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ABSTRACT
The bacteriophage P1 recombination enhancement
function (Ref) protein is a RecA-dependent programmable endonuclease. Ref targets displacement
loops formed when an oligonucleotide is bound by a
RecA filament and invades homologous doublestranded DNA sequences. Mechanistic details of
this reaction have been explored, revealing that
(i) Ref is nickase, cleaving the two target strands
of a displacement loop sequentially, (ii) the two
strands are cleaved in a prescribed order, with the
paired strand cut first and (iii) the two cleavage
events have different requirements. Cutting the
paired strand is rapid, does not require RecAmediated ATP hydrolysis and is promoted even
by Ref active site variant H153A. The displaced
strand is cleaved much more slowly, requires
RecA-mediated ATP hydrolysis and does not occur
with Ref H153A. The two cleavage events are also
affected differently by solution conditions. We postulate that the second cleavage (displaced strand) is
limited by some activity of RecA protein.
INTRODUCTION
Recombination enhancement function (Ref) is a 21-kDa
RecA-dependent endonuclease encoded by the temperate
bacteriophage P1 (1). In vivo, expression of Ref produces
an enhancement of multiple classes of recombination
events in a RecA-dependent manner (2–4). The function
of ref in the phage P1 life cycle is unknown, as Dref phage
is able to replicate normally in both the lytic and lysogenic
modes (2). However, transcription of ref is under the
control of the phage P1 c1 master repressor, suggesting
that ref transcription plays a role in the lytic cycle (5).
This repressor functions in an autoregulatory control
loop, binding 22 sites on the P1 genome. It maintains
the lysogenic replication cycle of P1 by blocking the transcription of genes necessary for lytic induction (6). Upon
phage infection, the linear double-stranded P1 genome

must be cyclized to avoid degradation by host exonucleases. This process occurs either by RecA-dependent homologous recombination of terminally redundant ends,
or by phage-encoded Cre-lox site-speciﬁc recombination
(6). Ref may play a role in RecA-dependent cyclization,
and thus the maintenance of P1 as a low copy number
plasmid (7).
More recently, the biochemical activity of Ref as a
RecA-dependent endonuclease was elucidated. Thus, Ref
represents both a new class of enzyme and a new function
for the RecA protein (1). Ref binds to single-stranded
DNA (ssDNA) and double-stranded DNA (dsDNA) in
the absence of cofactors or other proteins. Ref alone is
not able to degrade DNA. However, when RecA, ATP
and Mg2+ are included in the presence of circular
ssDNA (cssDNA), Ref cleaves the cssDNA. This
activity of Ref is dependent on the presence of active
RecA nucleoprotein ﬁlaments on the ssDNA, which
require Mg2+ and ATP to form. No sequence speciﬁcity
has been identiﬁed for Ref-mediated DNA cleavage. Use
of an ATPase-deﬁcient RecA variant K72R, or the minimally hydrolyzable ATP analog ATPgS, abolishes Ref
endonuclease activity on cssDNA.
Ref may access the DNA by binding in the RecA
ﬁlament groove. Ref activity in vitro is blocked by a
non-hydrolyzable LexA variant, a protein known to
bind tightly in the RecA ﬁlament groove (1). The ability
of Ref to enhance RecA-dependent recombination in vivo
in Escherichia coli P1 lysogens is not affected by lexA3
mutants, which do not undergo the bacterial SOS
response (3,8).
The 3D structure of the C-terminal domain of Ref,
including the nuclease active site, has been determined to
1.4-Å resolution (PDB ID: 3PLW) (1). The asymmetric
unit contains a Ref monomer stably bound to two Zn2+
ions. Although the crystallized protein is full-length,
the N-terminal 76 amino acids are disordered. This
N-terminal region is highly charged with residues
contributing 25 positive and 9 negative charges, making
up 45% of the 76 amino acids in total. The N-terminal
region is required for DNA binding, and thus no DNA
binding motif is included in the solved structure (1).
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Structural analysis places Ref in the H-N-H family of
homing endonucleases, which includes several other bacteriophage-encoded proteins. This family is deﬁned by a
bba metal-binding core. However, outside this core, there
is little structural or functional similarity among the
members of this protein family (9). In Ref, this motif is
made up of a two-stranded b-hairpin between several
a-helices. One of the metal binding sites is the solventexposed active site, with the Zn2+ ion tetrahedrally
coordinated to a sulfate ion and three histidine residues.
The sulfate ion is likely in the same position as the scissile
phosphate from the DNA backbone. In addition, when
alanine is substituted for His 153, which coordinates this
Zn2+ ion, Ref still folds properly. However, all nuclease
activity on cssDNA is lost, speaking to the importance of
His 153 in catalysis (1).
Most interestingly, and the focus of this study, the
endonuclease activity of Ref can be targeted to displacement loops (D-loops). D-loops are created when RecAbound oligonucleotides (oligos) invade homologous
regions of duplex DNA. This strand invasion creates
heteroduplex DNA, with one strand of the original
duplex being displaced by the RecA-bound oligo. On the
addition of Ref, either one or both of the original duplex
strands is cleaved, generating nicked circular dsDNA
(cdsDNA) or linear dsDNA (1). We refer to this as the
targeted nuclease activity of Ref.
Here, we report on the mechanism of RecA nucleoprotein ﬁlament-targeted double-strand break (DSB) generation by the Ref protein within D-loops of homologous
duplex DNA. This reaction has the potential for use in
genomic engineering. Recently, the CRISPR/Cas system
has been investigated in a similar context. Cas9 endonuclease targets R-loops in vivo, using two different active sites
for cleavage: an HNH site for the paired strand of the Rloop and an RuvC-like domain for the displaced strand
(10). Ref functions similarly as a targeting endonuclease,
but uses DNA oligonucleotides to guide the reaction as
opposed to RNA oligonucleotides. Before the Ref protein
can be fully used, more must be understood about the
mechanism of RecA ﬁlament-guided cleavage.
MATERIALS AND METHODS
Proteins
The E. coli RecA E38K protein was puriﬁed as described
previously (11), with the following modiﬁcations. After
washing the protein pellet with R buffer plus 2.1 M
ammonium sulfate, the pellet was resuspended in R
buffer plus 1 M ammonium sulfate. The sample was
loaded onto a butyl-Sepharose column and washed with
2 column volumes of R buffer plus 1 M ammonium
sulfate. It was then eluted with a linear gradient from R
buffer plus 1 M ammonium sulfate to R buffer, carried out
over 10 column volumes. Peak fractions were identiﬁed by
sodium dodecyl sulphate-polyacrylamide gel electrophoresis analysis and pooled. The protein was loaded onto a
hydroxyapatite column as done previously, but with the
linear gradient from 20 to 500 mM P buffer. The fractions
were dialyzed against R buffer and loaded on to a Source

