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Among  strains  of  Escherichia  coli  that  have  evolved  to survive  extreme  exposure  to  ionizing  radiation,
mutations  in  the recA  gene  are  prominent  and  contribute  substantially  to  the  acquired  phenotype.
Changes  at  amino  acid  residue  276,  D276A  and  D276N,  occur  repeatedly  and  in separate  evolved  popu-
lations.  RecA  D276A  and  RecA  D276N  exhibit  unique  adaptations  to  an  environment  that  can  require  the
repair  of hundreds  of double  strand  breaks.  These  two  RecA  protein  variants  (a)  exhibit  a  faster  rate  of
filament  nucleation  on  DNA,  as  well  as  a slower  extension  under  at least  some  conditions,  leading  poten-
eywords:
ecA protein
adiation resistance
volution
ouble strand break repair
NA repair

tially  to  a distribution  of the protein  among  a higher  number  of shorter  filaments,  (b)  promote  DNA  strand
exchange  more  efficiently  in the context  of a shorter  filament,  and  (c)  are  markedly  less  inhibited  by  ADP.
These  adaptations  potentially  allow  RecA  protein  to address  larger  numbers  of  double  strand  DNA  breaks
in an  environment  where  ADP concentrations  are  higher  due  to  a  compromised  cellular  metabolism.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Ionizing radiation (IR) is present in the environment in the
orm of low levels of X-rays and radionuclides. Higher-level doses

ay  be encountered in the form of X-ray devices and radioactive
ompounds. However, few organisms are normally exposed to sub-
tantial IR doses in the environment. Nevertheless, a number of
rganisms can survive extraordinary exposure to IR, exposure to
hich damages all cellular components and introduces genomic
ouble strand breaks. The molecular basis of this resistance is of

nterest due to the potential for human genomic and cellular dam-
ge due to IR exposure related to human activities.

The most studied model system for extreme resistance to IR
s the bacterium Deinococcus radiodurans [1–4]. Whereas a 2–5 Gy
ose of IR is lethal for a human, D. radiodurans can survive doses in

xcess of 5000 Gy with no lethality [1–5]. The extraordinary resis-
ance of Deinococcus to ionizing radiation is likely to be a byproduct
f an evolved capacity to withstand long-term desiccation [6,7].

∗ Corresponding author. Tel.: +1 608 262 1181.
E-mail address: cox@biochem.wisc.edu (M.M.  Cox).

ttp://dx.doi.org/10.1016/j.dnarep.2014.12.001
568-7864/© 2015 Elsevier B.V. All rights reserved.
On the surface, Deinococcus appears to possess an unremarkable
complement of DNA repair systems. These include recombinational
DNA repair (RecA, RecF, RecO, RecR, RecX, RecN, RadA, RuvA, RuvB,
RuvC, RecG, RecJ, RecQ, SbcCD), nucleotide excision repair (UvrA,
UvrB, UvrC, UvrD), base excision repair (Xth, AP endonuclease, two
AlkA glycosylases, nine DNA glycosylases), and mismatch repair
(MutS (2 homologs), MutL, UvrD, no NutH homolog) [4,8]. A hand-
ful of novel proteins are present, induced to high levels when
Deinococcus is exposed to IR (DdrA, DdrB, DdrC, DdrD, PprA [2,9],
and play a demonstrated role in genome reconstitution. However,
the activities of at least some of these proteins suggest a role in
genome preservation (perhaps in the context of long term desic-
cation) rather than a role in a novel DNA repair system [10–13].
The apparent absence of novel DNA repair functions in Deinococcus
has contributed to arguments that the molecular basis of extreme
IR resistance lies in the capacity of the cells to protect its proteins
from oxidative damage, rather than any special facility for DNA
repair [3,14,15].
Deinococcus does appear to utilize its DNA repair functions in
a somewhat unusual two-stage process for genome reconstitution,
dubbed extended synthesis-dependent single strand annealing, or
ESDSA [16–18]. The RecA protein of D. radiodurans (DrRecA) also

dx.doi.org/10.1016/j.dnarep.2014.12.001
http://www.sciencedirect.com/science/journal/15687864
http://www.elsevier.com/locate/dnarepair
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dnarep.2014.12.001&domain=pdf
mailto:cox@biochem.wisc.edu
dx.doi.org/10.1016/j.dnarep.2014.12.001
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mined to be >95% pure as determined by SDS-PAGE, dialyzed into
J.R. Piechura et al. / D

ossesses some novel attributes that might be linked to its func-
ion in the context of the reconstitution of an IR-fractured genome.
irst, under at least some conditions, the DrRecA protein promotes
NA strand exchange with a preferred DNA substrate order of addi-

ion that is opposite of that seen with the Escherichia coli RecA
rotein (EcRecA) [19]. Rather than binding single strand DNA first,
rRecA preferentially initiates strand exchange from the duplex
NA substrate [19]. The properties of DrRecA with respect to fil-
ment formation are also distinct. The EcRecA protein nucleates
lament formation relatively slowly, and extends the filaments
ore rapidly, properties that would tend to localize much of the

vailable RecA protein in a single filament. This may  reflect a repair
ystem that typically must deal with one or only a few situa-
ions requiring recombinational DNA repair in each cell cycle. In
ontrast, the DrRecA protein nucleates more rapidly and extends
he filament more slowly, properties which would tend to cre-
te large numbers of shorter filaments [20]. These properties are
onsistent with a system that must deal with hundreds of dou-
le strand breaks after desiccation or extreme doses of ionizing
adiation.

To better understand the genetic innovations that produce
xtreme resistance to IR, we have subjected E. coli to directed evolu-
ion. We  have generated strains of E. coli that are nearly as resistant
o IR as is Deinococcus [21,22], exhibiting increases in survival of
–4 orders of magnitude when exposed to an IR dose of 3000 Gy. For
ne of these strains, an isolate called CB2000, we have attributed
early the entire phenotype to mutations in the genes recA, dnaB,
nd yfjK [22]. All three mutations reflect broader patterns in the
our evolved populations [22]. The overall result demonstrates that
daptation of existing DNA repair systems, rather than evolution of
ovel repair processes, can make significant contributions to an
xtreme IR resistance phenotype [22].

In the evolution trials, mutations in the recA gene appear
rominently in three of four separately evolved populations, and
lterations at residue 276 (D276A and D276N) predominate. The
276A RecA mutation makes a substantial contribution to the over-
ll IR resistance phenotype in CB2000 [22]. The RecA alterations,
long with other mutations, demonstrate that new DNA repair
ystems may  not be necessary for extreme IR resistance; existing
ystems can adapt to the new cellular requirements. In spite of
ver three decades of investigation of the structure and function of
ecA protein, the two RecA variants at residue 276 have never been

solated or characterized. The obvious question becomes: what
lterations in the molecular repertoire of the RecA protein might
ontribute to resistance to ionizing radiation? In this report, we
nvestigate the changes in wild type RecA protein function that
esult from the D276A and D276N mutations, revealing acquired
roperties that fit the context of repair of a severely degraded
enome.

. Materials and methods

.1. DNA substrates

Circular single-stranded DNA and supercoiled double-stranded
NA were obtained from bacteriophage M13mp18 using CsCl gra-
ients as described previously [23–25]. Linear double-stranded
NA for strand exchange reactions was generated by digestion of

upercoiled DNA with the restriction enzyme PstI according to the
anufacturer’s instructions. Concentration of DNA substrates was
etermined using absorbance at 260 nm and the conversion fac-
ors 108 �M A260

−1 for single-stranded DNA and 151 �M A260
−1 for

ouble-stranded DNA. DNA concentrations in this work are given
n total nucleotides.
air 26 (2015) 30–43 31

2.2. Cloning and strain construction

Construction of pEAW416. E. coli radiation resistant evolved
strain CB1013 [21,22] was used as a PCR template with an upstream
primer consisting of an NdeI site followed by bases 4–16 of the recA
gene. The ATG bases of the NdeI site code for the start codon of recA.
The downstream PCR primer consisted of a BamHI site followed by
the last 28 bases of the recA gene. The PCR product was digested
with NdeI and BamHI and inserted into the overproduction vector
pET21A (Novagen) digested with the same enzymes. The presence
of recA D276A was  confirmed by direct sequencing. Construction
of pEAW446. This was  carried out in a similar manner as pEAW416,
with E. coli radiation resistant evolved strain CB2000 used as PCR
template. The resulting plasmid had recA N5K + D276N mutations.
The N5K mutation was  replaced by a wt N5, and the presence of
recA D276N was  confirmed by direct sequencing.

