

The sequences of the oligonucleotides used in this study dial concentration of 20QM nucleotides and RecA protein as
shown in Table 1. The nomenclature for the oligonucleotides isdicated. Reactions were conducted in #ddlastic Eppendorf
based on an index number in a laboratory collection. Oligo(dT}abes at 37C. Aliquots (0.5ul) were spotted onto PEI—cellulose
were purchased from either Pharmacia [poly(dT) and oligaddT) strips (7x 50 mm) containing ATP and ADP markers. The
or from Bio-Synthesis Inc. (Denton, TX). Oligodeoxyribonucleo-chromatography plates were developed in 1 M formic acid and
tides of mixed base composition were either purchased frot5 M LiCl. The ATP and ADP spots were identified with a UV
Bio-Synthesis Inc. or synthesized in-house on an Appliehmp, cut out and counted in scintillation fluid (Ecolume, ICN).
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Table 1. Sequences and numbering system for the oligodeoxyribonucleotides

Oligonucleotide no. Length (nt) Oligonucleotide sequence

44 25 GGGCCTCTAGATTTAAAGCTAGCGC

51 25 GATCCATAGTGAGGGCAACTAAACC

28 27 TGGGTCCAGCGCCTATTCAGCATCGAT

29 27 CGCAAGGCCCATCTAAGAGTCGCCGAT

30 27 CGTCAGCGTGGTCTAACCGGAAGATTC

31 27 TTAAAACAATAAGCTTAAAAATAAATA

32 27 TGTCAAGACTGTAAGCTTCCATTTTTG

50 27 AAGATCATTCCTTTGATGGTTAGCTTC

41 32 GATCCTAAGTAAGTAAGGAGAAAAAAATGGCT

42 32 GATCAGCCATTTTTTTCTCCTTACTTACTTAG

43 32 GGCCGCGCTAGCTTTAAATCTAGAGGCCCCCC

45 33 AATTAGCCCGCCTAATGAGCGGGCTTTTTTTTG

46 33 AATTCAAAAAAAAGCCCGCTCATTAGGCGGGCT

49 33 GCAAAACGGGAAAGGATCCGTCCAGGACGCTCA

156 40 TCTGGACTTGTTTCATAAGGGCGGCCTTCATCGACATAAG

157 40 GAAGTAGCTGTATTCGAACCGTCTGAAGCTGAGATCTCTC
158 40 TTCGACTCTAGAGAGTGTGAGTCTTTCGAGACCTAGGACC
149 41 GATCGGTACCGAACATATTGACTATCCGGTATTACCCGGCA
150 41 AGCTTTCCGGGTAATACCGGATAGTCAATATGTTCGGTACC

Nomenclature is based on the oligonucleotide nhumber in a laboratory collection. Oligonucleotides were stofédhinffer (Tris—
EDTA buffer, pH 8.0) at —20C. Sequences are shown in the 3' orientation.

Data analysis 25 . . — —

All assays used to measure ATP hydrolysis were performed as o 2.
described above. At least eight ATP concentrations were used to 20 el e T

determineK,/ATP and at each concentration, the velocity of the
reaction was determined from time points taken before 30% _ 5 [ e .
hydrolysis had occurred during the linear portion of the time~_ ! $
course. At 40% hydrolysis, the time course became non-lineaig /
due to the accumulation of ADP, a competitive inhibitor of the 5 10 i
ATPase activity of RecA (33), and as a result these data points we /
not included in rate calculations. The valuesdgfTP andVax {
were determined from Eadie—Hofstee pl¢&6). The Hill § 0% o
coefficients were calculated from the slope of Hill plots, where o °
data were replotted by analogy with the Hill plot for ligand a J//g , e
binding (37). 0 10 20 30 40 50 200 6500 7000

Chain Length {nt)

.
2
Qo0
-
oCooO

o

RESULTS

Effects of ssSDNA chain length otk and extent of reaction Figure 1. The effects of ssDNA chain length kya; Reactions were carried
i . i out as described under Materials and Methods and contained 20 mM
To ensure that ssSDNA chain length was the principal variable;rris—Hcl, pH 8.0, 10 mM MgG| 1 mM DTT, 200uM ssDNA cofactor,

