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The enzymatic activities of Escherichia coli recA
protein are sensitive to ionic composition. Here we
report that sodium glutamate (NaGlu) is much less
inhibitory to theDNA strand exchange, DNA-dependent ATPase, and DNA binding activities of the recA
protein than is NaC1. Both joint molecule formation
and complete exchange of DNA strands occur (albeit
at reduced rates) at NaGlu concentrations as high as
0.5 M whereas concentrationsof NaCl greater than0.2
M are sufficient for complete inhibition. The singlestranded DNA (ssDNA)-dependentATPase activity is
even less sensitive to inhibition by NaGlu; ATP hydrolysis stimulated by M 1 3 ssDNA is unaffected by 0.6
M NaGlu and is further stimulated by E. coli ssDNA
binding protein-2-fold. Finally, NaGlu has essentially
no effect on the stability of recA protein-cM13 DNA
complexes, with concentrations of NaGlu as high as
1.5 M failing to dissociate the complexes. Surprisingly,
NaGlu also has little effect on the concentration of
NaCl required to disrupt therecA protein-eM13 DNA
complex, demonstrating that destabilization is dependof anionic
ent on both theconcentrationandtype
rather than cationic species. Quantitative analysis of
DNA binding isotherms establishes that the intrinsic
binding affinityof recA protein is affected by the anionic species present andthat thecooperativity parameter is relatively unaffected. Consequently, the sensitivity of recA protein-ssDNA complexes to disruption
by NaCl does not result from the competitive effects
associated with cation displacement from the ssDNA
upon protein binding but rather results from anion
displacement upon complexformation. The magnitude
of this anion-specific effect on ssDNA binding is large
relative to that of other nucleic acid binding proteins.

The product of the recA gene is required for genetic recombination in Escherichia coli (Clark, 1973).I n vitro, this protein
binds cooperatively to single-stranded DNA (ssDNA)’ (Menetski and Kowalczykowski, 1985), resulting in an activation
of ATPase activity (Weinstock et al., 1981). recA protein also
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promotes both the renaturation of complementary ssDNA
(Weinstock et al., 1979) and the reciprocal exchange of DNA
strands between ssDNA and complementary dsDNA(Cox
and Lehman, 1981). As for nearly all protein-nucleic acid
interactions, theseDNA binding-dependent activities are sensitive to increasing salt concentration, and the magnitude of
inhibition is greater for NaCl than for sodium acetate
(NaOAc) (Menetski and Kowalczykowski, 1985; Roman and
Kowalczykowski,1986;Kowalczykowski and Krupp, 1987).
The presence of 200 mM NaCl, for example, is sufficient to
totally inhibit DNA strand exchange, and 200 mM NaOAc
inhibits the reaction by 89% (Roman and Kowalczykowski,
1986).
The sensitivity of recA protein-promoted DNA strand exchange in vitro is somewhat difficult to reconcile with the
observation that theintracellular ionic environment of E. coli
changes dramatically with external osmolarity (Epstein and
Schultz, 1965;Munro et al., 1972;Measures, 1975).As external
osmolarity increases from 0.1 to 1.1 osmolal, the internal
concentration of potassium ion increases from 0.23 to 0.93
molal and that of glutamate ion increases from 0.03 to 0.26
molal (Richey et al., 1987). These in vivo ion concentrations
are sufficiently high to raise concern of the efficacy of the
recA protein-promoted DNA strand exchange reaction in vivo.
However, this apparent dilemma is potentiated by a growing
appreciation that theanionic component of a salt has a large
impact on protein-nucleic acid stability (see Kowalczykowski
(1990) for summary). In particular, the glutamate anion is the
least inhibitorytoward both nucleic acid enzyme activity and
nucleic acid binding affinity (Leirmo et al., 1987; Overman et
al., 1988; Griep and McHenry, 1989; Princeand Villarejo,
1990). For these reasons, we examined the effects of sodium
and potassium glutamate on the in vitro activities ofrecA
protein. As might have been anticipated based on these precedents, both the ssDNA-dependent ATPase and DNA strand
exchange activities are much less sensitive to inhibition by
NaGlu (or KGlu) than by NaC1. Furthermore, the stability of
recA protein-ssDNA (tM13 DNA) complexes is not affected
by the presence of up to 1.5 M NaGlu. These results suggest
that most, if not all, of the sensitivity of recA protein to salt
concentration is due to the anionic component of the salt.
Therefore, recA protein function should be relatively insensitive to changes in the intracellular potassium glutamate
concentration.
MATERIALS AND METHODS