2.3. Protein purification

Native wild type E. coli RecA and single-stranded DNA bind-
ing protein were purified as described previously [26]. Protein
concentrations were determined using absorbance at 280 nm and
the extinction coefficients 2.23 × 104 M−1 cm−1 for RecA [27] and
2.83 × 104 M−1 cm−1 for SSB [28].

E. coli K12 strain STL2669 (�(recA-srlR)306:Tn10xonA2(sbcB−)),
a nuclease-deficient strain which was  graciously provided by Susan
T. Lovett (Brandeis University), was  transformed with pT7pol26 and
either pEAW416, encoding RecA D276A, or pEAW 446, encoding
RecA D276N [29]. Four liters of Luria-Bertini media supplemented
with 100 �g/mL ampicillin and 40 �g/mL kanamycin were inoc-
ulated with the appropriate strain and incubated at 37 ◦C with
shaking. When the cultures were at an A600 nm of approximately
0.65, protein expression was induced by the addition of isopropyl 1-
thio-�-d-galactopyranoside to a final concentration of 0.4 mM.  The
cells were allowed to grow for 3 more hours at 37 ◦C with shak-
ing and then were collected by centrifugation. Cell pellets were
flash-frozen in liquid N2 and then adjusted to a concentration of
20% (w/v) in a solution of 250 mM Tris–HCl (80% cation, pH 7.7)
and 25% (w/v) sucrose and allowed to thaw at 4 ◦C overnight. All
subsequent purification steps were carried out at 4 ◦C. Lysis of
the cells containing RecA D276N was initiated by the addition of
lysozyme to a final concentration of 2.5 mg/mL. EDTA was added
to both cell solutions to a final concentration of 7 mM,  and cells
were lysed by sonication. Cell debris was removed by centrifuga-
tion, and RecA protein was precipitated by the addition of 0.111 mL
of 5% (w/v) polyethyleneimine per mL  of lysate. The precipitate was
pelleted by centrifugation, washed with R buffer (20 mM Tris–HCl
(80% cation, pH 7.7), 10% glycerol, 0.1 mM EDTA, 1 mM DTT) for
the RecA D276N pellet or R + 100 mM ammonium sulfate for the
RecA D276A pellet. Then, protein was  extracted from the pel-
let with R buffer + 300 mM ammonium sulfate. RecA was then
precipitated by the addition of ammonium sulfate to a final concen-
tration of 0.28 g/mL. The precipitate was pelleted by centrifugation
and washed with R buffer + 0.28 g/mL ammonium sulfate. RecA
was then resuspended and dialyzed into R buffer + 100 mM KCl.
RecA D276A was further purified using successive Q-sepharose,
SP-sepharose, and Sephacryl S-300 gel filtration chromatography
steps. RecA D276N was further purified using successive DEAE-
sepharose, ceramic hydroxyapatite, Source 15-Q, and Sephacryl
S-300 gel filtration chromatography steps. The proteins were deter-
R buffer, flash-frozen in liquid N2, and stored at −80 ◦C. RecA pro-
teins were determined to be free of detectable nuclease activity. The
concentrations of RecA D276A and RecA D276N were determined
using the wild type RecA protein extinction coefficient.
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.4. ATP hydrolysis (ATPase) assay

A coupled spectrophotometric enzyme assay [30,31] was
mployed to measure the rate of ATP hydrolysis of RecA. ADP
ormed by ATP hydrolysis was converted back to ATP by an
TP regenerationg system of 10 units/mL of pyruvate kinase and
.5 mM phosphoenolpyruvate. Pyruvate produced by the regen-
ration reaction was then utilized by a coupling system of 10
nits/mL of lactate dehydrogenase and 1.5 mM NADH to oxi-
ize NADH to NAD+. The conversion of NADH to NAD+ was
onitored using absorbance at 380 nm,  and the extinction coef-

cient of ε380 = 1.21 mM−1 cm−1 was used to convert absorbance
o amount of ATP hydrolyzed, assuming a stoichiometry of one
ADH molecule oxidized per ATP molecule hydrolyzed. Reactions
ere carried out at 37 ◦C in buffer containing 25 mM Tris–OAc (80%

ation), 10 mM magnesium acetate, 3 mM potassium glutamate,
 mM DTT, and 5% (w/v) glycerol. The final pH was 7.3. These assays
ere carried out in a Perkin Elmer Lambda 650 UV/vis spectrom-

ter equipped with a temperature controller and a 9-position cell
hanger. Cell path length was 1.0 cm and bandpass was  2 nm.  All
TPase assays but the strand exchange reactions not involving the
ddition of ADP were carried out in this spectrophotometer with
he same cuvettes. 5 �M M13mp18 circular ssDNA was incubated
or 10 min  with either 3 �M RecA or 0.5 �M SSB and 3 mM ATP, and
hen ATP hydrolysis was initiated by the addition of 0.5 �M SSB and

 mM ATP or 3 �M RecA to the reactions, respectively.

.5. DNA strand exchange reactions

DNA strand exchange reactions were carried out at 37 ◦C in the
ame buffer used for ATPase assays. The basic reaction scheme
nvolved incubation of RecA with M13mp18 circular ssDNA for
0 min. Next, ATP and SSB were added to the reaction and incu-
ated for 10 min. DNA strand exchange was then initiated with
he addition of homologous M13mp18 linear dsDNA. Exact con-
entrations are delineated in figure legends. Ten microliter time
oints were removed and deproteinized by addition of 2 �L of
0% (w/v) SDS and 3 �L of 15% (w/v) Ficoll and 20 mM Tris–OAc
80% cation, pH 7.8). Time points were then resolved on a 0.8%
w/v) agarose gel and visualized with ethidium bromide stain-
ng and exposure to UV light. Gel images were captured using a
otodyne FOTO/Analyst® CCD camera, PC Image acquisition soft-
are, and a FOTO/Convertible dual transilluminator. Images were

nverted using PC Image software and then DNA band intensity was
uantified using TotalLab version TL100 software from Nonlinear
ynamics. Product and intermediate amounts are expressed as a
ercentage of the total intensity of linear dsDNA, intermediates,
nd nicked circular product DNA in the respective lane. If ADP was
ot added to reactions, an ATP regeneration system of 3 mM phos-
hoenolpyruvate and 10 units/mL of pyruvate kinase was included.
trand exchange reactions in which ATP hydrolysis was measured
nd ADP was not added contained an ATP regeneration system of

 mM phosphoenolpyruvate and 10 units/mL of pyruvate kinase
nd a coupling system of 4.5 mM NADH and 10 units/mL of lac-
ate dehydrogenase. These reactions were carried out in a Varian
ary 300 dual beam spectrophotometer equipped with a tempera-
ure controller and a 12-position cell changer. Cell path length was
.5 cm and bandpass was 2 nm.  ATP hydrolysis was  followed using
bsorbance at 380 nm as described above. Strand exchange reac-
ions involving the addition of ADP were normalized by converting
he percentage of nicked circular product DNA produced in a given

eaction to the percentage of the amount of product formed in the
eaction in which no ADP was added. These values were then fit
o a dose response (inhibition) curve with variable slope in Prism
oftware to determine IC50 values.
air 26 (2015) 30–43