ATPase activity was measured under conditions where theéd50uM ATP and 1uM RecA protein. Open circles represent M13 ssDNA
concentration of ATP (gqmw) and ssDNA (ZOQIM) werein |arge (6407 nt) and the mixed base composition oligonucleotide series; closed
: - : circles represent the deoxythymidilic acid homopolymer series and the
excess Over_ReCA protein{l). The kinetics of the_ hydrolysis of DNA-independent reaction. For the reaction with M13 ssDNA, the values
ATP when either M13 ssDNA Or.Other genome size DNAs are theiom five separate experiments on different days are shown: for poly(dT), the
DNA cofactor are well characterized (6,33,36,38). Consequentlyyalues from three separate experiments on different days are shown. For the
M13 ssDNA was the standard with which we compared othermixed base composition oligonucleotides and the homopolymer series the
polynucleotides Under the conditions of our assay with M13values shown are usually from a single experiment. In some cases duplicate
Co - .. experiments were performed.

ssDNA, RecA protein was able to efficiently hydrolyze ATP with
a kegt Of between 16 and 24 mih(Fig. 1 and Table 2). These
numbers agree with theulplished turnover numbers for RecA chosen to minimize sSDNA secondary structure, which might affect
protein (36,39). For theaction with M13 ssDNA, the maximum the interaction of RecA protein with the DNA. The longest chain
extent of hydrolysis varied between 60 and 80% in differeriéngth in this series was poly(dT) (average length 167 nt). Turnover
experiments (Fig. 2 and Table 2). numbers for this oligonucleotide were found to vary between 18

The first series of experiments to determine the effects aihd 30 minlin different experiments, indicating that poly(dT) is
ssDNA chain length ok.5:compared a series of homopolymersable to function as efficiently as M13 ssDNA as DNA cofactor for
of deoxythymidilic acid with M13 ssDNA. These polymers werghe ATPase activity of RecA protein (Fig. 1 and Table 2).
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00 . e e PR oligonucleotides 15 and 20 nt in length produced lower values of
keatthan the homopolymer of the same length (data not shown).
80 . The effects of chain length were independent of pH, since results
T e identical to Figure 1 were obtained when ATPase assays were
= T performed at pH 6.2, pH 7.0 and pH 8.0 (unpublished results). In
£ 6o e, addition, these effects were independent of protein concentration
S 7 over a range of 1{3M RecA protein (unpublished results).
S 40
§ Table 2. Steady-state kinetic parameters for the ATPase activity of RecA
i protein
20
DNA Extent (%) keat(per min)  KnATP (M) keat/KnNTP Hill coefficient
0 . + P (min/uM)
0 10 20 30 40 50 200 6500 7000 No DNA 0.8 0= ND ND ND
Chain Length (nf} oligo(dTho 14a 0.1-0.22 ND ND ND
oligo(dTys 5.0 1.12 ND ND ND

Figure 2. The effects of ssDNA chain length on the extent of reaction.
Reactions were conducted as described under Materials and Methods andiigo(dTko 8.0 8.0 >459 0.018 124
contained 20 mM Tris—HCI, pH 8.0, 10 mM MgCl mM DTT, 20QuM ssDNA
cofactor, 95QuM ATP and 1uM RecA protein. Open circles represent M13
ssDNA (6407 nt) and the mixed base composition oligonucleotide series; oligo(dT) 30.0 24.0 238 0.101 291
closed circles represent the deoxythymidilic acid homopolymer series and the
DNA-independent reaction. For the reaction with M13 ssDNA, the values from ©ligo(dTko
eight separate experiments done on different days are shown; for poly(dT), thgyly(aT) 6070 26.0 60 0.433 3.50
values from three separate experiments on different days are shown. For the

mixed base composition oligonucleotides and the homopolymer series the?>mer (10-51) 150 50 248 0.022 200
values shown are usually from a single experiment. In some cases duplicat@omer (no. 156) ~ 40.0 25.0 67 0.373 331
experiments were performed.

