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ABSTRACT. The RecA protein oEscherichia coliis required for homologous genetic recombination and
induction of the SOS regulon. In order for RecA protein to function in these two roles, a nucleoside
triphosphate cofactor, usually ATP or dATP, is required. We have examined the ability of UTP to substitute
for (r,d)ATP as nucleoside triphosphate cofactor. We have found that although UTP is hydrolyzed by
RecA protein in the presence of long DNA molecules, it is not hydrolyzed in reactions in which the
cofactors are oligodeoxyribonucleotides less tha&® nt in length. We show that UTP can efficiently
substitute for ATP as nucleoside triphosphate cofactor for the DNA strand exchange reaction in vitro.
The RecAl1332 protein (Cys129 Met), which was originally shown to be defective for homologous
recombination in vivo, is able to perform DNA strand exchange in vitro with ATP, but is unable to do so
with UTP. These results suggest that UTP may be a cofactor for DNA strand exchange in vivo. The
inability of RecA protein to hydrolyze UTP with oligodeoxyribonucleotides as cofactor and the ability of
RecA to utilize UTP as cofactor in DNA strand exchange suggest a separation of the functions of RecA
protein into those that require exclusively ATP and those which can utilize additional nucleoside
triphosphate cofactors.

The RecA protein oEscherichia colican promote DNA To carry out DNA strand exchange and DNA strand
strand annealing or DNA strand exchange in vitro. These annealing in vitro, the presence of a nucleoside triphosphate
are two key reactions thought to mimic the role of the cofactor is required; indeed, RecA protein is a DNA-
enzyme in vivo 83, 39, 41). In order for RecA protein to  dependent nucleoside triphosphatad8).( In addition to
function in these reactions, it must form a ternary complex hydrolyzing ATP (the most widely used cofactor for RecA-
known as the presynaptic filament. This filament consists promoted reactions), RecA protein is capable of hydrolyzing
of RecA protein monomers wrapped around the DNA with dATP?! (r,d)UTP, and (r,d)CTP 43), and under certain
a stoichiometry of 3 nts/monomer and 6 monomers/trn ( conditions, it is also able to hydrolyze ()GTE3[. Menetski
9), and can exist in two forms: an active and an inactive et al. demonstrated that all of the nucleoside triphosphate
form. The inactive filament is formed in the absence of a cofactors that are hydrolyzed by RecA protein are able to
nucleoside triphosphate cofactor and exists in a collapsedinduce the high-affinity sSDNA binding state of the RecA,
conformation with a helical pitch of 65 A. In the presence \hich is the active form of the protei2?). A more recent
of a nucleoside triphosphate cofactor, the filament exists in series of papers from the Bryant laboratory has shown that
an extended conformation with a helical pitch of 9510 the ability of a nucleoside triphosphate cofactor to stabilize
it is this extended conformation that is the active species in the active conformation of RecA protein in DNA strand
RecA protein-promoted reactions). Nucleoside triphos-  exchange is directly related to tfgs for that cofactor (where
phate cofactors play a key role in the formation of this active g _ is the substrate concentration required for half-maximal
species: it is the binding of the nucleoside triphosphate vélocity) (18, 24, 36, 37). Only the nucleoside triphosphate
cofactor that is required to convert RecA protein into the .qtactors whoseS s value is 108-120 uM or lower are

high-affinity ssSDNA binding state2), which is the active 50216 of stabilizing the strand exchange-active conforma-
conformation of RecA protein within the extended filament tion of RecA protein. Of the nucleoside triphosphate

and a requirement for all the activities of the proteld)( cofactors tested, ATPS(s = 45 xM) and purine riboside
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triphosphate (PTPS s = 100 uM) satisfied this criterion
(24).