2.6. ATPase assays involving the addition of ADP

As the NADH-based coupling system for ATPase assays
described above relies on the regeneration of ADP to produce a
signal, the Enzcheck® Phosphate Assay Kit from Molecular Probes
was employed to measure the ATPase activity of RecA when
ADP was added to reactions. As inorganic phosphate is released
from RecA after an ATP hydrolysis event, the coupling enzyme
purine nucleoside phosphorylase utilizes the phosphate ion to
convert 2-amino-6-mercapto-7-methyl purine riboside (MESG)
to ribose 1-phosphate and 2-amino-6-mercapto-7-methylpurine,
which absorbs strongly at 360 nm.  Assays were conducted at 37 ◦C
in the same buffer used for the NADH-based ATPase assays and
contained 0.2 mM MESG and 1 unit/�L of purine nucleoside phos-
phorylase. First, 1 �M M13mp18 circular ssDNA was incubated
with 0.6 �M RecA protein for 10 min. Then, ATP hydrolysis was  ini-
tiated by the addition of 1 mM ATP and 0.1 �M SSB. ADP was  then
added 5 min  after the addition of ATP. If strand exchange reactions
were carried out, 2 �M M13mp18 linear dsDNA was added at the
same time as ADP. Absorbance was  measured at 360 nm during
the reaction in a Perkin Elmer Lambda 650 UV/vis spectrometer
as was  used for the NADH-based assays. A standard phosphate
curve was  generated in order to convert absorbance at 360 nm
to the concentration of phosphate generated by ATP hydrolysis.
Briefly, varying amounts of phosphate were added to reaction
buffer containing the coupling system and incubated at 37 ◦C until
aborbance readings at 360 nm were constant. A linear fit line was
applied to the linear portion of the graph of phosphate concentra-
tion vs. A360. This analysis generated a conversion factor of 0.0132
A360 Pi−1 (�M),  and revealed that the coupling system produced
a linear signal up to a concentration of approximately 100 �M
Pi.

Data was further analyzed in the program CurveExpert. If no ADP
was added to reactions, the rate of ATP hydrolysis was  determined
by applying a linear fit to the data. If ADP was  added, a polynomial fit
(n = 6) was  applied to the data and differentiated at time 7 min  after
the addition of ADP. Data from three independent experiments was
averaged and these values were converted to the percentage of the
uninhibited rate of ATP hydrolysis. Standard deviation values were
determined using standard statistical methods.

2.7. Single-molecule experiments

For real-time RecA nucleoprotein assembly observations at
the single-molecule level, experimental details are the same as
previously described [20]. Duplex DNA with a length of 382 bp
was prepared by polymerase chain reaction (PCR) using a 5′-
digoxigenin-labeled primer (5′-dig-ACTACGATACGGGAGGGC), a
5′-biotin-labeled primer (5′-biotin-TGAGTGATAACACTGCGGC) and
pBR322 templates. PCR products were gel purified (Qiagen).
Individual dsDNA molecules were tethered on the antidigoxigenin-
coated slide, and the distal end of the DNA molecules were attached
to streptavidin-labeled beads for visualization under optical micro-
scope. Individual tethered DNA molecules were screened and
verified as single DNA tethers by both the BM amplitude of the
382 bp DNA and the symmetric BM trajectory (x/y ratio ∼1). To
observe the RecA nucleoprotein assembly process, a 40 �L mixture
of RecA (2 �M)  with ATP (2 mM,  Aldrich), 10 units/mL pyru-
vate kinase (Roche) and 3 mM phosphoenolpyruvate (Aldrich) in
the single-molecule buffer (25 mM MES, pH 6.20, 10 mM magne-

sium acetate, 3 mM potassium glutamate, 1 mM dithiothreitol, 5%
glycerol, and 1 mg/mL  BSA) was  flowed into the reaction cham-
ber. All reactions were conducted in 22 ◦C. Flow deadtime is
10 s.
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22 ± 1 �M/min  (compared with the approximately 50 �M/min that
would be produced if the ssDNA were saturated by RecA protein).
The lag time needed to reach this rate was 36 ± 3 min. Interestingly,
RecA D276A hydrolyzed ATP at a maximum rate of 31 ± 2 �M/min

Fig. 1. RecA D276A and RecA D276N hydrolyze ATP faster when bound to circular
ssDNA and more readily displace the SSB protein from circular ssDNA than Wild type
RecA. The DNA-dependent RecA-catalyzed hydrolysis of ATP was monitored. Reac-
tions were carried out as described in Experimental procedures. Solid lines represent
reactions in which RecA protein was added first to a solution containing circular
ssDNA, and dashed lines represent reactions in which SSB and ATP were added first
J.R. Piechura et al. / D

.8. Electron microscopy

A modified Alcian method was used to visualize RecA nucleo-
rotein filaments. Activated grids were prepared as described
reviously [32]. Samples for electron microscopy analysis were pre-
ared as follows. All incubations were carried out at 37 ◦C. Reactions
ontained 6 �M M13mp8 circular ssDNA, 25 mM Tris–OAc (80%
ation) buffer, 5% (w/v) glycerol, 3 mM potassium glutamate, and
0 mM Mg  (OAc)2, and an ATP regeneration system of 10 units/ml
reatine kinase and 12 mM phosphocreatine. These components
ere incubated along with 3 mM ATP and 1.0 �M SSB for 10 min.
ecA or RecA variant proteins (to 3 �M),  or the equivalent volume
torage buffer, was added and incubation continued for another

 min. ATP�S was then added to a final concentration of 5 �M.  Sam-
les were spread immediately. The reaction solution was  diluted
o a final DNA concentration of 0.0004 �g/�L  with 200 mM ammo-
ium acetate, 10 mM HEPES (pH 7.5) and 10% glycerol and adsorbed
nto the Alcian grids for 3 min. The grids were then touched to

 drop of the above buffer, followed by floating on a drop of the
ame buffer for 1 min. The sample was then stained by touching to

 drop of 5% uranyl acetate followed by floating on a fresh drop of 5%
ranyl acetate for 30 s. Finally, the grid was washed by touching to a
rop of double distilled water followed by immersion in two 10-mL
eakers of double distilled water. After the sample was  dried, it was
otary-shadowed with platinum. This protocol is designed for visu-
lization of complete reaction mixtures, and no attempt was made
o remove unreacted material. Although this approach should yield
esults that provide insight into reaction components, it does lead
o samples with a high background of unreacted proteins.

A RecA filament was  considered gapped, if the ssDNA molecule
o which it was bound had a detectable region of SSB-coated DNA
f any size. Visual judgments were used to place individual RecA
laments in five categories: large, medium, small or very small fil-
mented circles (very small filamens are molecules with very short
ecA filaments and the rest of the molecule coated with SSB) or
SB/DNA molecules. For each RecA variant, length measurements
ere carried out using Metamorph analysis software on molecules

elected at random from each of the five categories above that rep-
esented more than 10% of the total molecules in a given sample.
he complete set of measurements is provided in Table S1. Each
lament was measured three times, and the average length was
alculated. The 500 �m scale bar was used as a standard to calculate
he number of pixels per �m.  Each nucleoprotein fragment length,
riginally measured by Metamorph in pixels, was  thus converted
o �m.