Chemicals-All chemicals were reagent grade, and solutions were
made in glass-distilled HzO. ATP was purchased from Boehringer
Mannheim and was dissolved as a concentrated stock solution a t pH
7.5. The concentration of ATP was determined using an extinction
coefficient of 1.54 X io4 cm” M” at 260 nm.
Proteins-hcA protein was purified from E. coli strain JC12772
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(Uhlin and Clark, 1981) using a preparative protocol' based on
spermidine acetate precipitation (Griffith and Shores, 1985). The
concentration ofrecA protein was determined using an extinction
nm. SSB protein was purified
coefficient of 2.7 X 10' cm" "'at 280
from E. coli strain RLM 727 (LeBowitz, 1985). The concentration of
SSB protein was determined using an extinction coefficient at 280
nm of 3 X lo4cm" M - ~ .The T4bacteriophage gene 32 protein (G32P)
was purified as described by Kowalczykowski et al. (1981).
DNA-Bacteriophage M13 ssDNA and replicative form dsDNA
were isolated as described by Messing (1983). The replicative form
was linearized using EcoRI restriction endonuclease. The concentrations of ssDNA and M13 dsDNA were determined using extinction
coefficients of 8784 and 6500 cm" M" a t 260 nm, respectively. eM13
DNA was made as described by Menetski and Kowalczykowski (19851,
and itsconcentration was determined using an extinction coefficient
of7.0 X lo3 cm" M" a t 260 nm (Menetski and Kowalczykowski,
1987). Poly-1,M-ethenoadenylic acid (poly(crA))was purchased from
P-L Biochemicals, and its concentration was determined using an
extinction coefficient of 5.11 X lo3 cm" M" at 260 nm (Kowalczykowski et al., 1981).
DNA Binding Assay-The binding of recA protein to tM13 DNA
was measured in 20 mM Tris-HC1 (pH 7.5), 0.1 mM dithiothreitol,
and added salts at the concentration indicated. Titrations and their
analysis were performed as described (Menetski and Kowalczykowski,
1985).
The binding of G32P to poly(erA) (1.0 PM)was measured in 20 mM
Tris-HC1 (pH 7.5), 100 mM NaCl, 0.1 mM dithiothreitol, and added
NaGlu at the concentration indicated. Titrations and their analysis
were performed as described (Kowalczykowskiet al., 1981; Kowalczykowski et al., 1986).
ATP Hydrolysis Assay-ATP hydrolysis was measured by either
of two methods which yielded equivalent results. Assays were conducted at 37 "C and contained 3 PM of the indicated ssDNA, 1 PM
recA protein, and 0.6 p~ SSB, when present, in buffer consisting of
20 mM Tris-HCI (pH 7.5), 0.1 mM dithiothreitol, 10 mMMgC12, 0.5
mM ATP, and salt as indicated. The first method measured inorganic
phosphate production, using the method of Lanzetta et al. (1979). At
early time points (i.e. less than 10 min), the production of inorganic
phosphate was linear and was used to determine the initial rate of
ATP hydrolysis. The alternate procedure was to use an enzymelinked spectrophotometric assay which measures the oxidation of
NADH (Kreuzer and Jongeneel, 1983; Kowalczykowski and Krupp,
1987).The components of the assay mixture did not limit the observed
rate of ATP hydrolysis by recA protein a t concentrations of NaGlu
Up to 1.5 M.
DNA Strand Exchange Assay-DNA strand exchange was assayed
as described previously (Cox and Lehman, 1981).Reactions contained
10 p M M13 ssDNA, 20 p~ M13 linear dsDNA, 6 PM recA protein,
and 0.9 p M SSB protein (when included). Incubation was at 37 "C in
buffer containing 25 mM Tris acetate (pH 7.5), 1 mM dithiothreitol,
8 mM magnesium acetate, 3.5% glycerol, 1 mM ATP, and NaGlu as
indicated. An ATP regenerating system, consisting of25 units/ml
pyruvate kinase and 5.0 mM phosphoenolpyruvate, was included in
all reactions. Aliquots were removed at 10, 20, 30, 60, and 90 min and
were microdialyzed on Millipore "V" membranes to remove the salt
(Marusyk and Sergeant, 1990). After electrophoresis in 0.8% agarose
gels, the gels werestained with ethidium bromide, photographed using
Polaroid type 55 positive/negative film, and then scanned using a
Zeineh soft laser scanning densitometer.
RESULTS