15Q column. The column was washed with 2 column
volumes of R buffer, and protein was eluted with a
linear gradient from no salt to 1 M KCl, again carried
out over 10-column volumes. Peak fractions were
identiﬁed as above, pooled and dialyzed against R
buffer. The pooled fractions were loaded onto a DEAESepharose column, washed with 2 column volumes R
buffer and eluted with a linear gradient from R buffer to
R buffer plus 1 M KCl over 10 column volumes. The peak
fractions were identiﬁed and pooled as above, precipitated
with ammonium sulfate (45% ﬁnal concentration) and
resuspended in R buffer plus 1 M KCl. The protein was
loaded on an S-300 sizing column, washed with 1.5
column volumes R buffer plus 1 M KCl and fractions
were identiﬁed and pooled as above. The protein was
precipitated with ammonium sulfate as above, and resuspended in R buffer plus 1 M ammonium sulfate. The
protein was loaded on a butyl-Sepharose column and
eluted in a 15 column volume linear gradient to R
buffer. The fractions were identiﬁed, pooled, precipitated
as above and dialyzed against R buffer. The protein was
ﬂash-frozen in liquid nitrogen and stored at 80 C. The
RecA K72R protein was puriﬁed as described previously
(12). The concentration of the puriﬁed RecA protein was
determined from the absorbance at 280 nm using the extinction coefﬁcients of 2.23  104 M1 cm1 (13). The Ref
and Ref H153A proteins were puriﬁed as described previously (1), and concentration was determined using the
published extinction coefﬁcient of 2.851  104 M1 cm1.
Low-level RecA-independent duplex nicking activity was
detected in the wild-type (WT) Ref nuclease preparation.
This is found in most preps, and we do not know whether
it is an inherent activity of Ref. No exonuclease or other
endonuclease activities were detected in a detailed screen
of nuclease activities.
DNA substrates
The M13mp18 cdsDNA was prepared as described previously (14–16). The M13mp18 nicked dsDNA substrate
was prepared by nicking with Nb.BsmI according to
manufacturer’s recommendations. All DNA concentrations are given in terms of total nucleotides.
Oligonucleotides were purchased from Integrated DNA
Technologies. Sequences of oligonucleotides used in this
study are presented in Table 1.
Site-speciﬁc nuclease targeting assay
Unless noted otherwise, the reactions were carried out at
37 C in buffer A*(8.5, 15), where 8.5 corresponds to the
pH and 15 corresponds to the Mg2+ ion concentration in
mM. This buffer contained 25 mM Tris-acetate (pH 8.5),
1 mM dithiothreitol, 3 mM potassium glutamate, 15 mM
magnesium acetate and 5% w/v glycerol. Reactions also
included an ATP regeneration system (10 U/ml pyruvate
kinase and 3.5 mM phosphoenolpyruvate. The above
components were incubated for 10 min with a targeting
oligonucleotide (4 mMnt, either rlb1 or mcg3) and RecA
E38K or RecA K72R (1.33 mM). ATP or ATPgS (3 mM)
was added and incubated for additional 20 min, followed
by M13mp18 cdsDNA (8 mMnt) and another 20-min
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Table 1. Primers and oligonucleotides used in this study
Name

Length (nt)

Sequence

Complementary to
M13mp18 at bases

rlb1

150

597–746

5’ FAM-rlb1 100

100

mcg3

150

mcg3 rev

150

5’ FAM-mcg3 100 nt

100

ttttggtttttatcgtcgtctggtaaacgagggttatgatagtgttgctcttactatgcctcgtaat
tccttttggcgttatgtatctgcattagttgaatgtggtattcctaaatctcaactgatgaa
tctttctacctgtaataatgt
FAM-ttttggtttttatcgtcgtctggtaaacgagggttatgatagtgttgctcttactatgcct
cgtaattccttttggcgttatgtatctgcattagttgaa
tcccgactggaaagcgggcagtgagcgcaacgcaattaatgtgagttagctcactcattag
gcaccccaggctttacactttatgcttccggctcgtatgttgtgtggaattgtgagcgg
ataacaatttcacacaggaaacagctatga
tcatagctgtttcctgtgtgaaattgttatccgctcacaattccacacaacatacgagccgga
agcataaagtgtaaagcctggggtgcctaatgagtgagctaactcacattaattgc
gttgcgctcactgcccgctttccagtcggga
FAM-tcccgactggaaagcgggcagtgagcgcaacgcaattaatgtgagttagctcac
tcattaggcaccccaggctttacactttatgcttccggctcgtatg

597–696
6063–6212
6212–6063 (minus strand)
6063–6162

FAM, 6-carboxyﬂuorescein.

incubation. Before adding Ref, a 0 time point was taken,
and then Ref (100 nM) was added. The reactions were
stopped at the noted time points by removing 20 mL
from the reaction and adding it to 20 ml of stop solution
[12 mM Tris-acetate, pH 7.5, 10.8% (w/v) Ficoll, 0.15%
(w/v) each bromophenol blue and xylene cyanol, 8%
sodium dodecyl sulphate] and incubating at 37 C for additional 30 min. Samples were analyzed by electrophoresis
on a 0.8% agarose gel with Tris-acetate + ethylenediaminetetraacetic acid buffer, stained with SYBR Gold
nucleic acid gel stain (Invitrogen) and imaged using the
SYBR gold settings on a Typhoon variable mode
imager (GE Healthcare). Gel image was analyzed using
ImageQuantTL software (GE Healthcare). Lanes were
normalized for loading conditions by reporting individual
band intensity as a percentage of the total band intensity
in that lane.
Site-speciﬁc nuclease targeting assay to determine
strand preference
Reactions were carried out as described using either the
mcg3 or mcg3 rev targeting oligonucleotides and
M13mp18 dsDNA that had been nicked with Nb.BsmI.
Time points (20 ml) from the reactions were stopped with
2 ml of 0.5 M ethylenediaminetetraacetic acid (EDTA) and
incubated an additional 30 min. Ten microliters of 2
alkaline loading dye [100 mM NaOH, 40 mM EDTA,
5% (w/v) Ficoll and 0.15% xylene cyanol] was added to
10 ml of the stopped reaction. An alkaline agarose gel was
prepared by dissolving 0.8% (w/v) agarose in gel prep
buffer (50 mM NaCl, 1 mM EDTA). Once solidiﬁed, the
gel was soaked in running buffer (50 mM NaOH, 1 mM
EDTA) for 30 min. Samples were run, and the gel was
neutralized and deionized in water overnight and stained
and imaged as above.
Site-speciﬁc nuclease targeting assay to determine
oligonucleotide cut sites
Reactions were carried out as originally noted, except
50 -carboxyﬂuorescein-labeled oligonucleotides were used
for targeting in a total reaction volume of 30 ml. The