ATP is the most widely used cofactor for studies of RecA
protein-promoted reactions in vitrd4, 27). In addition to
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to perform the DNA strand exchange reaction with ATP as
cofactor, albeit it less efficiently than wild type. Surprisingly

when we tested UTP (the only other cofactor which is
hydrolyzed efficiently by RecA protein), we discovered that

binding, hydrolysis of this nucleoside triphosphate cofactor wild-type RecA protein was able to perform DNA strand
has also been shown to play a role in RecA protein-promotedexchange efficiently with this cofactor, whereas the mutant

activities. The hydrolysis of ATP is required to dissociate

protein was unable to do so. This result prompted us to

RecA protein from the heteroduplex products of DNA strand examine this reaction more closely.

exchange once the reaction is comple2g, (29, 35), to

Inasmuch as UTP is present at significant concentrations

facilitate the bypassing of structural barriers such as heter-in the cell (well above it for RecA-promoted reactions)

ologous sequenced, 30), and to maintain polarity of the
DNA strand exchange reactiotd, 32).

and is distinguished from other nucleoside triphosphates in
its ability to promote some ATP-dependent reactions, UTP

UTP is the only other nucleoside triphosphate cofactor may play a role in the physiology of RecA reactions. To

hydrolyzed by RecA protein for which a biochemical analysis
has been doneld). The hydrolysis of UTP by RecA protein

further understand the role of UTP in the function of RecA
protein, we examine the hydrolysis of UTP in the presence

occurs at the same or overlapping site and is comparable togf DNA cofactors of varying length. We have previously

that of ATP, with both ATP and UTP having similar effects
on the binding of RecA protein to DNALY). The ssDNA-
dependent UTP hydrolysis of RecA protein differs from ATP
hydrolysis in thaKn™", Vimax, and the dependence on RecA
protein concentration are all sensitive to pH)( In addition,

shown that RecA protein is able to hydrolyze ATP efficiently
in the presence of single-stranded cofactors 30 nt and greater
in length (). In contrast, hydrolysis of UTP requires sSSDNA
cofactors>200 nt in length. We demonstrate the ability of
UTP to substitute for ATP in the DNA strand exchange

the ssDNA-dependent UTPase activity of RecA protein has reaction in vitro in the presence of SSB, and we further show

a pH optimum of 6.0 44), while the ssDNA-dependent
ATPase activity has a very broad pH optimum3)

that a mutant RecA protein, RecA 1332 (Cys129Met),
while being recombination-deficient in vivo, is proficient in

Watanabe et al. found, using circular dichroism at pH 7.5 in the DNA strand exchange reaction in vitro. It is, however,
the absence of DNA, that UTP and dUTP produced similar aple to perform this reaction only with ATP and not with

spectral changes in RecA protein to those of ATP or dATP,

UTP. Since the nucleoside triphosphate cofactor UTP

although the magnitude of the spectral change was not assubstitutes efficiently for ATP in DNA strand exchange in

large @0). They also found that although th&, for UTP
is higher than that for ATP4{d), these nucleoside triphos-
phates have similaKy's (17 + 7 uM and 18 + 3 uM,
respectively). Similar values fdt, in the presence of DNA
were reported by Kowalczykowski using competition experi-
ments; theKy measured for ATP was 1% 3 uM and for
UTP it was determined to be 18 5 uM (13).

In contrast to ATP, however, UTP is unable to efficiently

function in a number of reactions performed by RecA protein.

It is inactive in ssDNA annealingdQ), inactive in D-loop
formation in the absence of single-stranded DNA binding
protein (SSB) 16, 33, 34), and 20-fold less active in
promoting dsDNA binding by RecA protein than ATP, and
both rUTP and dUTP are 5-fold less active in stimulating
the phagel repressor cleavage activity of RecA protein than
ATP (41). UTP[]S, in contrast to UTP, is able to promote
the formation of both RecA protein-dsDNA and RecA
protein—ssDNA complexes as efficiently as ATRE (17).

It is therefore evident that although UTP is hydrolyzed by
RecA protein and is able to partially substitute for ATP in a
limited number of activities of RecA protein, the significance

vitro, we propose that UTP may be one of the cofactor(s)
for recombination promoted by RecA protein in vivo.