DNA Strand Exchange Occurs at Elevated Sodium GlutamateConcentrations-DNA
strandexchangepromotedby
recAprotein is sensitive to increasingNaClconcentration
(with complete inhibition occurring at 200 mM NaCl), but it
is somewhat less sensitive to increasing NaOAc concentration
(the rate of product formation is inhibited 89% at 200 mM
NaOAc (Roman and Kowalczykowski,1986)). In comparison,
recA protein-promotedDNA strand exchangeis more tolerant
of increasingNaGluconcentrations
(Fig. 1); at 250 mM
NaGlu, the rate of product formation is inhibited only 75%,
and at 500 mM NaGlu,formationof joint moleculesand
gapped circular dsDNA productis still detectable.

' S. C. Kowalczykowski,manuscript in preparation.
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FIG. 1. Effect of NaGlu on DNA strand exchange. The DNA
strand exchange reaction was conducted as described under "Materials and Methods." Panel A represents jointmolecule formation, and
panel B represents gapped circular dsDNA product formation: triangles, 0 mM NaGlu; circles, 100 mM NaGlu; inverted triangles, 250 mM
NaGlu; and squares, 500 mM NaGlu.
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FIG. 2. Effect of glutamate salts on ssDNA-dependent ATPase activity. Reactions were conducted using standard conditions
and contained the following: circles, eM13 DNA and NaGlu; inverted
triangles, eM13DNA and KGlu; open squares, M13 ssDNA and
NaGlu; filled squares, M13 ssDNA, SSB protein, and NaGlu; pluses,
NaGlu but DNA omitted; and diamonds, KGlu but DNA omitted. In
the presence of DNA, the ATP hydrolysis given is the net rate
obtained upon subtraction of the DNA-independent component.