entire reaction was stopped after 3 h with a phenol/chloroform/isoamyl alcohol extraction, followed by an ethanol
precipitation. The pellets were resuspended in 8 ml of 95%
formamide, 25 mM EDTA, heated at 95 C for 10 min and
then quick-cooled in an ice water bath for 10 min. The
samples were loaded on a 12% denaturing acrylamide
sequencing gel and run at 30 W for 3 h in 1 Trisborate + EDTA buffer. The gel was imaged using FAM
settings on the Typhoon variable mode imager.
RESULTS
Ref creates targeted DSBs by cutting the paired strand of
the D-loop ﬁrst, followed by cutting the displaced strand
Ref endonuclease activity can be restricted to D-loops
created by the RecA protein (1). When a D-loop is
created in supercoiled dsDNA, Ref cleaves one strand of
the D-loop, resulting in nicked cdsDNA, or both strands,
creating a 7.25-kb linear duplex (Figure 1A). This activity
is almost entirely RecA-dependent, as shown in Figure 1B.
Although supercoiled dsDNA is nicked slowly by Ref in
the absence of RecA (top), rapid nicking and subsequent
linearization only occur when RecA is present (bottom).
Product formation was measured as a percentage of
the total DNA in each lane and followed over time
(Figure 1C). All of the supercoiled dsDNA is nicked
quickly, within 20 min after Ref addition. DSBs are
formed more slowly, with linear product accumulating
over the course of 4 h, and eventually reaching 65%.
In all ﬁgures, unless otherwise noted, the variant RecA
E38K was used in place of WT RecA. We have previously
demonstrated that RecA E38K enhances the RecAdependent-targeted DSB activity of Ref beyond that of
WT RecA (1)
The D-loop consists of two strands: the strand complementary to the oligonucleotide (the paired strand) and the
strand homologous to the oligonucleotide (the displaced
strand). To determine which strand of the D-loop Ref cuts
ﬁrst, the targeted nuclease assay was carried out using an
M13mp18 cdsDNA substrate that had been nicked on
the bottom strand by the site-speciﬁc nickase Nb.BsmI
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Figure 1. Ref creates targeted DSBs in cdsDNA through a nicked intermediate. (A) The reaction scheme is shown. RecA E38K (1.33 mM) was
incubated with rlb1 oligonucleotide (4 mMnt) in buffer A* (8.5, 15) with an ATP regeneration system for 10 min to form a RecA ﬁlament. ATP
(3 mM) was added and incubated for 20 min, followed by the addition of M13mp18 cdsDNA (8 mMnt). This was incubated for 20 min and a D-loop
structure formed at positions 597–746 in the dsDNA (shown). Ref (100 nM) was added, and DNA was cleaved within the D-loop. One nick by Ref
results in nicked cdsDNA, whereas two cuts result in linear dsDNA. (B) Agarose gel representing time points from the targeted nuclease assay,
without and with (top and bottom, respectively) RecA E38K present. Supercoiled DNA is the starting material (bottom band), which is converted
ﬁrst to nicked DNA (top band) and subsequently to linear DNA (middle band). A small amount of RecA-independent nuclease activity is seen (top).
(C). Graphical representation of (B; bottom) averaged over three independent experiments. Nicked product (open circles) appears quickly, and then
disappears as it is converted to linear product (closed circles).

(Figure 2A). This reaction did not result in complete
nicking, so a small amount of uncut DNA is still visible
on the gel. Two reactions were carried out, using the oligonucleotide mcg3 (that pairs with a site on the bottom
strand of the duplex in the D-loop) or mcg3rev (that
pairs with the same site on the top strand and displaces
the bottom strand). After Ref addition, products of either
paired (using mcg3) or displaced (using mcg3rev) strand
cleavage could be visualized by running the reactions on
an alkaline agarose gel to denature the strands. The
appearance of products at 4.4 and 2.9 kb indicated
RecA-dependent cleavage of the bottom strand by Ref
within the D-loop (Figure 2B). Products of paired strand
cleavage are apparent only 5 min after the addition of Ref
and do not accumulate further after 15 min post-Ref
addition (left). Products of displaced strand cleavage
only accumulate to a large degree after 60 min of
reaction (right). Ref consistently nicks the paired strand
of the D-loop ﬁrst, and the delay in linearization of the

duplex is caused by a delay in cutting on the displaced
strand.
Ref cuts the targeting oligonucleotide at preferred sites
To determine whether Ref was also cleaving the targeting
oligonucleotide, a targeted nuclease assay was carried
out using oligonucleotides labeled on the 50 -end with
6-carboxyﬂuorescein (50 FAM). Products of the reactions
were run on a sequencing gel to determine the precise cut
sites on the targeting oligonucleotide (Figure 3A). Using
the 50 FAM-labeled rlb1 100-mer oligonucleotide,
preferred cut sites on the oligo are located downstream
of bases 70, 69 and 53 (shown with arrows in Figure 3A
and asterisks in Figure 3B.) There are several other sites
that are cut to a lesser degree (indicated with lines in
Figure 3B). These same cut sites were preferred when
the cdsDNA was eliminated and the targeting oligonucleotide was the only DNA present in the reaction
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Figure 2. Ref nicks the paired strand of the RecA-mediated D-loop before nicking the displaced strand. (A) The reaction scheme is shown. Numbers
reference bases from M13mp18 origin. Reaction was carried out as in Figure 1 with the following modiﬁcations: M13mp18 nicked dsDNA (8 mMnt)
was used instead of cdsDNA. This DNA had been pre-digested with the site-speciﬁc nickase Nb.BsmI at position 1752 on the bottom strand (light
line). When the mcg3 oligonucleotide was used, the bottom (Nb.BsmI-cut) strand was paired within the D-loop, while the mcg3 rev oligonucleotide
resulted in the bottom (Nb.BsmI-cut) strand being displaced within the D-loop. (B) Timepoints were removed at the indicated number of minutes
after the addition of Ref and stopped with 1 alkaline loading dye. Samples were run on an alkaline agarose gel to visualize the cutting of the
bottom strand by Ref.

(Figure 3A, left lane). The same experiment was carried
out twice more with two different targeting oligonucleotides (gel not shown). These two oligos contained a 70-bp
overlap in homology to allow us to determine whether
speciﬁc sequences were targeted or whether cleavage was
directed by some other sequence or structural feature
(Figure 3C). Again, Ref cut each targeting oligonucleotide
at preferred sites (with fewer sites noted than seen with
the oligo used in Figure 3A and B). However, in the region
of overlapping homology, the cleavage sites on each of the
overlapping oligos did not correspond with each other
(compare red cut sites with blue cut sites). All cutting of
the targeting oligonucleotide was both RecA- and Refdependent (data not shown). The 6-nt region surrounding
each cut site (encompassing 3 nt on either side) was
compared for the 12 different cut sites identiﬁed for
the three different targeting oligonucleotides. The 12
sequences were used to generate the sequence logo in
Figure 3D. No prominent base preference was apparent
for ﬁve of the six positions. However, a pyrimidine base
was always located at position 4, immediately to the
30 -side of the cut site.