oligo(dT)s 22.0 14.0 300 0.049 2.30

40.0 21.0 140 0.150 3.05

ssM13 DNA 60-80 23.0 49 0.469 3.30

Homopolymers of (dT), varying in Iength from 10 to 50 nt,ATP,a;f assaystw?re conducteddats ddestcri't‘)ﬁ(ieﬁ%irr;Magertials a:]nd Methct)d?.Ar?}i]nimum
were assayed for their abi"ty to stimulate the ATPase aCtiVity é/)feﬁ;gcityct?frl(r:]inr::cot?;nwvs;i L(;Z?err%ini(j;rom tin?g piiries‘(:talfgrqiieunriﬁﬁr?(’e Iir?ear
RecA (Fig. 1 and Table 2). Oligonucleotide80 nt were cofactors

L\ : . portion of time courses before 30% hydrolysis had occurred. The values shown
as efficient as poly(dT) as judgedky;(Table 2). Oligo(dsgave ¢, KnTP andk.a;were determined by extrapolation from Eadie—Hofstee plots

an intermediate Sti_mmati_Ohcét:_lAf mirrY), while oligo(dT)o anc_i _ (40). Hill coefficients were determined from the slope of Hill plots (37).
oligo(dT) s were inefficient stimulators of the ATPase activityapetermined from initial rates with initial [ATP] = 950M.

(Keat= 4-8 mirtl and 1.1 mint respectively). Little stimulation ND, not determined.
of the ATPase activity above that of the DNA-independent ATPase

activity of RecA was seen with oligo(dip) even at a DNA  |n addition to affectinges; the extent of the ATP hydrolysis
concentration of 200QM nucleotides (Fig. 1 and unpublished reaction was also affected by chain length (Fig. 2 and Tables 2 and
results). ) ) _ ) ~3). The extent of reaction using either M13 ssDNA or poly(dT)

Next, a series of oligonucleotides of mixed base compositiafl cofactor was 60-80% (Fig. 2 and Table 2), but decreased from
were used to stimulate the ATPase activity of RecA (Fig. 1 anghs for oligo(dT3 (Fig. 2) to 1.4% for oligo(d T (Fig. 2 and
Tables 2 and 3). These experiments tested whether RecA Wahle 2). A similar trend was also observed for the set of
affected by short regions of either intra- or intermolecular basgligonucleotides of mixed base composition (Fig. 2 and Table 3).
pairing in the DNA cofactor. In general the trend seen with thesghe extent of reaction decreased from 40-45% for the 41mers to
oligonucleotides was similar to that obtained with the homo= 394 for the 25mers. In addition, a range of values for the extent
polymer series, in that longer oligonucleotides were betteyt reaction was obtained for a single chain length. For example,
cofactors. One 40mer (no. 156) was found to be as efficient g the group of oligonucleotides 25-27 nt in length, the extent of
either M13 ssDNA or poly(dT) in stimulating the ATPase activityteaction ranged from 12.5% for no. 44 to 27% for no. 28. These
of RecA protein. It producedi@s of 20-25 minl. However, a effects on the values reported for béth; and the extent of

significant variation in activity between oligonucleotides of thgeaction may be due to single-stranded DNA secondary structure.
same length was observed, which is attributed to cofactor

secondary structure. This was most apparent in the group
oligonucleotides 32—33 nt imigth. The three 32mers (nos 41-43)
gavek.at values ranging from 3.4 to 18 minwhile the three A comparison of the titration of two mixed base composition
33mers (nos 45, 46 and 49) were ineffective in stimulating traigonucleotides with M13 ssDNA is shown in Figure 3. It is
ATPase activity of RecA protein, wikga:of from 1.4 to 4.0 mit  evident that 40mer no. 156 and 25mer no. 51 are not as efficient
(Fig. 1 and Table 3). These 33mers are predicted to hase M13 ssDNA in stimulating the ATPase activity of RecA
significant secondary structure as judged by computer analygisotein, even at 10Q@M, a concentration which is five times that
(data not shown). The same effect was observed when comparirsged in our standard reaction. The half-maximal velocity was
mixed base compositionligonucleotides 25-27 nt in length. reached at DNA concentrationdd00uM for the 25mer, 75M
These molecules producégh: values of from 4 to 13 miy,  for the 40mer and 1AM for M13 ssDNA. The curves for the
while oligo(dThs had &g4t0f 15 mirrl. Mixed base composition oligonucleotides showed a similar concentration dependence,