Filaments with large filamented circles had filaments averaging
.23 ± 0.29 �m in length. This category generally included fila-
ents that were full length or nearly so, and ranged from 3.03

o 3.6 �m.  Filaments with medium filamented circles averaged
.32 �m in length, with a range of 1.73 to 2.72 �m. Small filamented
ircles averaged 1.28 �m,  with a range of 0.97 to 1.8 �m.  Molecules
udged to have very small filaments had RecA filaments averaging
.39 �m in length, with a range of 0.12 to 0.71. Linearized DNA
olecules originating likely from shearing force during pipetting
ere also counted. With the total number of filaments counted as

00%, the percentage of each type of nucleoprotein filament was
alculated. To determine the proportion of the molecules observed
hat were either fully or partially coated by RecA protein or bound
nly by the SSB protein, at least two separate regions of two  sepa-
ate grids, from two independent sets of experiment or four grids
encompassing at least 2000 DNA molecules) were counted at the
dentical magnification for each sample.

Imaging and photography were carried out with a TECNAI G2
2 Twin Electron Microscope (FEI Co.) equipped with a GATAN 890

CD camera. Digital images of the nucleoprotein filaments were
aken at ×15,000 magnification.
air 26 (2015) 30–43 33

3. Results

3.1. RecA D276A and RecA D276N hydrolyze ATP moderately
faster than wild type RecA when bound to circular ssDNA and
more readily displace SSB from circular ssDNA

We began our investigation of the RecA D276A and RecA D276N
proteins with an analysis of ATPase activity on circular single-
stranded DNA (circular ssDNA). Excess RecA protein or RecA protein
variant was added to circular ssDNA to allow the protein to bind and
filament on the DNA. ATP was  then added to initiate ATP hydroly-
sis. SSB was  added with ATP to remove secondary structure from
the circular ssDNA and allow for formation of contiguous RecA fil-
aments. RecA was present in excess of ssDNA, and the 3 mM ATP
added was  approximately 150 fold greater than the measured Km

for wild type RecA protein bound to ssDNA [33]. ATPase activ-
ity is thus reported here as apparent kcat, calculated by dividing
the observed rate of ATP hydrolysis by the number of RecA bind-
ing sites in solution (the ssDNA concentration in total nucleotides
divided by 3). Wild type RecA hydrolyzed ATP with an apparent
kcat of 29.3 ± 0.8 min−1, which agrees well with the literature value
of 30 min−1 [34–39]. As shown in Fig. 1, RecA D276A and RecA
D276N displayed a small but significant increase in the rate of ATP
hydrolysis compared to wild type RecA, with apparent kcat values
of 32.8 ± 0.6 min−1 and 33.1 ± 0.9 min−1, respectively.

The capacity of the RecA variants to displace SSB protein from
DNA was examined next (Fig. 1). In these experiments, ATP and
SSB were added to circular ssDNA first to allow SSB to bind and
coat the circular ssDNA, and then RecA protein was  added to initi-
ate ATP hydrolysis. A long lag was observed before a steady state
rate of ATP hydrolysis was reached for all proteins, consistent with
the fact that RecA protein has a quite limited capacity to displace
SSB from ssDNA [40–43]. As conditions for ATP hydrolysis were not
optimal, kcat was  not calculated for these experiments. An apparent
lag time was  calculated by extrapolating the most linear portion
of each curve to the x axis to estimate the time required for the
maximum rate observed over a 90 min  timecourse to be reached.
Wild type RecA hydrolyzed ATP with a maximum observed rate of
to circular ssDNA. The 0 time point corresponds to either the time of addition of ATP
and SSB (solid lines) or the addition of RecA protein (dashed lines).
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ith a lag time of 23 ± 3 min  and RecA D276N hydrolyzed ATP at a
aximum rate of 34 ± 2 �M/min  with a lag time of 21.7 ± 0.3 min.

his data suggests that RecA D276A and RecA D276N have a some-
hat enhanced capacity to displace SSB from DNA, although they
o not approach the capacity of classic RecA mutants such as RecA
38K (RecA730) or RecA�C17 [41,42].

.2. RecA D276A and RecA D276N hydrolyze ATP faster while
atalyzing strand exchange but resolve strand exchange
ntermediates into products somewhat slower than wild type RecA

Next, the strand exchange activity of the RecA variants was
haracterized. Contiguous RecA filaments were formed on circu-
ar ssDNA as described above and were allowed to hydrolyze ATP
or 20 min. Then, homologous linear double-stranded DNA (linear
sDNA) was added to initiate strand exchange. RecA filaments on
ircular ssDNA pair the DNA with homologous DNA in the linear
sDNA and then exchange the circular ssDNA with the identical
trand in the linear dsDNA, creating a newly paired nicked cir-
ular DNA duplex (Fig. 2A). After addition of linear dsDNA, time
oints were removed, deproteinized, and resolved on an agarose
el to follow the progression of DNA strand exchange. ATP hydrol-
sis was also measured and activity is expressed as apparent kcat

s described above.
When bound to circular ssDNA, wild type RecA hydrolyzed ATP

ith an apparent kcat of 27.9 ± 0.8 min−1 in this experiment. This
ate is slightly slower than the one reported above, likely due to
he potentially inhibitory higher concentration of PEP included
n these reactions to extend the lifetime of the ATPase coupling
ystem. Once strand exchange was initiated, the rate of hydrol-
sis of Wild type RecA decreased by nearly 1/3, to an apparent
cat of 18.7 ± 0.5 min−1. The decline reflects a change in state of
he RecA filament that is dependent on the length of homology
n the duplex DNA substrate [23,44]. Consistent with the above
esults, RecA D276A and RecA D276N hydrolyzed ATP slightly faster
han wild type RecA when bound to circular ssDNA, with apparent
cat values of 30.7 ± 0.7 min−1 and 31.1 ± 0.4 min−1, respectively.
nterestingly, the decline in rates of ATP hydrolysis observed upon
ddition of homologous duplex DNA was much attenuated with
ecA D276A and RecA D276N. The RecA variants hydrolyzed ATP
uch faster than wild type RecA while catalyzing strand exchange,
ith apparent kcat values of 26.6 ± 0.6 min−1 and 27.7 ± 0.4 min−1,

espectively, observed after dsDNA addition. Thus, RecA D276A and
ecA D276N hydrolyze ATP faster than wild type RecA when bound
o circular ssDNA and when catalyzing strand exchange, but this
ifference in activity is much more pronounced during DNA strand
xchange. This may  reflect an incomplete transition to a state in
hich DNA strand exchange and ATP hydrolysis are coupled for

he wild type protein [23].
The agarose gel pictures in Fig. 2C illustrate the progression

f the strand exchange reactions catalyzed by the RecA variants.
NA substrates, reaction intermediates (Int), and the nicked circu-

ar duplex product are readily distinguishable and are labeled on
he gels. Fig. 2D presents a quantification of the reactions, carried
ut as described in Experimental Procedures.  Wild type RecA, RecA
276A, and RecA D276N all produced similar amounts of reaction

ntermediates 5 min  after the addition of linear dsDNA, suggest-
ng that when RecA is present in excess of circular ssDNA, these
roteins display a similar capacity for pairing homologous DNAs.
owever, product DNA was visible in the reaction promoted by
ild type RecA reaction about 5 min  before it was visible in the
ecA D276A and RecA D276N reactions. Furthermore, more prod-

ct DNA was present at significantly higher levels in the wild type
ecA reaction at 10, 15, and 20 min  after the addition of linear
sDNA. At later time points, all three RecA variants produced sim-

lar amounts of product DNA. This data suggests that RecA D276A
air 26 (2015) 30–43

and RecA D276N show wild type activity in pairing homologous
DNA when RecA protein is present in excess of circular ssDNA, but
the resolution of reaction intermediates into product is somewhat
impeded in these mutants. A demonstrable coupling of ATP hydrol-
ysis and DNA strand exchange has been documented in earlier
studies [39,45–47]. Together, the reduced decline in ATP hydrolysis
triggered by dsDNA addition, and the slower resolution of inter-
mediates to products, may  signal a relaxation of this coupling for
these variant RecA proteins. In all of the activities examined in
Figs. 1 and 2, the effects are relatively small but readily measurable.