ssDNA-dependent ATP Hydrolysis Occurs at 1.5 M NaGluThe effect of NaGlu on M13 ssDNA-dependent ATPase activity is shown in Fig. 2. In the absence of SSB protein, the
ATP hydrolysis rate is unaffected by 0.5 M NaGlu and then
decreases to zero at the highestconcentration ofNaGlu
examined (1.5 M). At 1.0 and 1.5 M NaGlu, a portion of the
observedATPhydrolysisisDNA-independent
(Pugh and
Cox, 1988) and is substrated from the observed rate to yield
the net DNA-dependent value. SSB protein stimulates ATP
hydrolysis at 0 and 0.5 M NaGlu but has a smaller effect at
1.0 M. In comparison,M13 ssDNA-dependentATP hydrolysis
is inhibited approximately 80-90%at 400 mM NaCl or at 850
mM NaOAc, and SSB protein-stimulated ATP hydrolysis is
inhibited approximately 50% at 400 mM NaCl (Roman and
Kowalczykowski,1986;KowalczykowskiandKrupp,1987;
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Lavery and Kowalczykowski, 1988). Fig. 2 also shows the non-stoichiometric at NaGlu concentrations of about 500 mM
behavior of ATP hydrolysis dependent on tM13 DNA, which or greater, with the protein binding isotherms being characis a fluorescent derivative of M13DNA that is devoid of teristically sigmoidal ( d a t a not shown). The monomer coopsecondary structure. The rate of cM13 DNA-dependent ATP erativity parameter, w, was determined to be 1,000 f 500 and
hydrolysis is essentially unaffected by0.5 M NaGlu but is independent of NaGlu concentration; these observations are
reduced by approximately 25 and 70% at 1.0 and 1.5 M NaGlu. in agreement with the values of 1,000-2,000 determined preThis trend is independent of the cation present, since KGlu viously in NaCl (McGhee and von Hippel, 1974; Kowalczyelicits the same effects (Fig. 2). As for M13 ssDNA-dependent kowski et al.,1986; Kowalczykowskiet al., 1981). A plot of log
ATP hydrolysis, NaCl is a more potent inhibitor of the tM13 Kw uersw log[NaGlu] derived from the protein titrations
DNA-dependent reaction (a 40% reduction at 400 mM NaCl yields a slope of approximately -4.1 (Fig. 3), which is inter(Kowalczykowski and Krupp, 1987)). Thus, ssDNA-depend- mediate to that published for NaOAc(-5.1) and for NaF
ent ATP hydrolysis, as well as DNA strand exchange, is (-3.5) (Kowalczykowski et al., 1981); at 0.35 M salt, Kw is
inhibited less by NaGlu than by either NaCl or NaOAc.
approximately 11-fold greater in NaGlu than in NaCl. Thus,
The recA Protein-cM13 DNA Complex Is Not Dissociated the effect of NaGlu on the binding of gene 32 protein to
by Sodium Glutamate-Since the enzymatic properties of recA ssDNA is within the range of anion effects previously noted
proteinare less inhibited by NaGlu, its effect on ssDNA but is insharpcontrasttothe
effects observed for recA
binding affinity was examined. A measure of the relative protein. Therefore, it appears that the anionic contribution
stability of protein-DNA complexes is the concentration of to the salt concentration dependence of recA protein binding
salt required to disrupt the protein-DNA complex (Kowalczy- affinity is unusually large.
kowski et al., 1981;Kowalczykowski etal., 1986). In the
The Intrinsic Binding Constant, but Not the Cooperatiuity
absence of nucleotide cofactor, the recA protein-tMl3 DNA Parameter, of recA Protein Is Affected by the Anionic Speciescomplex is half-dissociated by approximately either 250 mM Because recA protein binds to ssDNA cooperatively, an inNaCl or 840 mM NaOAc (Menetskiand Kowalczykowski, crease in the apparent affinity ofrecA protein for ssDNA
1985). This same complex is completely stable to concentra- could be due to an increase in either the intrinsic binding
tions of sodium glutamate as high as 1.5 M (data not shown),
affinity or the cooperativity of binding. These parameterscan
demonstrating that the apparentaffinity of recA protein for
be determined by conducting protein titrations under nontM13 DNA is at least lo7 M" at this concentration of NaGlu.
stoichiometric binding conditions (i.e. see Menetski and KoTo determine whether high concentrations of NaGlu affect
walczykowski (1985) and Kowalczykowski et al. (1986)). Unthe apparent binding affinity, NaCl titrations were performed
in the presence of either 0.5 or 1.0 M NaGlu. The NaCl fortunately, because the binding of recAprotein to tM13 DNA
is stoichiometric even at 1.5 M NaGlu, theseparameters
titration midpoints are given in Table I. Surprisingly, the
cannot
be determined in the presence of this salt. However,
presence of 1 M NaGlu decreases the NaCl concentration
required to dissociate 50% of the complex by only 24 mM binding in the presence of elevated NaOAc concentrations is
NaCl, relative to the concentration required when NaGlu is non-stoichiometric (Menetskiand Kowalczykowski,1985).
absent. These data suggest that the 1.0 M sodium ion in the Therefore, the thermodynamic binding parameters can be
form of NaGlu haslittle effect ontheapparent
binding determined in the presence of this salt and compared with
affinity of recA protein for single-stranded DNA and that the those determined in NaCl to see which thermodynamic pacomplex instability caused by NaCl is almost entirely due to rameter is anion-sensitive. The binding isotherms were found
the chloride anion rather than the sodium cation. Thus, the to be sigmoidal (data not shown), and Kw was determined
salt concentration dependence of the apparentssDNA binding (Menetski andKowalczykowski, 1985);a plot of log Kw uersw
affinity ofrecA protein must be due almost entirely to the log[NaOAc] is shown in Fig. 3. In the absence of nucleotide
anionic species present.
[salt], M
Although anion-specific effects on the stability of proteinnucleic acidcomplexes have been reported, the complete
0.4
0.b
0.0
0.7
0.8
0.8
1
7.2
absence of dissociation by 1.5 M NaGlu is atypical (see Kowalczykowski (1990)). For nonspecific ssDNA binding proteins, the effects of NaGlu have been reported only for E. coli
SSB protein. The binding affinity of SSB protein for ssDNA
is approximately 1,000-fold greater in the presence of glutamate than in chloride and 11-fold greater than in acetate
(Overman et al., 1988). To determine whether the lack of
dissociation of recA protein-ssDNA complex by NaGlu was
unique, the effect of NaGlu on the stability of complexes
I
0.0
between bacteriophage T4-coded gene 32 protein (G32P) and
-0.4
-0.3
-0.2
-0.1
0.0
poly( trA) was examined. Complex formation was found to be