MATERIALS AND METHODS

Materials. Phosphocellulose P11 was obtained from
Whatman; ATP, ADP, UTP, and UDP were purchased from
Boehringer Mannheim (Indianapolis, IN), and Polymin P was
from BRL. [2, 82H]ATP (specific activity= 25 Ci/mmol)
and [5,62H]JUTP (specific activity= 25 Ci/mmol) were from
NEN DuPont; plastic-backed polyethyleneimine cellulose
sheets were from Brinkmann and Ecolume was from ICN.
BanHI restriction endonuclease was from Boehringer Mann-
heim, and single-stranded DNA binding protein was from
Stratagene (La Jolla, CA).

DNA. Oligo d(T)’s were purchased either from Pharmacia
(poly d(T) and oligo d(T)) or from Bio-Synthesis, Inc.,
Denton, Texas. The oligonucleotides were stored in 1XTE
buffer (Tris-HCI-EDTA buffer, pH 8.0), at-20 °C, and
initial concentrations were determined by measuring the
absorbance at 260 nm, using= 8520 M! cm™ to

of these activities is unclear. Itis also unclear whether UTP determine concentratioB®). All concentrations are reported
plays a role as a regulator of the ATP-dependent reactionsas total nucleotides. In all experiments, unless otherwise
of the protein perhaps as a competitor for binding, or whether stated, oligonucleotides were always used in a 200-fold

it is a cofactor for additional activities not yet studied, such
as in the DNA strand exchange reaction.

In our efforts to characterize a mutant RecA protein,
RecA1332, in vitro, we discovered that UTP is an efficient

excess over protein. M13 replicative form DNA was
linearized usinganHl| restriction endonuclease. The DNA
was then extracted with phenol, precipitated with 100%
ethanol, and then resuspended in 1XTE buffer. Single-

cofactor for the DNA strand exchange reaction promoted stranded M13 phage DNA (M13 ssDNA) was prepared by

by wild-type RecA. RecA1332 was originally shown to be
defective for homologous recombination in vivg]. We

infecting theE. coli strain JIM101 with wild-type M13, at a
multiplicity of infection of 1. The procedure used to purify

have recently shown that although RecA1332 is completely single-stranded phage DNA was that of Neuendorf eR8). (
defective for all activities assayed in vivo, it possesses The concentrations of ssM13 DNA and M13 dsDNA were

considerable activity in vitrod). This mutant protein is able

determined using = 8784 and 6500 M' cm™! at 260 nm,
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respectively 19). The purified DNA was dispensed into
aliquots and stored in 1xXTE buffer (pH 8.0)-a20 °C. All
concentrations are reported as total nucleotides.
Purification of Wild-Type and RecA protein1332 Proteins.
Wild-type RecA protein was purified fronk. coli strain
GE1171 containing the plasmid pGE226, a pBR327 based
plasmid with thetet gene removed and replacey & 3 kb
fragment containing thE. coli recA" gene 46). RecA1332
protein was purified from strain GE1171 containing the
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plasmid pGE556, which is the same as pGE226, but carries B.

the cysteine to methionine mutation at position 129. The
procedure used to purify both wild-type and mutant RecA
proteins was identical to that used previously for wild-type
RecA protein {). Proteins were stored in a buffer containing
20 mM Tris-HCI (pH 7.5), 1 mM DTT, 0.1 mM EDTA,
and 20% glycerol 1-mL aliquots at80°C. For RecA1332

protein, two separate preparations were made and these

produced essentially identical results in all assays. Protein
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Ficure 1: DNA Strand exchange reactions with ATP or UTP as

concentration was determined using amino acid analysis ofcofactors. DNA strand exchange reactions with wild-type RecA

hydrolyzed protein. For amino acid analysis, proteins were
precipitated in 20% TCA, resuspended in distilled water, and
then hydrolyzedr 6 N HCl at 110°C for 20 h. The resulting
hydrolysates were analyzed on an LKB Alpha Acid Analyzer
(Pharmacia LKB).