Cutting of the paired and displaced strand exhibit
distinct rates and requirements
We wished to determine the extent to which the two
separate strand cleavage events, involving the paired
strand (cut 1) and the displaced strand (cut 2), were differentially affected by pH and magnesium ion concentration. The targeted nuclease assay was carried out using
buffer A*(pH, Mg2+), where the pH and magnesium ion
concentration (in mM) were varied. DSB generation by
Ref occurs optimally in buffer A*(8.5, 15), i.e. at pH 8.5
and 15 mM Mg2+. Normal optimized buffer conditions for
RecA reactions correspond to a buffer A*(7.5, 10) condition. The targeted nuclease assay was carried out at
several different combinations of pH and magnesium ion
concentration to determine whether any observed changes
in the rates of cut 1 and cut 2 occurred in parallel. The
amount of nicked product (the result of paired strand
nicking) and linear product (the result of displaced
strand nicking) was graphed and best-ﬁt lines were ﬁt to
the initial linear portion of each graph (Figure 4A). Rates
were determined for nicking and linearization for each
buffer condition based on the slope of these lines
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Figure 3. Ref cuts the targeting oligonucleotide at preferred sites upstream of a pyrimidine base. (A) Targeted nuclease assays were carried out as
described in ‘Materials and Methods’ section except that a 100-mer oligonucleotide that was labeled with 6-carboxyﬂuorescein on the 5’-end was used
instead of the normal 150-mer unlabeled oligonucleotide to create a D-loop in cdsDNA. To size the products of Ref cleavage of the oligonucleotide
after 3 h, reactions were run on a 12% sequencing gel. Mock targeted nuclease reactions without cdsDNA were also run, which resulted in some
cleavage of the oligonucleotide at the same locations as when cdsDNA is present. Arrows point to the location of products due to cutting at
preferred cut sites. (B) Location of sites where 5’FAM-rlb1 100 oligonucleotide is cut in (A) are indicated with vertical lines. Asterisks indicate
preferred cuts sites, corresponding to arrows in (A). (C) Location of 5’FAM-mcg3 100 (red) and 5’FAM-mcg3alt2 100 (blue) cut sites are indicated
with vertical lines (gel not shown). (D) Sequence logo for cut site location using the 12 cut sites in (B and C). Cut occurs between bases 3 and 4.

(Figure 4B). A decrease in pH, Mg2+ concentration or
both resulted in decreases in both nicking and linearization rates. Additionally, the nicking (cut 1) and linearization (cut 2) rates did not change by the same factors (with
respect to each other) in each alteration of conditions.
At the optimal reaction conditions of pH 8.5 and 15 mM
of Mg2+, the ratio of the two rates was 3.45. When pH was
reduced to 7.5, Mg2+ concentration was reduced to 10 mM
or both, the ratio of the two rates increased to 9.32, 6.47
and 9.78, respectively. Cleavage of the paired strand was
more sensitive to changes in pH than changes in magnesium: reduction of the pH results in a 24% decrease in
reaction rate, whereas reduction of magnesium results in
only a 12% decrease in reaction rate. The rates of cut 2
exhibited greater changes with respect to these alterations
in conditions. Reduction in pH results in a 72% decrease
in reaction rate, whereas reduction of magnesium ion
concentration results in a 53% decrease in reaction rate.
The changes in pH and magnesium ion requirements
for the two cleavage events could reﬂect potential
changes in protein and/or DNA structure. Alternatively,
they could reﬂect more substantive differences in chemical mechanism. At a minimum, they reinforce the

differential activity of Ref protein on the two DNA
strand substrates.
The variant Ref H153A nicks the D-loop, but cannot
create DSBs
Previously, we reported that the Ref H153A variant
cannot create targeted DSBs or degrade cssDNA. Thus,
we reported a loss of nuclease activity because of this
single mutation of a putative active site residue (1).
However, changes to the experimental protocol allowed
us to separately track the two cuts leading to a targeted
DSB. Ref H153A carried out cut 1, nicking the duplex
within the D-loop, a process that could not be detected
in the earlier study. However, it did not carry out cut 2
(Figure 5). Experiments similar in design to those shown
in Figure 2 conﬁrmed that Ref H153A cleaved only the
paired DNA strand in the D-loop, and left the displaced
strand intact (data not shown). Ref H153A carried out cut
1 more slowly than WT Ref (compare ﬁlled triangles with
ﬁlled diamonds, respectively), but nicked the paired strand
of the duplex nearly to completion in 4 h. Over the course
of these 4 h, accumulation of linear product (as a result of
cut 2) was minimal (open triangles).
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Figure 4. Cutting of the paired and displaced strands exhibit different rates and requirements. (A) Targeted nuclease assays were carried out, imaged
and analyzed as described in ‘Materials and Methods’ section using buffer A*(pH, Mg). Shown is a graphical representation of gel electrophoresis
analysis of products (left: nicked, and right: linear). Filled diamonds correspond to standard buffer conditions used throughout the article. Percentage
product formation was converted to actual DNA concentration (in mMnt) and the initial linear portion of each curve was used to calculate the bestﬁt line and slope. (B) Nicking and linearization rates were determined using the slope of the lines in (A). The ratio of the two rates changes with
changing buffer conditions, indicating that the nicking and linearization processes are affected differentially by pH and Mg2+ concentration.

Figure 5. Ref H153A nicks within the D-loop, but does not create
DSBs. The targeted nuclease assay was carried out as in Figure 1.
Shown is a graphical representation of gel electrophoresis analysis of
the cleavage products. An average of three independent trials is
reported. Ref H153A does not create any substantial amount of
linear DNA. Diamonds: WT Ref, triangles: Ref H153A. Filled:
nicked product, open: linear product.

For targeted DSB generation by Ref, the ATP
hydrolysis activity of RecA ﬁlament is critical for cut
2 but not for cut 1
To investigate how the function of ATP hydrolysis by the
RecA nucleoprotein ﬁlament affects targeted DSB generation by Ref, a targeted nuclease reaction was carried
out under conditions that prevent ATP hydrolysis by the
RecA ﬁlament (Figure 6). RecA K72R was used in place

of RecA E38K. This variant contains a mutation in the
Walker A box, preventing ATP hydrolysis (17). Also,
ATPgS, a non-hydrolyzable ATP analog, was used in
place of ATP. Additionally, RecA K72R and ATPgS
were used in combination. Nicking of the supercoiled
duplex target (cut 1) was examined ﬁrst. In all three
ATP hydrolysis-null conditions (RecA K72R, ATPgS or
the two in combination), Ref generated nicked circular
duplexes (Figure 6A). Ref nicked only the paired strand
of the D-loop in all cases (data not shown). The extent and
rate of the cut 1 reaction varied among the three ATPaseconstrained conditions. RecA E38K in combination with
ATPgS resulted in 40% of the dsDNA being nicked
within the D-loop, all occurring in the ﬁrst hour of the
reaction. Use of RecA K72R in combination with ATP
resulted in >60% of the dsDNA being nicked. RecA
K72R in combination with ATPgS resulted in >80% of
the dsDNA being nicked within 3 h. In both cases, the
amount of nicked DNA continued to climb throughout
the reaction. Previous research has demonstrated the differences in RecA ﬁlament architecture and dynamics
when different methods are used to prevent ATP hydrolysis (12,17–19), and these differences clearly affect the
ability of Ref to cut the paired DNA strand within the
D-loop.
When ATP hydrolysis was prevented, few targeted
DSBs were created by Ref under any conditions
(Figure 6B). In the control reaction using RecA E38K
and ATP, 60% of the cdsDNA was linearized over 3 h.
RecA-mediated ATP hydrolysis is thus required for the
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Figure 6. Targeted DSB formation by Ref requires a RecA ﬁlament that is actively hydrolyzing ATP. The targeted nuclease assay was carried out as
stated in ‘Materials and Methods’ section with RecA K72R or ATPgS substituted for RecA E38K or ATP, respectively, as indicated. (A) Appearance
of nicked product (cut 1) over time as a percentage of total DNA in each lane of the agarose gel. An average of three independent trials is reported.
(B) The appearance of linear product (cut 2) over time as a percentage of total DNA in each lane of the agarose gel. An average of three independent
trials is reported.