'

log [*.It1

TABLEI
Effect of sodium glutamate on the stability
of
recA protein-ssDNA complexes
Salt titrations were conducted at 37 "C in buffer containing 5.4 pM
cM13DNA, 1.6 p~ recA protein, 10 mM MgCl,, and the NaGlu
concentration indicated.
[NaGlu]

titration
Salt

midpoint

M

m M NaCl

0.0
0.5
1.0

274
260
250

FIG. 3. The effect of salt concentration on the ssDNA binding affinity. The values of Kw were determined from protein titrations for either recA protein (solid line) or G32P (dashed line).recA
protein titrations were carried out at 25 "C in DNA binding assay
buffer containing 1.6 p~ cM13 DNA, 4 mM magnesium acetate, and
NaOAc at the indicated concentration; G32P titrations were carried
out at 37 "C in DNA binding buffer containing 1.0 p~ poly(trA) and
NaGlu at the concentration indicated. The units of K w andsalt
concentration are M" and M, respectively. The data are: circles, recA
protein in the absence of nucleotide cofactor ( y = -5.4~ + 5.9);
diamonds, recA protein in the presence of 100 mM ADP ( y = -5.0~
+ 4.6); triangles, G32P ( y = -4.1~ 5.9).

+
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cofactor, the apparent affinity of recA protein for ssDNA is
substantially less sensitive to NaOAc concentration than to
NaClconcentration (dlog Kw/dlog[NaOAc] = -5.4 uersus
dlog Kw/dlog[NaCl] = -11.1; Menetski and Kowalczykowski
(1985)). The severe difference in the salt concentration sensitivities makes a comparison of relative affinities highly
dependent on the salt concentration chosen, e.g. the affinity
at 220 mM NaOAc is approximately 200-fold higher than in
NaCl but is as large as 107-folddifference at 800 mM salt. In
the presence of ADP, the NaOAc concentration dependence
of affinity is comparable with that for NaCl (dlog Kw/
dlog[salt] = -5.05 and -4.7, respectively; Menetski and Kowalczykowski (1985)); the binding affinity is approximately
100-fold greater at 220 mM NaOAc than in NaC1. Over the
range of 450-860 mM NaOAc, the apparent monomer cooperativity parameter, w, is approximately 125 25 (data not
shown), which is 2.5-fold greater than that observed in the
presence of NaCl (0 = 50; Menetski and Kowalczykowski
(1985)). This 2.5-fold increase in cooperativity is not sufficient
to account for the much greater increase in the apparent
binding affinity when NaOAc is substituted for NaC1. Therefore, the increase in the apparent ssDNA binding affinity
observed in the presence of acetate is largely due to anincrease
in the intrinsic binding constant, K, and not in the cooperativity of binding. We presume that a similar explanation
accounts for the increased stability observed in the presence
of NaGlu.