Nucleotide Triphosphatase Assaylhe hydrolysis of
nucleotide triphosphates (NTP) by RecA protein was moni-
tored using a thin-layer chromatography assay employing

protein using either ATP or UTP as cofactor were conducted as
described in Materials and Methods: A, 3.0 mM ATP (initial
concentration); B, 3.0 mM UTP (initial concentration); SSM13
ssDNA; RF = M13 replicative form linearized withBarrHI
restriction endonuclease.

buffer system (40 mM Tris-acetate and 2mM EDTA) at 0.96
V/cm for 14 h. Gels were then washed in 50 mM EDTA
for 1 h, rinsed fo 1 h in dH,O with three changes of water,

3H-nucleoside triphosphates as described by Weinstock etand then stained with ethidium bromide (@g/mL in dH,0)

al. (43). The concentrations of NTP and nucleoside diphos-
phate (NDP) were determined at 259 nm, (pH 7.0) uging
=15 400 Mt cm for ATP ande = 10 000 M cm™ for
UTP (7). Unless otherwise specified, reaction conditions
were as follows: reaction mixtures (3fL) contained 20
mM buffer (Tris-HCI, pH 8.0), 10 mM MgGl| 30 mM NacCl,
1 mM DTT, [2, 8*H]ATP (67 uCi/mL) or [5, 6°H]JUTP
(67 uCi/mL), and DNA at a final concentration of 2Q0M.
Reactions were conducted in 520-plastic eppendorf tubes
at 37°C. Aliquots (0.5uL) were spotted onto PEI-cellulose
strips (7 mmx 50 mm) containing NTP and NDP markers.
The chromatography plates were developed iM formic
acid and 0.5 M LiCl. The NTP and NDP spots were
identified with an ultraviolet lamp, cut out, and counted in
scintillation fluid (Ecolume, ICN).

DNA Strand Exchange Assays and Gel Analysitie
method used to measure joint molecules and product
molecule formation was that of Cox and Lehmé&éih €xcept

for 1 h.

The stained gels were photographed and the negatives
scanned using a UMAX630 24-bit scanner interfaced with
a Macintosh computer. The images were analyzed using the
“Gel Analysis Macro” of the program NIH Image v1.49,
which is public domain software. The amount of each
species present was calculated as a percent of the amount of
dsDNA of the lane in which the species is present.

RESULTS

Effects of UTP on DNA Strand Exchang&trand ex-
change with ATP as cofactor in the presence of the single-
stranded DNA binding protein has been well characterized
(5, 28). These reactions are routinely done in an acetate-
based buffer system, with an ATP regenerating system. For
the experiments presented here, we did not include a
regenerating system since we are not aware of one to
regenerate UTP and, furthermore, all experiments were done

that a Tris-acetate buffer system was employed as this bufferin the presence of the SSB protein ©f coli. In Figure 1,

system has been shown to increase the reaction 28je (
Unless otherwise specified, reaction conditions were as
follows: reaction mixtures (4@L) contained 25 mM Tris-
acetate, (pH 8.0), 10 mM magnesium acetate, 5% glycerol,
3.05 mM ATP, or 0.43 mM ATPJ]S or 3.0 mM UTP, 1
mM DTT, 3.0 uM wild-type RecA or 3.0uM RecA1332
protein, 8«M M13 ssDNA, 15.&«M M13 dsDNA, and SSB

at 1 uM. Reactions were conducted in 5@0- plastic
eppendorf tubes at 37T and initiated by the simultaneous
addition of NTP and SSB, following a 10 min preincubation
of all other components at 3T. Reactions were quenched
by the addition of EDTA (15 mM final) and SDS (1.15%
final) at indicated time points. Ficoll gel loading dyeyB)

gels comparing the ability of UTP and ATP to function as
cofactors in strand exchange in the presence of the single-
stranded DNA binding protein d. coliare shown, and the
analysis of these two reactions is presented in Figure 2. There
are two immediately obvious differences between the two
reactions. The first is that the amount of joint molecule
species formed is higher in the UTP reaction and the second
is the reduced decline in the ATP reaction in the intensity
of the band corresponding to RF, the linear duplex substrate.
In both reactions, joint molecule formation was observed to
begin occurring within the first minute of the reaction (Figure
2). For the ATP reaction, joint molecules formed at a rate
of 2%/min, reached a maximum of 280% in 6 min, in