second cleavage event (cut 2) needed to generate a
Ref-mediated double-strand break at a D-loop, but not
for cut 1.

DISCUSSION
The HNH endonuclease Ref will cleave both strands of a
target duplex at the site of a RecA-generated D-loop. In
the present study, we demonstrate that the cleavage of the
two strands occurs in a prescribed order, and that the two
steps exhibit different rates and requirements. The strand
directly paired with the oligonucleotide used to create the
D-loop is cleaved ﬁrst. Cut 1 is relatively fast, can be
promoted by the Ref active site mutant H153A and does
not require hydrolysis of ATP by RecA protein. The
displaced strand is also cleaved, but much more slowly.
Cut 2 is much slower, is not promoted by the H153A
mutant of Ref and requires RecA-mediated ATP hydrolysis. The two cleavage events are also affected differently by

changes in pH and magnesium ion concentration. It is not
clear whether single or multiple cuts occur on each strand
of any given D-loop, although there are deﬁnitely multiple
preferred cut sites.
The rate differences between cut 1 and cut 2 (Figures 1
and 2) may be due to the accessibility of the paired and
displaced strands within the D-loop to the Ref protein.
Crystallographic and single-molecule experiments show
that the displaced strand of the D-loop is bound within
the secondary binding site on the RecA ﬁlament. As a
result, the phosphate backbone of this strand is buried
within the ﬁlament. In contrast, the paired strand of the
D-loop makes minimal contacts with the RecA ﬁlament
and is held in place primarily by its Watson–Crick base
pairing to the targeting oligonucleotide (20–23). Thus, Ref
appears to have more access to the phosphate backbone of
the paired strand DNA, resulting in a faster rate of
cleavage of that strand. Cut 2 within the D-loop requires
ATP hydrolysis, and the cleavage of RecA-bound
cssDNA is greatly enhanced by ATP hydrolysis. Ref
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H153A is incapable of cleavage in both scenarios. As
cssDNA would be bound in site 1 of the RecA ﬁlament
and similarly buried as the displaced strand is in site 2
during targeted cleavage, the ‘limited access’ hypothesis
is further supported.
In this study, we have also observed Ref-mediated
cleavage of the targeting oligonucleotide (Figure 3). This
cleavage occurs slowly, with <10% of the oligo being
cleaved after 180 min of reaction. Given that similar
amounts and patterns of cleavage are seen in the
presence and absence of cdsDNA, this cutting likely
occurs outside of the D-loop structure. The reactions
contain enough RecA to coat all of the targeting oligos
present in the reaction, but the amount of RecA nucleoprotein ﬁlaments formed far exceeds the number of potential D-loop sites in these reactions. We have previously
demonstrated that Ref will cleave ssDNA bound by a
RecA ﬁlament (1). Thus, the fact that Ref will cleave the
targeting oligonucleotide is not surprising and may be
facilitated by extension and underwinding of the DNA
within the primary binding site of the RecA ﬁlament.
(20) A preference for oligo cleavage adjacent to pyrimidine nucleotides represents a new observation for Refmediated cleavage of RecA-bound ssDNA. We previously
demonstrated preferred cleavage sites within the D-loop
on both the paired and displaced strands, but here
cleavage tended to occur adjacent to A or T nucleotides
(1). For both the paired and displaced strands, there is a
pronounced tendency to cleave on the 50 -side of thymidine. Notably, this is the cleavage preference exhibited
by the HNH endonuclease colicin E9 (24).
The differing effects of pH and magnesium ion concentration (Figure 4) may eventually provide additional
mechanistic clues for the two Ref-mediated cleavage
steps. When the pH is reduced from 8.5 to 7.5 and magnesium ion concentration remains constant, the cut 1/cut 2
rate ratio changes from 3.45 to 9.32. The rate of cut 2
declines much more than the rate of cut 1 when the pH
is reduced. The same trend is seen (although to a lesser
degree) when the pH remains constant at 8.5 but the
magnesium ion concentration drops from 15 to 10 mM.
Magnesium ion is used by RecA in at least two ways. As is
the case for all ATPases, the substrate for ATP hydrolysis
is a Mg–ATP complex. Magnesium ion in excess of the
ATP concentration modulates an inhibitory effect of the
RecA C-terminus (25). Magnesium ion may also be used
by Ref in the active site. There is precedence in the literature for HNH endonucleases using different divalent
cations in their active sites, leading to signiﬁcant changes
in the nicking versus double-strand break activity proﬁles
due to differential chelation of the ions. (24,26–28) The cut
1 and cut 2 reactions occur over a pH range that could
readily reﬂect the ionization of His residues. Although
there is only one His residue in a RecA monomer, we
note that there are multiple His residues located near
and within the Ref active site that may be affected by
the pH changes (1).
In particular, histidine 153 is located within the putative
active site, and chelates a zinc atom that is stably
bound within the structure. Previously, we reported that
mutating this residue to an alanine abolished all nuclease