The reduced decline in ATP hydrolysis upon addition of dsDNA
does not reflect a reduced dependence of the ATPase activity on
DNA binding. In the absence of DNA, no notable ATPase activity
was detected for either mutant protein. For example, the appar-
ent kcat = 0, 0.4, and 0 min−1 for the wild type, D276A, and D276N
proteins, respectively, in one trial.

3.3. RecA protein filament extension on dsDNA is slowed by the
D276 mutations

The relatively slow nucleation of wild type E. coli RecA protein
on DNA, coupled with more rapid filament extension [20,48–51],
would tend to create small numbers of long RecA protein filaments
in the cell. This would be appropriate in an unstressed E. coli cell
dealing with no more than one or two  DNA lesions requiring recom-
binational DNA repair in a cell cycle [52,53]. We  have recently
made use of single-molecule tethered particle motion (TPM) exper-
iments to study the assembly dynamics of E. coli and D. radiodurans
RecA proteins on individual duplex DNA molecules by observing
changes in dsDNA tether length and stiffness resulting from RecA
binding [20]. Relative to the E. coli RecA, DrRecA protein filaments
nucleate more rapidly and extend more slowly [20], parameters
that would tend to create more numerous and shorter filaments.
We applied the TPM technology to examine the kinetic parame-
ters of RecA filament formation with the RecA D276 variants. The
DrRecA protein was included in this set of experiments to provide
a comparison with a RecA that is adapted to IR resistance. These
experiments allow us to examine rates of nucleation and exten-
sion directly. However, of necessity, these experiments are done
with duplex DNA and at room temperatures. Parts of the work are
extrapolated to single-stranded DNA and 37 ◦C in the section that
follows.

We  immobilized one end of a 382 bp dsDNA segment on a sur-
face and attached the other end to a bead. The approach takes
advantage of the properties of RecA, in which binding to dsDNA
leads to a 1.5 fold increase in length and an increase in filament stiff-
ness [54,55]. This in turn leads to a measurable change in the bead’s
Brownian motion (BM). The method of tethered particle motion
(TPM) has been widely used in single-molecule studies, addressing
problems such as the size of a loop formed by a repressor [56], the
folding and unfolding state of G-quadruplex [57], and translocation
on DNA by polymerases [58] and RecBCD helicase/nuclease [59].
When applied to RecA filament formation, changes in the length
and rigidity of the DNA tether that occur upon RecA binding result
in an increase in the spatial extent of bead BM.  This change of
bead motion can be measured to nanometer precision using digital
image processing techniques that determine the standard devia-
tion of the bead centroid position in light microscope recordings
[57,59–61].

Typical time-courses of RecA protein assembly on a 382 bp
duplex DNA are shown in the left column of Fig. 3. After a 1000-
frames (33 s) recording of the BM of dsDNA tethers, a mixture of

RecA protein and ATP was  introduced in the reaction chamber at
the time indicated with a grey bar, with a deadtime of about 10 s
due to focus re-stabilization. The same DNA tether was recorded
to monitor the RecA assembly process. In all cases, the DNA tether
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Fig. 2. RecA D276A and RecA D276N hydrolyze ATP faster while catalyzing strand exchange but resolve strand exchange intermediates into products slower than Wild type
RecA.  (A) The DNA strand exchange reaction promoted by RecA protein. (B) ATP hydrolysis was monitored. Reactions were carried out as described in Experimental procedures.
First,  3 �M RecA protein was added to 5 �M M13mp18 circular ssDNA and incubated for 10 min. Then, ATP hydrolysis was  initiated by the addition of 3 mM ATP and 0.5 �M
SSB.  Strand exchange reactions were initiated 20 min  later by the addition of 10 �M homologous M13mp18 linear dsDNA (time marked with an arrow). Time 0 corresponds
to  the time of addition of ATP and SSB. (C) Agarose gel pictures displaying the progression of the strand exchange reactions. DNA bands are labeled as seen in the reaction
schematic. Time 0 corresponds to the addition of linear dsDNA to the reactions. (D) The amount of nicked circular product DNA was quantified at each time point as the
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ercentage of the total intenstity of linear dsDNA, intermediates, and product DNA
276A reaction points are shown as diamonds, and RecA D276N reaction points a
ith  vertical error bars displaying the standard deviation of these values.

ength stayed constant until reaching a point where an obvious,
ontinuous increase in BM was observed. The DNA tether length
hen stayed constant at the higher BM amplitude, consistent with
he BM value we measured separately for fully coated RecA-dsDNA
laments (data not shown).
We define the dwell time between the RecA introduction and the
ime where apparent BM change occurred as the nucleation time,
he continuous BM increase region as the DNA extension caused by
ecA assembly (the rate calculated from the slope), and the high
e corresponding lane. Wild type RecA reaction points are shown as squares, RecA
wn as triangles. Values represent the averages of three independent experiments,

BM value where DNA tether length stayed constant as the maxi-
mum BM achieved [20]. Experiments and analysis were first done
with wild type RecA. We  then applied this method to study the
RecA protein variants. The Deinococcus RecA protein (DrRecA) was
included in the experiments to provide an interesting point of ref-

erence. The nucleation of all of these RecA proteins onto dsDNA
is highly pH-dependent [62,63]. To permit reasonably convenient
observation in real time, these reactions were carried out at pHs
below neutrality.
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Fig. 3. Single-molecule TPM observation of the nucleoprotein filament assembly process of EcRecA, D276N mutant, D276A mutant and DrRecA on dsDNA. (A) Exemplary
time-courses of the filament assembly process on 382 bp dsDNA at pH 6.20. The RecA mixture was flowed in during the time represented by the short vertical gray bar at
the  beginning of each reaction. Before RecA forms a stable nucleus, the BM amplitude stays constant, the same as that before the gray bar. A stable nucleus is followed by a
cooperative extension process, which is represented by the continuous BM increase. After the filament assembly is finished, the BM amplitude reaches a maximum plateau
v ed nu
e 6, 146
r  listed

t
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i
t
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alue.  In the subsequent three columns are the accumulated histograms of observ
xtension rates, and observed maximum BM amplitudes. The histograms include 11
espectively. (B) pH-rate profiles for the measured nucleation rates for the proteins

The results are summarized in Fig. 3A. The more rapid nuclea-
ion of the DrRecA protein, relative to wild type EcRecA, is seen in
he first column of binned results. The average nucleation time (�)
s 51 s for DrRecA relative to 449s for EcRecA. A reduction in nuclea-

ion time to 146 s is also seen for the RecA D276A mutant protein.
owever, this is not a general pattern, as seen by the increase in

 seen for D276N RecA protein to 841 s. A consistent pattern is
bserved when the rate of filament extension is considered (the
cleation times (the point in each trial in which BM begins to increase), observed
, 293, and 103 individual observed filaments of EcRecA, D276N, D276A and DrRecA,
.

second column of binned results). The average rate of filament
extension for wild type EcRecA protein is indicated by the verti-
cal dashed line. For DrRecA, the average extension rate is slower,
as shown by the leftward shift in the profile of Fig. 3. A very simi-

lar leftward shift to slower filament extension rates is seen in the
second column of binned results for both of the RecA D276 vari-
ants. We note that the maximum Brownian motion seen with those
same D276 variants is identical to that seen with wild type EcRecA
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ig. 4. Early stages of filament formation by RecA wild type and variants on SSB-co
A)  Summary of filament categories present 5 min  after RecA addition to ssDNA. Re

 is an SSB-coated ssDNA circle. A visible gap (2) and a sharp filament bend (3) are 

rotein, as shown in final column of binned results in Fig. 3A. Thus,
oth RecA D276 variants exhibit slower filament extension rates
hat could lead to the formation of shorter RecA protein filaments
n DNA, at least under these experimental conditions.