(31) was added, and the entire sample was loaded onto adifferent experiments, and then decreased at a rate of 2.2%/
0.8% agarose gel and subjected to electrophoresis in a TAEmin to a level that was undetectable in the gel in 16 min
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Ficure 3: Rate of disappearance of the linear, duplex substrate in
DNA strand exchange. Gels were analyzed as described in Materials
and Methods, except that the percent duplex substrate is expressed
as a percent of the amount of duplex substrate present at time 0:
5 O, strand exchange reaction in the presence of AAPstrand
—g exchange in the presence of UTP. Initial nucleoside triphosphate
8 concentrations were 3 mM.
=
§ greater for UTP than for ATP. This corresponds with an
& overall increase in the amount of joint molecule intermediates
formed in reactions where UTP is present instead of ATP.
Strains containing thRecA protein 1332llele have been
A shown to be defective for recombination using both conjuga-
tion and transduction assay® @6). In vitro, the purified

0 10 20 30 40 50 60 70 RecA 1332 protein possessed DNA-dependent ATPase
Time (min) activity that was reduced compared to wild type, and
FIGURE 2: Analysis of the DNA strand exchange gels shown in Surprisingly, the mutant was able to perform the DNA strand
Figure 1. Gels were analyzed using the program NIH Image 1.49. exchange reaction with ATP as cofactor (Figure 4). It was
The amount of each species present is expressed as a percent ¢fs efficient as the purified wild-type protein in forming joint
the total dsDNA species present in the lane: A, reaction with ATP  \olecules (data not shown), but was reducee43old

as cofactor; B, reaction with UTP as cofactar, joint molecule

intermediates®, product (nicked circle). compared to wild type in its ability to convert these to

product (Figure 4A). In contrast, while the wild type is able

(Figure 2A). Product formation began to appear atl8 to perform DNA strand exchange with UTP, RecA1332 is
min, increased at a rate of 1%/min, and reached a maximumcompletely defective in this reaction using UTP as cofactor
at 60 min of 56-70% in different experiments (Figure 2A).  (Figure 4B). This may partially explain the deficiency of
For reactions containing UTP as cofactor, intermediates this mutant in recombination in vivo, and provides further
formed at a rate of 13%/min and reached a maximum of €vidence for the role of UTP as a cofactor for DNA strand
70-90% (in different reactions) in 6 min. These species €xchange.
decreased at a rate of 2%/min, from the maximum to a low Effects of Chain Length on UTPase Adfy. In Figure
level that was undetectable in the gel (Figure 2B). Product 5, the effects of ssSDNA chain length &g, for the UTPase
began to appear at 14 min, increased at a rate of 2%/min,activity of RecA protein are shown. For comparison, the
and reached a maximum of 460% in different experiments  effects of chain length on the ATPase activity of RecA
(Figure 2B). Thus UTP is able to substitute for ATP in protein are also showi®). The standard to which all chain
strand exchange. Using these conditions, UTP is morelengths were compared was M13 ssDNA. Under the
efficient than ATP in the accumulation of joint molecule conditions of our assays with M13 ssDNA, RecA protein
intermediates and as efficient as ATP in the formation the was able to efficiently hydrolyze both ATP and UTP with a
nicked circle product. ket Of between 16 and 24 niif (Figure 5). These numbers

There was a significant difference between the rate of are similar to published turnover numbers for RecA protein
utilization of the dsDNA substrate in the ATP and UTP (1, 13, 43, 45).
reactions, however. This is shown in Figure 3. Inthe ATP  Previously, we demonstrated that ssDNA length affects
reaction, the amount of RF decreased from 100%, at a ratethe turnover number for hydrolysis of ATP in a length-
of 7%/min, to a low level in about 20 min of between 20% dependent fashionl). Surprisingly, a different length
and 30% (Figure 3). In contrast, with UTP as cofactor, RF dependence for the UTPase activity than for the ATPase
decreased from an initial level of 100% to a level that was activity was foundM; Figure 5). Longer chain lengths were
undetectable in the gels within 10 min, corresponding to a required for UTPase activity than for ATPase activity. Oligo
rate of decrease of 10%/min. Thus the rate of utilization or d(T)s and oligo d(T)o were reduced 7-fold compared to the
disappearance of the double-stranded substrate in both théATPase reaction; oligo d(39was reduced 5-fold and oligo
ATP and UTP reactions was similar, but the extent was d(T),,was reduced 15-fold. This effect was independent of
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Ficure 4: Comparison of the effects of ATP and UTP on product formation in DNA strand exchange performed by wild-type and mutant
RecA proteins. Reactions were carried out as described in the legend to Figure 1: A, ATP (2.6 mM initial); B, UTP (3.9 mMdanitial);
wild-type RecA protein (2.9%M); O, RecA1332 protein (2.92M).