activity, while leaving the bound state of the zinc ion unchanged (1). Here, we have shown that Ref H153A is only
deﬁcient in carrying out cut 2, cleavage of the displaced
strand of the D-loop (Figure 5). Cut 1, a process that we
were not able to monitor in the previous study due to the
design of the assays used, still proceeds, albeit more slowly
than is seen with WT Ref. It is possible that cut 2 is
promoted at a different active site pocket within Ref.
More likely, some aspect of RecA ﬁlament dynamics
affects the geometry of hydrolytic phosphodiester bond
cleavage within the single proposed active site, such that
histidine 153 is a catalytic residue only for cleavage of the
displaced strand.
His 153 occupies a structural position analogous to His
131 in the HNH endonuclease colicin E9 (29,30). His 131
has an unknown role in the cleavage of DNA by colicin
E9, but the authors suggest that it may bind the DNA
backbone (24). Colicin E9 exhibits DNase activity with
several different divalent and transition metal ions in the
active site, notably magnesium, nickel, cobalt and manganese (28). However, DNase activity is not seen when zinc
is in the active site, due to coordination of the metal by
His 131, which is not seen with other metals (27). Colicin
E9 H131A still bound to zinc and nicked plasmid DNA in
the presence of nickel, but lost its nicking activity in
the presence of magnesium (26). Different cleavage mechanisms are proposed depending on whether nickel or magnesium is bound in the active site (24).
It is possible that Ref exhibits similar mechanisticdependence on metal ion identity. As RecA requires magnesium, it would be impossible to perform similar tests
looking at Ref activity in the presence of single metals.
Individual monomers of Ref could use either the bound
zinc ion, which His 153 will coordinate. Alternatively, Ref
could use a magnesium ion from the buffer, which His 153
will probably not coordinate based on structural
similarities with colicin E9 (27). The zinc-bound version
may only be required for displaced strand cleavage, either
for access to the strand while buried in the secondary
binding site of the RecA ﬁlament, or for actual catalysis.
Ref H153A may still be able to bind magnesium and
would be able to use this form of the enzyme to cleave
the paired strand. Duplex cleavage in two mechanistically
distinct steps by a single active site would not be unique to
the Ref nuclease. This pattern has been shown before with
other nicking endonucleases (NEases), such as I-BmoI, a
GIY-YIG homing endonuclease that also creates DSBs
through two independent nicking reactions (31).
The requirement for RecA-mediated ATP hydrolysis
for cut 2, but not for cut 1, along with the muchreduced rate of cut 2, suggests that the limiting factor
for cut 2 is some property of the RecA ﬁlament rather
than an activity of Ref. RecA-mediated ATP hydrolysis
has several effects on RecA, but a primary effect is on
disassembly of RecA ﬁlaments (32–39). Cut 2 may occur
only at the disassembling end of a RecA ﬁlament, and
require ATP hydrolysis to create such an end with sufﬁcient proximity to cut 1. This is supported by the observation that the total amount of DNA nicked within the
D-loop (cut 1) changes substantially, depending on the
method of preventing ATP hydrolysis. RecA K72R
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Figure 7. Two models for the creation of targeted DSBs by Ref. In both models, RecA creates a D-loop by binding the targeting oligonucleotide in
the primary binding site (gray), and after ﬁnding homology, binds the displaced strand in the secondary site (white). Model 1 (left): a dimer of Ref
nicks the paired strand of the D-loop (cut 1). ATP hydrolysis-dependent disassembly of the RecA ﬁlament occurs in the 5’–3’ direction. When
ﬁlament disassembly occurs at the site of Ref binding, Ref can then access the displaced strand to create cut 2. Model 2 (right): a Ref monomer nicks
the paired strand of the D-loop, followed by total ATP hydrolysis-dependent disassembly of the RecA ﬁlament, but leaving the D-loop DNA
structure intact. The RecA ﬁlament then reassembles with the displaced strand (which has single-stranded character) in the primary binding site, and
Ref cleaves the displaced strand.

creates short gapped ﬁlaments, whereas RecA E38K in the
presence of ATPgS creates longer ﬁlaments. In both cases,
these ﬁlaments are capable of forming D-loops, but are
incapable of disassembling. However, RecA K72R (with
ATP or ATPgS) ﬁlaments have many more ends from
which Ref can work to create cut 1, resulting in an
increase in cut 1 rate when compared with RecA E38K
with ATPgS.
Combining the above observations produces Model 1,
or the ‘limited access’ model (Figure 7, left). In this model,
RecA binds the targeting oligonucleotide in the ﬁlament
primary site and forms the D-loop by binding the
displaced strand in the ﬁlament secondary site. The
paired strand is held by the ﬁlament via its Watson–
Crick base pairs with the oligo. This results in the phosphate backbone being openly accessible to a dimer of Ref
(Gruber,A. and Cox,M., manuscript in preparation), and
Ref cleaves the paired strand to generate cut 1. Owing to
the buried nature of the displaced strand within the RecA
ﬁlament, the Ref dimer must wait for ATP hydrolysismediated disassembly of the RecA ﬁlament to occur in
proximity to the bound Ref dimer. When this occurs,
the second monomer of Ref will cleave the displaced
strand possibly using a distinct chemical mechanism to
create a DSB.
An additional possibility is reﬂected in Model 2, or the
‘complete disassembly’ model (Figure 7, right). Here, the

D-loop forms as in model 1, with the targeting oligonucleotide in the primary site of the RecA ﬁlament
and the displaced strand in the secondary site. A Ref
monomer cleaves the paired strand because of the easy
accessibility of the phosphate backbone. Then, the entire
RecA ﬁlament must disassemble in an ATP hydrolysisdependent manner, leaving the displaced strand
unpaired. The RecA ﬁlament reassembles with the
displaced strand in the primary binding site and the targeting oligonucleotide in the secondary site, creating an
inverted D-loop. Then, another monomer of Ref would
bind and cleave the originally displaced strand (which is
now paired). This model would require that the threestranded D-loop structure remain stable after the dissociation of the RecA ﬁlament, which would be assisted by the
relaxation of negative supercoiling following cut 1 by Ref.
Further experimentation will allow us to reﬁne our model
system.
The long-term goal of this work is to understand the
mechanistic function of the Ref protein, in particular, the
RecA-dependent targeted nuclease activity, such that this
Ref/RecA system can be exploited for applications in biotechnology. Recently, much work has been focused on
using the CRISPR/Cas9 system derived from type II prokaryotic CRISPR systems for creating targeted DSBs in a
variety of organisms including bacteria (40), yeast (41),
Caenorhabditis elegans (42), Drosophila (43), zebraﬁsh
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(44), mice (45) and human cell lines (46). These systems
use an engineered small guide RNA, which contains a
20–40-nt spacer sequence identical to the genomic
sequence to be cut (47). The Cas9 protein forms a
complex with this small guide RNA and the complex
invades the genomic DNA duplex at the homologous
sequence, after which Cas9 cleaves the two strands of
the duplex using two different active sites. The HNHlike domain cleaves the paired strand of the R-loop,
while the RuvC-like domain cleaves the displaced strand
(48). If exogenous DNA with the desired gene sequence is
provided, homologous recombination repair of the DSB
generated by Cas9 will cause the original genetic sequence
to be replaced with the desired sequence (47). This system
is promising, with the caveat that a high rate of off-target
cleavage and mutation events has been seen in some
applications (49).
The Ref/RecA system has a somewhat greater complexity than CRISPR/Cas9. The two proteins needed are Ref
and the RecA proteins, and a targeting oligonucleotide is
also required. For effective genome targeting in organisms
beyond bacteria, these three components must likely be
somehow tethered. Efforts to effect such tethering may
be proﬁtable, as the single ssDNA oligo required does
not have any sequence speciﬁcity such as the protospacer
adjacent motif (PAM) in the sequence needed for the Cas9
editing system. The PAM requirement only allows 40%
of a genome to be targeted by Cas9 (47). Owing to the
requirement for a longer targeting sequence (100–150 nt is
optimal), our system may also exhibit enhanced speciﬁcity
over the Cas9 system, which allows only 20–40 nt of
homology matching (48). Finally, as RecA is required
for Ref to create targeted DSBs, RecA would already be
concentrated near the site of the DSB. This may allow
for a higher rate of incorporation of the exogenous
DNA through homologous recombination. Currently,
our laboratory is directly investigating the use of Ref for
creating targeted DSBs and incorporation of mutated gene
sequences in vivo in bacteria.
Although there is no distinct evolutionary role known
for the Ref protein and its effect on the life cycle of bacteriophage P1, we are pursuing two working hypotheses.
First, preliminary data from our laboratory indicate that
ref selectively inhibits the lysogenic life cycle of the phage.
Ref will create DNA damage (DSBs or nicks) in the
presence of RecA, which is increasingly produced during
the bacterial SOS response. Ref may thus encourage lysis
of the bacterial cell under conditions of stress by using the
cell’s own RecA-mediated repair processes against it.
A second hypothesis is inspired by some evident parallels between the Ref/RecA system and the type I-E
CRISPR system found in E. coli. This class of CRISPR
system contains a multi-subunit protein complex,
Cascade, which binds to and matures the pre-crRNA
into CRISPR RNA (crRNA), and the helicase/nuclease
Cas3, which unwinds and degrades the target DNA in
an ATP-dependent manner (50,51). The Cascade
complex is made up of CasAB2C6DE, with the six CasC
monomers forming a helical nucleoprotein ﬁlament surrounding the single-stranded spacer region of the
crRNA (52). This complex is similar in structure to the