@Ffects of ssDNA concentration on ATP dependence
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reaching a maximur.5; at 200—30QuM. This suggests that the 35
affinity of RecA protein for the oligonucleotides is similar.
Affinity for M13 ssDNA appears to be higher, however.

Table 3 keatand extent of reaction for oligodeoxyribonucleotides of mixed

base composition ':;
£
Oligonucleotide no. Length (nt)  keat(min—1) Extent (%) i ________.____—-7°
Oligo(dT)s 25 14.4 25.0 =
44 25 4.4 125
51 25 51 13 5 . w
28 27 8-13 27.0 ’ * %
29 27 4.7 15.0 o ) .
50 27 6.5 20.0 0 500 1000 1500
30 27 4.8 15.0
32 27 5.8 24.0 [DNA] {uM )
31 27 10.2 25.0
Oligo(dT)so 30 24 30.0 Figure 3. The effects of sSDNA concentration on ATPase activity. Reactions
43 32 3.4 10.0 were carried out as described under Materials and Methods and contained 20 mM
41 32 9.8 27.0 Tris—HCI, pH 8.0, 10 mM MgG| 1 mM DTT, ssDNA cofactor concentration
42 32 16-18 48.0 as indicated, 950M ATP and 1uM RecA protein for the 25mex) and M13
46 33 1.4 7.0 ssDNA @) and 2.0uM RecA protein for the 40mec)).
45 33 1.5 4.5
49 33 2.5-4.0 6.0
Oligo(dT)o 40 21 40.0 1200 ; . - .
150 41 19-22 45.0 .
149 41 15-22 40.0 1000,
158 40 9-11 35.0 -
157 40 17-20 425 £ 800
156 40 20-25 40.0 2
g 600
Values forksgwere determined from the initial rate of reaction with the initial =2
[ATP] = 950uM. A minimum of five time points were used to determkiggfor %‘ 400,
each oligonucleotide and only time points before 30% hydrolysis had ocurred 2
were used in the calculation kef;: The values for extent were taken from the = 200
same time course, with time points taken over a 60 min time period. [
o
Effects of ATP concentration 0 200 400 800 800 1000

ATP] (pM
Under the conditions of our assay, we determitigga" of 49uM TP

with M13 ssDNA as cofactor and K,/ATP of 60 pM with

poly(dT) as cofactor, indicating no significant difference betweerfigure 4. The effects of ATP concentration on length-dependent ATPase
these two ssDNA cofactors. However, a significant effect of chai%ﬁtiVitt}’- Ret’%cttLOrgZ ?S;?a?ﬁéﬂefo"rﬂmﬁ?ﬁ”é’lw#%dgr %artﬁ&als and l\'\//l'emOdS-
length OnKmATP was observed for shorter m0|eCU|eS (Table. 2) 'D'el'i',czl(())r(]JLTl:/IIXSSDNA cofactor, ATP concentrati(;r? as iﬁ(jicated auiMuglr?:g::A

In Figure 4 examples of the ATP concentration dependence in thgstein. ssDNA cofactor®, poly(sdT):O, oligo(dTyg , oligo(dTys; [,
presence of shorter ssDNA cofactors are shown. For poly(dT), th@go(dT)o.

curve was sigmoidal, with(y5x calculated to be 780 pmol/min

(keat= 26 mirrY), by extrapolation from the Eadie—Hofstee plot,

andKnATP = 60uM. When oligo(dT)o was present as cofactor, evident from these results that as ssDNA length changes, the ATP
the velocity plot was less curved, with;x calculated to be 600 dependence also changes.