*

DISCUSSION

Glutamate is a major anionic species in E. coli, and its
intracellular concentration varies widely with the osmolarity
of the external environment (Record et al., 1985; Richey et
al., 1987). For these reasons, we determined the effect of
NaGlu on the biochemical properties of the recA protein. We
find that both the DNA strand exchange and ssDNA-dependent ATPase activities are inhibited less by NaGlu than by
any other sodium salt tested. Similarly, ssDNA binding studies confirm that the affinity of recA protein for ssDNA is
affected least by NaGlu. These observations confirm and
extend a number of reports demonstrating that glutamate
salts are the
least inhibitory to either enzyme activity (Leirmo
et al., 1987; Griep and McHenry, 1989; Prince and Villarejo,
1990) or to DNA binding affinity (Overman et al., 1988),when
compared to themore typically used chloride or acetate salts.
The inhibition of recA protein function by increasing salt
concentration is greatly influenced by the anionic species and
follows the series: chloride > acetate > glutamate. In contrast,
neither the ssDNA-dependent nor the DNA-independent
ATPase activity (Pugh and Cox, 1988) shows a differential
sensitivity to sodium uersus potassium ion. For each salt, the
DNA strand exchange activity of recA protein is the most
sensitive to inhibition, followed byssDNA-dependent ATPase
activity, and finally by ssDNA binding activity. Since DNA
strand exchange activity is inhibited at salt concentrations
significantly lower than those needed to inhibit eitherssDNAdependent ATPase activity or ssDNA binding, neither of
these properties can be limiting at salt concentrations that
inhibit DNA strand exchange. This suggests that a different
activity, such as dsDNA binding or an essentialproteinproteininteraction, becomes limiting. The ability of recA
protein to displace SSB protein from ssDNA is not compromised at elevated NaGlu concentrations, as evidenced by the
-2-fold stimulation of M13 ssDNA-dependent ATPase activity by SSB protein at up to 0.5 M NaGlu. Similarly, this
observation implies that SSB protein also canbind M13
ssDNA under these conditions. Consistent with this inference,
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we find that SSB protein bindsto M13 ssDNA in 1.0 M NaGlu
with an apparent stoichiometry of 64 nucleotides/tetramer,
although stoichiometric binding does not occur in 2M NaGlu.3
The most unanticipated finding is that notonly is therecA
protein-cMl3 DNA complex stable in 1.5 M NaGlu but that
the presence of 1.0 M NaGlu has a negligible effect on the
NaCl concentration required to disrupt the complex. This
suggests that essentially all of the observed NaCl concentration dependence of binding is an effect of the chloride, and
notthe sodium, ion concentration.Quantitative analysis
shows that the primary effect of anion substitution is on the
intrinsic affinity of recA protein for ssDNA and not on the
cooperativity of binding. The cooperativity parameter, w, is
approximately 2.5-fold higher in thepresence of NaOAc than
that obtained in NaCl, a difference which is insufficient to
account for the much greater alteration in apparent affinity
observed in thepresence of these two salts. By analogy to this
effect of acetate, we assume that themajor effect of glutamate
substitution also involves the intrinsic ssDNA binding affinity
of recA protein. This result is surprising because the affinity
of a protein for DNA is generally thought to be affected more
by cation concentration than anion concentration, although
reports of anion effects are becomingmore frequent (see
Kowalczykowski (1990)). Since the cationic component of the
salt sensitivity of DNA binding affinity reflects the number
of ionic interactions between the protein and the DNA phosphate backbone (Record et al., 1976), our data suggest that
recA protein makes no direct ionic bridges with the phosphate
backbone of DNA, even though these residues may be occluded within the complex (Leahy and Radding, 1986). As a
consequence, variations in intracellular KGlu concentrations
due to changes in external osmolarity will have essentially no
effect on recA protein binding to ssDNA and will have relatively little effect on recA protein enzymatic activity.
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