In Fig. 3B, we examine the pH-rate profiles for the nucleation
f filament formation for all of the RecA proteins examined here.
lthough the data is limited to pHs between 6 and 6.5, a clear
ependence of nucleation rates on pH is seen that is consistent
ith the dependence observed in earlier studies [63]. We  note that

he slope of the best-fit lines, obtained for this limited data set, is
omewhat steeper for the wild type RecA protein than is seen for
he D276 variants. Although more work is required, this may  sug-
est that ionization of D276 plays a direct role in the nucleation
rocess in the wild type protein.

.4. More rapid nucleation of the RecA D276A and D276N
ariants can be observed by electron microscopy at physiological
H and temperature
Of necessity, the single molecule experiments must be carried
ut at room temperature and at lower pHs where the measure-
ents can be completed in a reasonable timeframe. To extend
sDNA. RecA protein filaments were spread and visualized as described in methods.
tative images are shown in panels B, C, and D. Molecule highlighted as #1 in panel

ghted in panel C.

these observations to the higher pH (7.3) and temperature (37 ◦C)
utilized for the ATPase and strand exchange experiments, and to
single-stranded DNA, we examined filament formation by electron
microscopy. M13mp18 ssDNA circles were first bound with SSB.
RecA protein was  added and reactions were halted and spread after
5 min  as described in Section 2. Molecules with visible RecA fila-
ments were binned into four categories, reflecting the lengths of
coated DNA. These ranged from very short filaments, small circles,
medium circles, and large circles. Single stranded DNAs coated only
with SSB were counted as a fifth category. The large circles reflect
complete or nearly complete RecA filamentation on that molecule.
Measurements of a subset of the filaments in each category are
presented in Table S1.

As shown in Fig. 4, the fraction of DNA molecules with RecA fil-
aments was  substantially higher for the two  RecA protein variants.
Most of the DNA in the sample utilizing wild type RecA protein
remains as SSB-coated circles, one of which is highlighted in panel
B. This result implies a significant increase in nucleation rate on

SSB-coated ssDNA in this experiment for the D276A and D276N
mutant proteins. The D276 mutant proteins also exhibited fila-
ments that extended over longer regions of the ssDNA. However,
breaks in the filaments – either obvious breaks that included visible



3 NA Repair 26 (2015) 30–43

b
d
A
e
t

3
s
t

D
c
p
[
1
1
a
1
2
t
d

s
i
D
w
f
R
t
t
c
e
s
M
h
r
m

i
R
s
i
a
t
E
R
d
t
e
o
m
m
w
r
i
T
D
h
l

3
D

i

Fig. 5. RecA D276A and RecA D276N more efficiently catalyze strand exchange reac-
tions than Wild type RecA when present at sub-saturating levels of circular ssDNA.
A, Strand exchange reactions were carried out as described in Experimental proce-
dures with RecA protein present at 10%, 20%, 33%, 50%, 75%, and 100% saturation
of  circular ssDNA. Reactions were deproteinized 90 min  after the addition of lin-
ear  dsDNA, resolved on an agarose gel, and the amount of circular duplex product
DNA was quantified as described in Fig. 2. Symbols are: �, wild type RecA; �, RecA
D276A; and �, RecA D276N. Values of percent nicked circular product represent the
averages of three independent experiments, with vertical error bars displaying the
standard deviation of these values. Reactions contained varying amounts of RecA
protein, 10 �M M13mp18 circular ssDNA, 20 �M M13mp18 linear dsDNA, 3 mM
ATP,  and 1 �M SSB. B, The amount of intermediates or product DNA at each time
point from a strand exchange time course in which each RecA protein is present at
33% saturation of the circular ssDNA, quantified as described in Fig. 2. Symbols are
as in panel A. Points connected with a dashed line display the amount of reaction
intermediates present at each time point, while points connected with a solid line
display the amount of product DNA present at each time point. Values displayed
8 J.R. Piechura et al. / D

ound SSB or sharp bends in the RecA filament that suggested
iscontinuities (highlighted in Fig. 4, panel C) – were common.
mbiguity about the number of nucleation events represented in
ach filament make it impossible to make conclusions about rela-
ive filament extension rate.

.5. RecA D276A and RecA D276N more efficiently catalyze
trand exchange when present at sub-saturating levels relative to
he circular ssDNA substrate

To better characterize the strand exchange activity of RecA
276A and RecA D276N, a series of strand exchange reactions were
arried out to examine reaction efficiency as a function of RecA
rotein concentration. As a RecA monomer binds 3 nucleotides
54,64–66], 100%, 75%, 50%, 33%, 20%, and 10% saturation of
0 �M M13mp18 circular ssDNA were defined as 3.33 �M,  2.50 �M,
.67 �M,  1.10 �M,  0.67 �M,  and 0.33 �M RecA. RecA protein was
llowed to incubate with circular ssDNA for 10 min, 3 mM ATP and

 �M SSB were added and incubated with RecA for 10 min, and then
0 �M M13mp18 linear dsDNA were added to initiate the reac-
ion. The reactions were allowed to proceed for 90 min  before being
eproteinized and resolved on a gel for quantification.

At 100% and 75% saturation, all three RecA proteins produced
imilar amounts of strand exchange products (Fig. 5A). Interest-
ngly, at lower RecA protein concentrations, RecA D276A and RecA
276N consistently produced more strand exchange products than
ild type RecA in three independent experiments (Fig. 5A). The dif-

erence is most striking at 10% saturation, where RecA D276A and
ecA D276N produce approximately 3 fold more product than wild
ype RecA. As saturation increases, the fold difference between wild
ype RecA and the mutants becomes smaller, but remains signifi-
ant until 75% saturation. RecA D276A and RecA D276N exhibited
ssentially identical levels of activity in this assay, generating the
ame amount of product within error at all levels of saturation.
ost important, the RecA D276 variants generated substantially

igher levels of product than wild type RecA protein at subsatu-
ating RecA protein concentrations. The results suggest that the
utant proteins function better when present as short filaments.
To explore the mechanism of this difference in catalytic activ-

ty, a time course strand exchange reaction was carried out with
ecA present at 1.1 �M,  or 33% saturation of the available circular
sDNA. The results from three separate experiments are quantified
n Fig. 5B. Consistent with the previous experiments, RecA D276A
nd RecA D276N produced approximately 1.65 fold more product
han wild type RecA after the reactions had proceeded for 90 min.
ven though the final yield of products was higher, RecA D276A and
ecA D276N catalyzed the resolution of strand exchange interme-
iates into product DNA occurred somewhat more slowly than wild
ype RecA, as seen in Fig. 2. The yield advantage was nevertheless
vident at all stages of the reaction. At 20 min  after the addition
f linear dsDNA, RecA D276A and RecA D276N produced 1.85 fold
ore intermediates than wild type RecA. Furthermore, these inter-
ediates are not present at high levels at times outside of the times
hen intermediates are at maximum levels in the normal wild type

eaction, as might be expected if RecA D276A and RecA D276N were
ncreasing yield by promoting multiple rounds of strand exchange.
hus, the data presented above supports the hypothesis that RecA
276A and RecA D276N more efficiently catalyze the pairing of
omologous DNA strands when RecA is present at sub-saturating

evels of circular ssDNA.