pmol/min Keat= 21 mirrd) andK,ATP = 140uM. As chain length ~ The effects of chain length on ATPase activity were further
was decreased to 25 nt, the curves became straighter, showirgyidenced by the effects on the raig/K/"'". This ratio is an
further decrease Mmaxto 380 pmol/minKza= 14 mirrl) and  indication of the efficiency with which RecA hydrolyzes ATP

a further increase iK,/A'" to 300uM. For oligo(dT)o, the  with different sSDNA cofactors (40). As the chaindth of the
calculatedkyATP was very high (>45@M; Table 2) and the mixed base composition oligonucleotides was decreased from
concentration range shown in Figure 4 is presumably at or bel@#07 to 25 nt, the efficiency of the ATPase activity of RecA
theKnATP. As a result, saturation was not achieved and the curdecreased 20-fold (Table 2). The same effect was observed for the
appears as a straight line. A similar trendkdg and K ATP,  polymers of deoxythymidilic acid. Decreasing chain length from
complicated by secondary structure, was seen with the oligh67 to 20 produced a decreask.ifK. /- of >20-fold (Table 2).
nucleotides of mixed base compositigp/ATP was observed to  ssSDNA chain length also affected the Hill coefficient for the
increase 5-fold when chain length decreased from 6407 (MXJP hydrolysis reaction. Previous stud{és33) bund that the
ssDNA) to 25 nt (oligonucleotide no. 51; Table 2). Thus, it iATPase activity of RecA protein with eith@X174 DNA or
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heat-denatured calf thymus DNA as cofactor exhibited a complex more other monomers, which facilitates ATP binding to the
dependence on ATP concentration, with Hill coefficients of 3.3nonomer. Structural studi€k?,43,44)mdicate that RecA forms

We found the same complex dependence on ATP concentrat@rfilament with six monomers per turn and each monomer
for homopolymers of chain length 30 nt. The Hill coefficient contacts the two adjacent neighboring monomers. How can a
with these oligonucleotides was3 (Table 2). At chain lengths structure where each monomer contacts only two other subunits
<30 nt, the Hill coefficient decreased to 2.3 for oligofdBnd  give rise to a Hill coefficient of >3? One possibility is that
1.2 for oligo(dT}o (Table 2). This same change in the Hill flaments are also paired side by side, so that each monomer
coefficient was seen with oligomers of mixed base compositiafiakes both inter- and intra-filament contacts. Such a structure has
(Table 2) with a HI”COEﬁlCIent of 3.31 for a 40mer, Whlle for been observed (44) A|tem|y, RecA monomers may not 0n|y
25mer no. 51 the Hill coefficient was 2 (Table 2). This furthegontact their immediate neighbors in a filament, but also subunits
emphasizes that chain length affects the interaction of Reghcated one turn up- or downstream, positioned on top of and

protein with ATP. below the monomer. Although such contacts were not observed
in the RecA crystal structure (44), this structure did ndtdiec
DISCUSSION DNA and thus the monomers are likely to be in a different

conformation than in the ATPase reaction.

The ATPase activity of RecA protein is affected by ssDNA in a These models also account for the increasg/P and decrease
length-dependent fashion. Our primary conclusion is that the the Hill coefficient as chain lengths get shorter. Although there
steady-state kinetic parametéts/* ", Vimax, Hill coefficient for  will always be interaction with immediate neighbors, there will be
ATP binding, the extent of the ATPase reactioniapgdare alla  fewer inter-filament or up- or downstream interactions as the chain
function of ssDNA chain length. These effects are likely to biength decreases. Hence, the Hill coefficient will decrease and
interrelated. In addition to chain length, sSDNA secondary structusinity for ATP will be poorer due to this loss of cooperativity. Note
affects the efficiency of ssDNA in stimulating the ATPase activityhat there need be no change in the affinity of RecA for DNA as
of RecA protein. _ chain length decreases in these models.