o

Time (min)

% ‘ ‘ ' ‘ ‘ ‘ o Table 1: Effects of DNA Concentration on the UTPase Activity of
. o o . o RecA Protein
20 ¢ . o Keat (Min~2)2
/ * z 2004M DNA 20004:M DNA
z 15 o * DNA ATPP UTF ATP uTP
55 0ligo d(T)s 14.4 0.27 13.3 2.7
< 10 oligo d(T)o 22 1.7 19.5 2.01
/ + M13 ssDNA 25 15.0 24.0 13.0
5 + aNTPase assays were conducted as described in Materials and
,,?’ - . Methods. Reactions were conducted for 50 min. The valueskfor
ol , . : R ?( X were determined from the slope of time courses with the initial [NTP]
5 10 20 30 40 50 7 2007 6500 7000 as indicated? Initial [ATP] = 907 uM. ¢ Initial [UTP] = 1000 uM.
Chain length (nt)

Ficure 5: Effects of ssDNA chain length ok, for nucleoside affectkae Thus, the reduced rate of the UTPase reaction

triphosphatase activity. Assays were conducted for 60 mirkapd ~ With these chain lengths is not due to reduced affinity. The
was determined from the early, linear portion of time courses, with same increase in oligo d(%)concentration produced a 10-
initial NTP concentration= 1067 M. Dashed line and®, fold increase irke for the hydrolysis of UTP. No increase
hydrolysis of ATP with polymers of oligodeoxythymidilic acid and keat for hydrolysis of ATP was observed, however which

M13 ssDNA (length 6500 nt) done at pH 8.0 (Tris-HCI buffer). . . . . A .
Hydrolysis of UTP with polymers of d(T) and M13 ssDNA at pH S consistent with our previous finding$)( Thus, for oligo

8.0 (Tris-HCI buffer ®); pH 7.0 (potassium phosphate buffa; d(T)s (@ DNA length which does not fully stimulate the
and pH 6.2 (sodium maleate buffex). Two other symbols used  ATPase of RecA protein), the affinity of RecA protein for
wereld, hydrolysis of ATP with mixed composition oligodeoxyri-  this DNA is a contributing factor to the ability of this
bonucleotides as ssSDNA cofactor at pH 8.0 (Tris-HCI buffer); and q)igonycleotide substrate to stimulate the UTPase activity
+, hydrolysis of UTP with mixed composition oligodeoxyribo- . - . .
nucleotides as ssDNA cofactor at pH 6.2 (sodium maleate buffer) Of_the protein but the reaction at higher DNA concentration
and pH 8.0 &; Tris-HCI buffer). still does not occur at the rate of the ATPase.

In addition to affectingk.as SSDNA chain length also
pH, since these oligonucleotides showed low activity when affects the extent of ATP hydrolysisl); As for the
assayed at pH 6.2, 7.5, and 84, (o, and M respectively; hydrolysis of ATP, a length dependence on extent of UTP
Figure 5). The inability of short chain length ssDNA hydrolysis was also observed (data not shown). There was
cofactors to stimulate the UTPase of RecA protein is not less of a reduction due to chain length on the extent of the
unigue to polymers of d(T), since random sequence oligo- UTPase than there was &g, however. This reduction of
nucleotides were also unable to simulate the UTPase of RecAextent of reaction was also independent of pH. Although
protein to the levels seen in the ATPase reaction (ADIP, there is a pH optimum for the UTPase reaction with large
vs UTP,+ and x; Figure 5). A larger effect of pH was chain lengths44), the effects of shorter ssDNA chain lengths
observed with these DNA substrates, however. were independent of pH as they were fQy;.