.6. The DNA strand exchange activity of RecA D276A and RecA

276N is much less inhibited by ADP

An underappreciated property of the wild type RecA protein is
ts sensitivity to inhibition by ADP. If no ATP regeneration system
represent the averages of three independent experiments, with vertical error bars
displaying the standard deviation of these values.

is included in the reaction, and ADP levels are allowed to rise,
the RecA filaments will disassemble entirely as the ADP/ATP ratio
approaches 1.0 [67–69]. Effective DNA strand exchange will halt
well before that point. Under normal logarithmic growth con-
ditions, ADP is rarely present at levels sufficient to affect RecA
function [70]. However, heavy irradiation of cells has the poten-

tial to compromise metabolic processes, leading to unpredictable
alterations in the available nucleotide pools. ADP inhibition of RecA
protein has the potential to be a significant barrier to recombina-
tional DNA repair under these circumstances.
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Fig. 6. The strand exchange activity of RecA D276A and RecA D276N is less inhibited
by  ADP than that of Wild type RecA. Strand exchange reactions were carried out as
described in Experimental procedures, with varying concentrations of ADP. Reactions
contained 5 �M M13mp18 circular ssDNA, 2 �M RecA protein (100% saturation of
the  available ssDNA), 5 mM ATP, and 0.5 �M SSB. To initiate strand exchange, 10 �M
M13mp18 linear dsDNA was added to the reactions with 0, 1, 2, 3, 4, or 5 mM ADP.
Reactions were deproteinized 60 min  after the addition of linear dsDNA, resolved
on  an agarose gel, and the amount of product DNA was  quantified as described in
Fig. 2. Values displayed on the graph are averages of data from three independent
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Fig. 7. The ATPase activity of RecA D276A and RecA D276N during strand exchange
is  less inhibited by ADP than that of Wild type RecA. (A) Reactions were carried
out  as described in Experimental procedures, and ATP hydrolysis was monitored.
First, 0.6 �M RecA protein was allowed to hydrolyze ATP in the presence of 1 �M
M13mp18 circular ssDNA, 1.5 mM ATP, and 0.1 �M SSB for 5 min, and then 2 �M
homologous M13mp18 linear dsDNA and 0, 0.3, 0.6, 0.9, 1.2, or 1.5 mM ADP were
added as a mixture. Graphs are labeled with the variant of RecA protein used in
the reactions, and reaction lines are labeled with the concentration of ADP added.
Time 0 corresponds to the addition of linear dsDNA and ADP. (B) ATP hydrolysis data
was fit with a polynomial curve and this fit was differentiated at time 7 min  after
the addition of linear dsDNA and ADP to determine the rate of hydrolysis of ATP
xperiments, and vertical error bars represent the standard deviation of these val-
es. Wild type RecA points are shown as squares, RecA D276A points are shown as
iamonds, and RecA D276N points are shown as triangles.

We  examined the effects of ADP on our D276 variant RecA pro-
eins. Strand exchange reactions were carried out without an ATP
egeneration system, and were initiated in the presence of varying
evels of ADP. First, 2 �M RecA was incubated with 5 �M M13mp18
ircular ssDNA for 10 min. Next, 5 mM ATP and 0.5 �M SSB were
dded and incubated for 10 min  to allow formation of contiguous
ecA filaments. Then, 10 �M M13mp18 linear dsDNA and 0, 1, 2,
, 4, or 5 mM ADP were added to initiate strand exchange. Strand
xchange reactions were allowed to proceed for 60 min  before
eing deproteinized and resolved on a gel for quantification.

If no ADP was added with linear dsDNA, wild type RecA con-
erted 48% of the DNA substrates to nicked circular product (Fig. 5).
s the concentration of ADP added increased, the amount of
roduct produced by wild type RecA decreased rapidly (Fig. 6).
he strand exchange activity of wild type RecA was completely
nhibited by the addition of 4 mM ADP to the reaction, with trace
mounts of activity seen when 3 mM ADP was added (Fig. 6). Stri-
ingly, RecA D276A and RecA D276N produced considerably more
roduct than wildtype RecA at all ADP concentrations (Fig. 6). This
ifference in activity was  most striking when 2 mM ADP was  added
o the reactions, as RecA D276A and RecA D276N produced approx-
mately 6 times more product than wild type RecA. The strand
xchange activity of RecA D276A and RecA D276N was completely
nhibited by the addition of 5 mM ADP, with trace amounts of activ-
ty seen when 4 mM ADP was added to the reactions (Fig. 6). This
ata provides clear evidence that the DNA strand exchange activity
f RecA D276A and RecA D276N is much less inhibited by ADP than
he activity of wild type RecA.

.7. The ATPase activity of RecA D276A and RecA D276N during
trand exchange is less inhibited by ADP than that of wild type
ecA

Next, the effect of ADP on the ATP hydrolysis activity of RecA

276A and RecA D276N during strand exchange was  examined.
ecA protein was allowed to hydrolyze ATP while bound to cir-
ular ssDNA for 5 min, and then homologous linear dsDNA and
arying concentrations of ADP were added. ATP hydrolysis was

at  that time. Values from three independent experiments were averaged, and then
expressed as the percentage of the rate at 7 min in the reaction in which no ADP was
added. Vertical error bars display propogated standard deviation. Wild type RecA
points are shown as squares, RecA D276A points are shown as diamonds, and RecA
D276N points are shown as triangles.
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Fig. 8. The ATPase activity of RecA D276A and RecA D276N on circular ssDNA is
only  slightly less inhibited by ADP than that of Wild type RecA. (A) Reactions were
carried out as in Fig. 6 but without homologous linear dsDNA, and ATP hydrolysis
was  monitored. Graphs are labeled with the variant of RecA protein used in the
reactions, and reaction lines are labeled with the concentration of ADP added. Time 0
air 26 (2015) 30–43

monitored in real time using a method that does not rely on
ATP regeneration (see Experimental procedures). DNA and protein
concentrations were reduced 3–5 fold from the strand exchange
reactions described above to allow for measurable steady state
rates of ATP hydrolysis, but the same ratios of RecA:ATP:ADP
were employed in these assays. ADP was  again added at the
same time as the linear duplex DNA was  added to initiate the
reaction.

When linear dsDNA but no ADP was added to filaments of wild
type RecA, a steady state rate of ATP hydrolysis was  observed
(Fig. 7A). However, as the concentration of ADP added was
increased, an increasingly abrupt drop in the rate of ATP hydrol-
ysis was observed (Fig. 7A). As RecA must be bound to DNA  to
hydrolyze ATP, this observation suggests that the addition of ADP
leads to disassembly of RecA filaments. The apparent extent of fila-
ment disassembly caused by the addition of ADP was quantified by
determining the instantaneous rate of ATP hydrolysis at the point
7 min  after the addition of ADP and linear dsDNA, as described in
Experimental procedures. These rates were then expressed as the
percentage of the rate of the reaction in which no ADP was added
(Fig. 7B). The decline in the rate of observed rate of ATP hydrolysis
at time 7 min  was quite rapid for the wild type protein (Fig. 7B).
Only 10% of the uninhibited rate of hydrolysis remained if 0.9 mM
ADP was  added, and the level of ATP hydrolysis was essentially
negligible at time 7 if 1.5 mM ADP was added (Fig. 7B).

The effect of ADP on the ATP hydrolytic reaction promoted by
RecA D276A or RecA D276N was  much less severe (Fig. 7B). Sig-
nificant ATPase activity remained even when 1.2 mM ADP was
included in the reaction.

RecA filaments on single-stranded DNA exist in different states
before and after strand exchange is initiated [23,44]. We  thus again
examined the effect of ADP on RecA D276A and RecA D276N fil-
aments using the protocol of Fig. 6, but in the absence of added
linear duplex DNA. As shown in Fig. 8A and B. The differences in
the effects of ADP between the wild type and variant proteins were
much reduced when the proteins were not promoting DNA strand
exchange. This was due primarily to a reduction in the inhibitory
effects of ADP for the wild type protein in the absence of ongoing
strand exchange (compare Figs. 7B and 8B). The inhibitory effect of
ADP on the RecA D276 mutants was similar in both sets of experi-
ments.