RecA ﬁlaments formed on ssDNA (20,53). Ref may recognize the Cascade/crRNA complex and degrade it before
it can invade the target sequence on the bacteriophage
genome, preventing the CRISPR system from targeting
the phage for degradation. Another possibility for Ref
involvement with the host CRISPR system may involve
the ability of Ref to enhance RecA-mediated
microhomologous recombination (3). The presence of
Ref could cause RecA to recombine at the repeated
regions in the CRISPR loci to eliminate spacer sequences,
making the host more generally susceptible to phage infection. The interaction of the phage proteins with the
bacterial CRISPR system is not unprecedented: at least
ﬁve genes from phages that infect Pseudomonas aeruginosa
were identiﬁed as anti-CRISPR genes in a genetic screen
(54). Continuing work will be directed at identifying the
in vivo utility of the Ref nuclease for bacteriophage P1.
ACKNOWLEDGEMENTS
The authors thank Elizabeth Wood for cloning and
providing for expression of the proteins used in this
study. They also thank Angela Gruber for the puriﬁcation
of the proteins used in this study and for helpful discussions of the manuscript.
FUNDING
National Institutes of Health [R01 GM32335 to M.C.,
T32 GM07215 to E.R.] and the National Science
Foundation [DGE-1256259 to E.R.]. Funding for open
access charge: National Institutes of Health [GM32335].
Conﬂicts of Interest: Erin Ronayne has no conﬂicts to
declare. Michael M. Cox is a board member, consultant
and shareholder of Recombitech, Inc. His relationship to
the company is managed by the University of Wisconsin–
Madison in accordance with its conﬂict of interest policies.
REFERENCES
1. Gruenig,M.C., Lu,D., Won,S.J., Dulberger,C.L., Manlick,A.J.,
Keck,J.L. and Cox,M.M. (2011) Creating directed double-strand
breaks with the Ref protein: a novel RecA-dependent nuclease
from bacteriophage P1. J. Biol. Chem., 286, 8240–8251.
2. Windle,B.E. and Hays,J.B. (1986) A phage P1 function that
stimulates homologous recombination of the Escherichia coli
chromosome. Proc. Natl Acad. Sci. USA, 83, 3885–3889.
3. Lu,S.D., Lu,D. and Gottesman,M. (1989) Stimulation of IS1
excision by bacteriophage P1 ref function. J. Bacteriol., 171,
3427–3432.
4. Laufer,C.S., Hays,J.B., Windle,B.E., Schaefer,T.S., Lee,E.H.,
Hays,S.L. and McClure,M.R. (1989) Enhancement of Escherichia
coli plasmid and chromosomal recombination by the Ref function
of bacteriophage P1. Genetics, 123, 465–476.
5. Windle,B.E., Laufer,C.S. and Hays,J.B. (1988) Sequence and
deletion analysis of the recombination enhancement gene (ref) of
bacteriophage P1: evidence for promoter-operator and attenuatorantiterminator control. J. Bacteriol., 170, 4881–4889.
6. Calendar,R.L. (2005) The Bacteriophages. Oxford University
Press, Oxford, UK.
7. Lobocka,M.B., Rose,D.J., Plunkett,G. 3rd, Rusin,M.,
Samojedny,A., Lehnherr,H., Yarmolinsky,M.B. and Blattner,F.R.
(2004) Genome of bacteriophage P1. J. Bacteriol., 186,
7032–7068.