Standard UTPase reactions utilized 20@ nucleotides Purified RecA1332 protein has been shown to have
of DNA. To determine whether ssDNA affinity was rate- ATPase activity that is reduced-2-fold compared to wild
limiting, experiments were conducted comparing the effects type ). The pH and temperature profiles for this activity
of oligodeoxyribonucleotides on the ATPase and UTPase were also similar to that of wild type, except that they were
activities of RecA protein at 200 and 2000 ssDNA. These reduced 2-4-fold. We examined the effects of pH on the
data are shown in Table 1. For oligo d{J)and M13 hydrolysis of UTP by the mutant protein, with single- and
ssDNA, increasing the DNA concentration 10-fold, in either double-stranded DNA as cofactor. With both DNAs, wild-
the ATPase or the UTPase reactions, did not significantly type RecA protein was able to hydrolyze UTP efficiently at
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Table 2: Effects of pH on the Hydrolysis of UTP by Wild-Type
and Mutant Proteins

Keat (Min~1)2
protein DNA pH 6.2 pH7.0 pH 8.0
RecA proteirt ssM13 24 17 19
linear RP 27 13 12
RecA1332 protein ~ ssM13 5 1 0.04
linear RF 3 2 ND

aUTPase assays were conducted for 20 min. The valudg forere
determined from the slope of the linear portion of the time course with
initial [UTP] = 1067 uM. " RF = replicative form of phage M13
linearized withBarrHI. ¢ ND = hydrolysis of UTP by the mutant protein
under these conditions was not detectable.

all pH'’s tested, withk 4 for the ssDNA-dependent UTPase
ranging from 17 to 24 mint, and 12-27 min?! for the
dsDNA-dependent reaction (Table 2). HigHey: values

Bianco and Weinstock

manner analogous to that of ATP and, by so doing, is able
to convert the enzyme into the high-affinity ssDNA-binding
state, which is a requirement for activity of the enzyme.
Recently, several reports from the Bryant laboratory have
shown that binding of a nucleoside triphosphate cofactor to
RecA protein bound to ssDNA causes an isomerization of
the protein from the inactive to the active foriB( 24, 36,
37). They further showed that the ability of a nucleoside
triphosphate cofactor to induce an isomerization in RecA
protein to the active form is dependent on fhe value for
that cofactor: the nucleoside triphosphate cofactors whose
Ssvalue is 106-120uM or lower are capable of stabilizing
the strand exchange-active conformation of RecA protein.
These studies used ATP, PTR £ values less than 12¢M),
and ITP and GTPY s values greater than 12eM). ATP
and PTP were capable of functioning as cofactors in DNA
strand exchange, whereas ITP and GTP were 24t (In

were determined for the dsDNA-dependent UTPase activity the present study, we show that UTP, which is able to induce
at pH 6.2, which is consistent with previously reported data tpe formation of the high-affinity ssDNA binding state of

showing a pH optimum for this activity of RecA protein of
6.2 @44). In contrast to this, RecA1332 protein was unable
to efficiently hydrolyze UTP using either sSDNA or dsDNA
cofactors (Table 2). For the reactions with ssDNA as
cofactor, ket Was reduced 5-fold at pH 6.2 and 475-fold at
pH 8.0. A similar effect was observed with dsDNA, with

RecA protein 22), is also capable of functioning as a cofactor
for DNA strand exchange in vitro. This implies that UTP
is able to stabilize the strand exchange-active conformation
of RecA protein, even though the affinity of RecA protein
for this nucleoside triphosphate is slightly higher than 120

uM (at pH 8.0, the pH of the reactions performed here).