4. Discussion

Upon irradiation to 3000 Gy, a bacterial cell must deal with
hundreds of DNA double strand breaks as well as substantial dam-
age to other cellular components. In principle, the damage could
include alterations in metabolic processes that could affect the pool
of metabolites, including nucleotides, available for genome recon-
stitution. Directed evolution produces strains of E. coli that can deal
with this situation [21,22], and RecA mutations affecting the Asp
residue at position 276 contribute substantially to IR resistance
in many of those strains. Our results show that the D276 alter-
ations adapt RecA function to IR exposure in at least three important
ways.
First, the mutations increase rates of nucleation and slow the
growth of RecA filaments on dsDNA after nucleation, under the
conditions utilized here for single-molecule measurements. If these
changes also apply to nucleation of RecA on ssDNA, this would lead

corresponds to the addition of ADP. (B) The rate of ATP hydrolysis at time 7 min after
the  addition of ADP was  quantified and converted to percentage of the rate of the
reaction to which no ADP was added as described in Fig. 6. Wild type RecA points
are  shown as squares, RecA D276A points are shown as diamonds, and RecA D276N
points are shown as triangles.
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o the formation of shorter and more numerous RecA filaments in an
rradiated cell that possesses numerous ssDNA overhangs resulting
rom double strand breaks. This would in turn facilitate the forma-
ion of RecA filaments at more locations to effect repair of numerous
ouble strand breaks. At 37 ◦C, we confirmed that RecA filament
ucleation was accelerated for the D276A and D276N mutant pro-
eins relative to the wild type on SSB-coated ssDNA, which is a likely
epair substrate for RecA in the cellular context.

Second, the RecA D276A/N mutants promote DNA strand
xchange more efficiently than the wild type proteins when they
re present in sub-saturating amounts relative to the DNA sub-
trates. As the improvement in strand exchange product yield
s preceded by a large improvement in the generation of strand
xchange intermediates, the advantage of the mutant proteins
ppears to lie at the initiation of strand exchange. In the context
f the in vitro strand exchange assay used here, productive strand
xchange must be initiated via pairing at the end of the linear
uplex DNA substrate, requiring the presence of part of a RecA
lament at the specific complementary sequences on the ssDNA.
t a particular sub-saturating RecA protein concentration and at a
articular moment, the RecA mutants should be no more likely to
ccupy a particular stretch of DNA than the wild type. The enhanced
apacity of the mutant RecA proteins to initiate strand exchange
ay  thus reflect more dynamic filaments that can utilize end-

ependent assembly and disassembly processes to more rapidly
e-position shorter filaments on the DNA. Alternatively, the mutant
roteins may  simply promote the initial steps of DNA pairing more
fficiently than the wild type protein, making initiation more likely
hen the filament is properly positioned. A much broader analysis

f the properties of these mutants is needed to distinguish between
hese possibilities.

Third and finally, the mutant proteins are substantially less
nhibited by ADP during strand exchange than is the wild type pro-
ein. It is difficult to assess all of the effects of ionizing radiation on
ellular functions. In addition, it is likely that those effects would
ary from cell to cell depending on which critical macromolecules
ere randomly inactivated. In principle, the capacity of the cell to

enerate ATP could be compromised in a number of different ways.
ny protein/enzyme inactivation that led to an increase in cellular
DP concentrations would hamper recombinational DNA repair in

 wild type E. coli cell, since RecA function would be affected. At
 minimum, this particular property change in the D276 mutants
xpands the environmental space in which RecA can operate effec-
ively.

We do not know whether the D276 mutations have any effect on
ecA’s many interactions with other proteins, such as LexA [71–73],
ecX [74–76], DNA polymerase V [77–79], etc. Additional work
ill be required to determine if any such effects exist, and if they

ffect the observed contribution of the mutant RecA proteins to IR
esistance.

We do not wish to imply that these mutant E. coli RecA proteins
n any way reprise the function and properties of the RecA protein of
. radiodurans. We have found no evidence for an increased capac-

ty to promote the inverse strand exchange readily promoted by
rRecA [19,80]. We  note that the evolution experiment that yielded

he EcRecA protein variants at position 276 required about a month
o complete [21,22]. The DrRecA protein has obviously evolved over

 much longer period of time.
In sum, the observed alterations in RecA function brought about

he D276 mutations exhibit a molecular logic that appears to con-
orm in a reasonable way to the molecular requirements for genome
econstitution after extreme exposure to ionizing radiation. There

ay  be additional effects of these mutations that will be elucidated

y more detailed studies.
The classic RecA E38K (recA730) mutant protein shares some

roperties with the D276 mutants studied here, including an
air 26 (2015) 30–43 41

increased capacity to displace SSB and more rapid association with
DNA [42]. However, strains expressing RecA E38K protein are more
rather than less sensitive to radiation. The key difference may  lie
in the balance between association and dissociation, in the relative
rates of the nucleation and filament extension phases, and in the
sensitivity of the proteins to ADP. Clearly, it is not enough simply
to bind to DNA faster. The status of the filaments and their capacity
to function in a compromised cell are also likely to be important
factors.

In the course of this work, we  considered several molecular
explanations for the effects of the D276 alterations. D276 resides in
the C-terminal domain of RecA, a region of the protein that is not
involved in DNA or ATP-binding but is observed to make large con-
formational shifts which could represent a switch from an active
and inactive conformation [54,55,81]. The carboxyl group of D276
is approximately 20 angstroms from the 2′ hydroxyl of the ribose
moiety of the ADP-AlF4-Mg  complex in the X-ray crystal structure
of RecA bound to ssDNA [54]. Thus, any effect of mutation in this
residue on nucleotide binding must be indirect. D276 resides within
the helix closest to the connection between the C-terminal domain
and the core domain of RecA, and this helix is connected to a turn
that makes direct contacts with the adenine and ribose moieties
of the ATP in the active site [54]. Furthermore, D276 forms a salt
bridge with K302, which resides within a more distal helix from
the core. Thus, it is possible that this salt bridge is responsible
for transmitting conformational shifts from the core nucleotide-
binding domain to the C-terminal domain of RecA. Mutating an
aspartate to either an alanine or an asparagine would eliminate this
salt bridge at neutral pH, and could thus render the RecA D276A and
RecA D276N variants less able to shift from a strand exchange profi-
cient conformation with a high affinity for ATP to a strand-exchange
inactive conformation with a high affinity for ADP. However, stud-
ies of a potentially complementary K302A mutation of RecA protein
did not replicate the effects of the D276 mutants in any way  (J.
Piechura, unpublished data).

Another possible, but not mutually exclusive mechanism for
the efficient strand exchange phenotype of RecA D276A and RecA
D276N is that these mutations affect DNA pairing. K302 is part of
a large cluster of nine positively charged surface residues found
between residues 270 and 328 [82]. Within this cluster, K302 is one
of two  lysines that are particularly well conserved among bacterial
RecA proteins. The positively charged cluster has been implicated
in having a role in capturing homologous dsDNA for formation of
joint molecules [83]. In wild type RecA, the salt bridge D276-K302
would presumably restrict movement of K302 residue and might
interfere with DNA-pairing activity. In RecA D276A/D276N, the lack
of this salt bridge might allow more freedom for K302 to move in
solution and thus aid these proteins in more readily initiating DNA
pairing.

In a broader sense, our results speak to the malleability of RecA
protein function. While not unique to RecA, this is a feature of the
protein that is increasingly evident in comparisons of RecA pro-
teins from different bacteria. The variations are sometimes subtle
and sometimes not [19,84–87]. The same theme is highlighted in
recent work demonstrating substantial improvements in the capac-
ity of some mutant variants of E. coli RecA protein to promote
conjugational recombination [88]. Most important, the variations
do not reflect an evolutionary approach to some common and most
efficient platform for DNA pairing and strand exchange. Homol-
ogous genetic recombination is both a benefit and a potential
hazard to every cell. A maximally efficient recombinase is not the
ideal for all cells, and possibly not the ideal for any cell. The RecA
protein structure, shared by RecA homologs in virtually all orga-
nisms, is a highly adaptable scaffold readily tailored by evolution

to the requirements for genome maintenance in each particular
organism.
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