The effects we have observed of ssSDNA chain length on ATPaserhe fact that chain length affects ATP binding does not
a.Ct|V|ty are not inconsistent Wlth prEVIOUS repﬁl&—Zl) Brenner necessar”y exp|ain the effect Of Chain |engt}kdan What iS the
et al, hqwever,_concludeo_l that RecA had different affinitie_zs fofrigger for hydrolysis of ATP and why should it be affected by
the various oligonucleotides andnax for ATP hydrolysis  gjigonucleotide chain length? A possible explanation is that
remained the same (21). Their experiments used DNA concentrg/—drmysis requires, and perhaps is triggered by, the formation of

tions of 100pM or lower, while our experiments used DNA o myltisubunit complex. Thus, as chain length decreases the
concentrations up to 10p®1 and, in some cases, upto 2000 -5 njexes formed are smaller, resulting in a reduced maximum

At these high concentrations, the binding of RecA t0 sSDNje|acity for hydrolysis. The idea that a multisubunit complex

appears not to be the predominant factor. must form for hydrolysis is consistent with the model that
The extent of the ATP hydrolys!s reaction was also affected drolysis of ATIE’I ma);/ propagate longitudinally through the
ssDNA chain length. RecA protein is unable to hydrolyze 100 fucleoprotein filament in the form of coordinated waldss.

of the ATP in arin vitro reaction that does not contain an ATP_, . . L X ,
regenerating system due to competitive inhibition of ATP bindin;grhls requires that one monomer affect the activity of its neighbors

by ADP (6,33). As chain fggth decreased, the maximum exten eparat(_ad bY five or S.i.x RecA monomers (46), asqsed here.
of ATP hydrolysis decreased from 60—70% for poly(dT) to 1.4% The biological significance of the 30 nt length may be related
for oligo(dT)o Since theK,ATP also increased with shorter to the minimum size required for homologous pairing. It has been

chain lengths, it is possible that this results in greater sensitiv@(?rmnslﬂ_atetIh vivothat there is a minimal DNA length (2340 bp)
to inhibition by ADP, resulting in a lower extent of hydrolysis. elow which RecA-dependent homologous recombination becomes

It was previously demonstrate@®3,41), that coperative inefficient (47,48). There is als_o_a sharp .cut—off/m 30 and
interactions between RecA monomers along the DNA backbod@l PP of homology for the pairing reaction promoted by RecA
are important for ATPase activity. It was further sugge@eyl  Proteinin vitro (1) and it has also been reported tligboucleo-
that ATPase activity requires the formation of clusters of 15—2¢fles with 26 bases of homology are able to form D loops, whereas
ATP-RecA molecules bound contiguously along the ssDN&O bases are not sufficient (23). Maximum efficienayued
backbone and that an individual RecA molecule becomes a fufé3—56 bases of homology, in agreement with another report that
active ATPase only when it is part of a cluster that has exceed@igonucleotides 30-50 ntin length (with A7[Y) were required
this size. Our data demonstrate that oligonucleotides <30 nttmefficiently form D loopg22). These obsertians suggest that
length are unable to fully stimulate the ATPase activity of Rectte requirement for a multisubunit complex including 30 nt of
protein. This suggests that short DNA molecules are unable $8DNA ensures that the region involved in homologous pairing
provide sufficient lattice length along which a sufficient numbeis long enough to ensure unique recognition of sequences.
of RecA monomers can be contiguously bound to give full
ATPase activity. The minimum length of 30 nt, assuming a
stoichiometry of 3 nt/monomé&t2), pooduces a minimum cluster
size of 10 RecA monomers. Although the agreement between t(Re KNOWLEDGEMENTS
two studies in terms of the size of the active complex is only
approximate, it is clear that a large complex of RecA monomers
is required for full ATPase activity. This work was supported in part by PHS grant GM3524 to

What can we infer about the structure of the clusters? The HH.M.W. This work was submitted in partial fulfilment of the PhD
coefficient of >3 may mean that a RecA monomer contacts thrdegree by P.R.B.
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