keat reduced 9-fold at pH 6.2, and was undetectable at pH' RecA protein is able to efficiently hydrolyze UTP and ATP
8.0 (Table 2). Previously, we tested the ability of RecA1332 \4ith large DNA cofactors43, 44). The ATPase activity of

protein to utilize short oligonucleotides as cofactor for the
ATPase reaction?). In contrast to wild typeX), RecA1332

RecA protein is affected by ssDNA cofactor in a length-
dependent mannet,(4). Cooperative interactions between

protein was unable to utilize oligonucleotides 50 nt and less Reca protein monomers, bound contiguously along the DNA
in length as ssDNA cofactor for the hydrolysis of ATP. These backbone, are essential to ATPase activity 21, 45).
data are consistent with a defect in monomer-monomer g her, 4 RecA protein monomer only becomes a fully active
interactions V\_nthln the nucleoprotein filament formed by this  ATpase when it is part of a cluster of monomers which has
mutant protein 2). exceeded a certain size, bound contiguously along the ssDNA
backbone 13). Full ATPase activity was achieved with a
DISCUSSION ssDNA chain length of 30 nt, suggesting that this cluster

The experiments presented here show that UTP is able tohas a minimum size of 10 RecA protein monomels (n
substitute for ATP in the DNA strand exchange reaction the present study, it was found that UTP is not appreciably
promoted by RecA protein in vitro and, further, UTP is not hydrolyzed when the ssDNA cofactor is less thaR00 nt
appreciably hydrolyzed by RecA when the DNA cofactor is in length. This means that the complex of RecA monomers
less than 200 nt in length. These data demonstrate thatbound to DNA that is required for full UTPase activity is
although a nucleoside triphosphate cofactor must have ansignificantly larger than the minimum size of 10 required
S5 less than~120 uM in order to stabilize the strand  for full ATPase activity. In addition, the affinity of RecA
exchange-competent form of RecA protein which UTP is protein for these ssDNA substrates is also a factor that
capable of doing, the presynaptic complex formed in the contributes to the effects of sSSDNA chain length on UTPase
presence of UTP, although similar, may not be identical to activity, since raising the ssDNA concentration 10-fold
that formed in the presence of ATP. produced an increase kg, for UTP hydrolysis. This is in

It was previously shown that RecA protein was capable contrast to the ATP hydrolysis reaction where the affinity

of hydrolyzing (r,d)UTP in addition to (r,d)ATP4@). In
addition, theK, for UTP was similar to that of ATP (33
147 uM vs 10-103 uM, respectively), and the Hill coef-
ficient for UTP binding with ssDNA at pH 8.0 was greater
than 3, as was the case for ATR4( 45). Menetski et al.

of RecA protein for oligonucleotides less than 50 nt in length
is not a factor contributing to full ATPase activityl)(
Finally, an additional factor contributing to the inability of
short oligonucleotides to function as DNA cofactor for UTP
hydrolysis is the reduction in affinity of RecA protein for

showed that all of the nucleoside triphosphate cofactors ssDNA induced by UDP, one of the products of the
hydrolyzed by RecA protein were capable of inducing the hydrolysis reaction. The reduction in affinity induced by
formation of the high-affinity sSDNA binding state of RecA UDP has been shown to be 2-fold greater than that caused
protein, which is the active form of the protei2. These by ADP as determined by the salt titration midpoiR2), A
cofactors included UTP, (r,d)CTP, and (r,d)ATP. Kowalc- simple hypothesis to account for these observations is that
zykowski (13), and Watanabe et al4Q) have shown that RecA oligomerization is important for stable binding to
theKq values for both ATP and UTP are essentially the same oligonucleotides and for NTP hydrolysis. ATP binding is
(15uM and 13uM, respectively). These data suggest that proposed to facilitate or stabilize these protefmotein
UTP is able to interact efficiently with RecA protein in a interactions, while UTP does not. However, a sufficiently
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stable structure can be formed in the presence of UTP on ahomologous genetic recombination where the DNA substrate
long DNA molecule, presumably because of the larger is of sufficient length (i.e.>200 nt) to allow for efficient
number of RecA molecules involved. The accumulation of presynaptic filament formation.

strand exchange intermediates in the UTP reaction could also
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