3882 Nucleic Acids Research, 2014, Vol. 42, No. 6

8. Fisher,A.J., Smith,C.A., Thoden,J.B., Smith,R., Sutoh,K.,
Holden,H.M. and Rayment,I. (1995) X-ray styructures of the
myosin motor domain of Dictyostelium discoidium complexed with
MgADP.BeFx and MgADP.AlF4-. Biochemistry, 34, 8960–8972.
9. Stoddard,B.L. (2005) Homing endonuclease structure and
function. Q. Rev. Biophys., 38, 49–95.
10. Gasiunas,G., Barrangou,R., Horvath,P. and Siksnys,V. (2012)
Cas9-crRNA ribonucleoprotein complex mediates speciﬁc DNA
cleavage for adaptive immunity in bacteria. Proc. Natl Acad. Sci.
USA, 109, E2579–E2586.
11. Lusetti,S.L., Wood,E.A., Fleming,C.D., Modica,M.J., Korth,J.,
Abbott,L., Dwyer,D.W., Roca,A.I., Inman,R.B. and Cox,M.M.
(2003) C-terminal deletions of the Escherichia coli RecA protein Characterization of in vivo and in vitro effects. J. Biol. Chem.,
278, 16372–16380.
12. Gruenig,M.C., Renzette,N., Long,E., Chitteni-Pattu,S.,
Inman,R.B., Cox,M.M. and Sandler,S.J. (2008) RecA-mediated
SOS induction requires an extended ﬁlament conformation but no
ATP hydrolysis. Mol. Microbiol., 69, 1165–1179.
13. Craig,N.L. and Roberts,J.W. (1981) Function of nucleoside
triphosphate and polynucleotide in Escherichia coli recA proteindirected cleavage of phage lambda repressor. J. Biol. Chem., 256,
8039–8044.
14. Messing,J. (1983) New M13 vectors for cloning. Methods
Enzymol., 101, 20–78.
15. Neuendorf,S.K. and Cox,M.M. (1986) Exchange of RecA protein
between adjacent RecA protein-single-stranded DNA complexes.
J. Biol. Chem., 261, 8276–8282.
16. Haruta,N., Yu,X.N., Yang,S.X., Egelman,E.H. and Cox,M.M.
(2003) A DNA pairing-enhanced conformation of bacterial RecA
proteins. J. Biol. Chem., 278, 52710–52723.
17. Rehrauer,W.M. and Kowalczykowski,S.C. (1993) Alteration of
the nucleoside triphosphate (NTP) catalytic domain within
Escherichia coli recA protein attenuates NTP hydrolysis but not
joint molecule formation. J. Biol. Chem., 268, 1292–1297.
18. Britt,R.L., Chitteni-Pattu,S., Page,A.N. and Cox,M.M. (2011)
RecA K72R ﬁlament formation defects reveal an oligomeric
RecA species involved in ﬁlament extension. J. Biol. Chem., 286,
7830–7840.
19. Shan,Q., Cox,M.M. and Inman,R.B. (1996) DNA strand
exchange promoted by RecA K72R. Two reaction phases with
different Mg2+ requirements. J. Biol. Chem., 271, 5712–5724.
20. Chen,Z.C., Yang,H.J. and Pavletich,N.P. (2008) Mechanism of
homologous recombination from the RecA-ssDNA/dsDNA
structures. Nature, 453, 489–494.
21. Cox,M.M. (2007) Motoring along with the bacterial RecA
protein. Nat. Rev. Mol. Cell Biol., 8, 127–138.
22. Mazin,A.V. and Kowalczykowski,S.C. (1998) The function of the
secondary DNA binding site of RecA protein during DNA strand
exchange. EMBO J., 17, 1161–1168.
23. Peacock-Villada,A., Yang,D., Danilowicz,C., Feinstein,E.,
Pollock,N., McShan,S., Coljee,V. and Prentiss,M. (2012)
Complementary strand relocation may play vital roles in RecAbased homology recognition. Nucleic Acids Res., 40, 10441–10451.
24. Pommer,A.J., Cal,S., Keeble,A.H., Walker,D., Evans,S.J.,
Kuhlmann,U.C., Cooper,A., Connolly,B.A., Hemmings,A.M.,
Moore,G.R. et al. (2001) Mechanism and cleavage speciﬁcity of
the H-N-H endonuclease colicin E9. J. Mol. Biol., 314, 735–749.
25. Lusetti,S.L., Shaw,J.J. and Cox,M.M. (2003) Magnesium
ion-dependent activation of the RecA protein involves the C
terminus. J. Biol. Chem., 278, 16381–16388.
26. Walker,D.C., Georgiou,T., Pommer,A.J., Walker,D., Moore,G.R.,
Kleanthous,C. and James,R. (2002) Mutagenic scan of the
H-N-H motif of colicin E9: implications for the mechanistic
enzymology of colicins, homing enzymes and apoptotic
endonucleases. Nucleic Acids Res., 30, 3225–3234.
27. Mate,M.J. and Kleanthous,C. (2004) Structure-based analysis of
the metal-dependent mechanism of H-N-H endonucleases. J. Biol.
Chem., 279, 34763–34769.
28. Pommer,A.J., Wallis,R., Moore,G.R., James,R. and
Kleanthous,C. (1998) Enzymological characterization of the
nuclease domain from the bacterial toxin colicin E9 from
Escherichia coli. Biochem. J., 334, 387–392.

29. Kleanthous,C., Kuhlmann,U.C., Pommer,A.J., Ferguson,N.,
Radford,S.E., Moore,G.R., James,R. and Hemmings,A.M. (1999)
Structural and mechanistic basis of immunity toward
endonuclease colicins. Nat. Struct. Biol., 6, 243–252.
30. Kuhlmann,U.C., Pommer,A.J., Moore,G.R., James,R. and
Kleanthous,C. (2000) Speciﬁcity in protein-protein interactions:
The structural basis for dual recognition in endonuclease colicinimmunity protein complexes. J. Mol. Biol., 301, 1163–1178.
31. Kleinstiver,B.P., Berube-Janzen,W., Fernandes,A.D. and
Edgell,D.R. (2011) Divalent metal ion differentially regulates the
sequential nicking reactions of the GIY-YIG homing
endonuclease I-bmoI. PLoS One, 6, e23804.
32. Arenson,T.A. (1998) Kinetic analysis of end-dependent
disassembly of RecA nucleoprotein ﬁlaments. Ph.D. Thesis.
University of Wisconsin, Madison.
33. Arenson,T.A., Tsodikov,O.V. and Cox,M.M. (1999) Quantitative
analysis of the kinetics of end-dependent disassembly of RecA
ﬁlaments from ssDNA. J. Mol. Biol., 288, 391–401.
34. Bork,J.M., Cox,M.M. and Inman,R.B. (2001) RecA protein
ﬁlaments disassemble in the 5’ to 3’ direction on single-stranded
DNA. J. Biol. Chem., 276, 45740–45743.
35. Britt,R.L., Haruta,N., Lusetti,S.L., Chitteni-Pattu,S., Inman,R.B.
and Cox,M.M. (2010) Disassembly of Escherichia coli RecA
E38K/C17 nucleoprotein ﬁlaments is required to complete DNA
strand exchange. J. Biol. Chem., 285, 3211–3226.
36. Cox,J.M., Tsodikov,O.V. and Cox,M.M. (2005) Organized
unidirectional waves of ATP hydrolysis within a RecA ﬁlament.
PLoS Biol., 3, 231–243.
37. Lee,J.W. and Cox,M.M. (1990) Inhibition of RecA proteinpromoted ATP hydrolysis. II. Longitudinal assembly and
disassembly of RecA protein ﬁlaments mediated by ATP and
ADP. Biochemistry, 29, 7677–7683.
38. Lindsley,J.E. and Cox,M.M. (1990) Assembly and disassembly of
RecA protein ﬁlaments occurs at opposite ﬁlament ends:
relationship to DNA strand exchange. J. Biol. Chem., 265,
9043–9054.
39. Shan,Q., Bork,J.M., Webb,B.L., Inman,R.B. and Cox,M.M.
(1997) RecA protein ﬁlaments: end-dependent dissociation from
ssDNA and stabilization by RecO and RecR proteins. J. Mol.
Biol., 265, 519–540.
40. Jiang,W.Y., Bikard,D., Cox,D., Zhang,F. and Marrafﬁni,L.A.
(2013) RNA-guided editing of bacterial genomes using CRISPRCas systems. Nat. Biotechnol., 31, 233–239.
41. DiCarlo,J.E., Norville,J.E., Mali,P., Rios,X., Aach,J. and
Church,G.M. (2013) Genome engineering in Saccharomyces
cerevisiae using CRISPR-Cas systems. Nucleic Acids Res., 41,
4336–4343.
42. Friedland,A.E., Tzur,Y.B., Esvelt,K.M., Colaiacovo,M.P.,
Church,G.M. and Calarco,J.A. (2013) Heritable genome editing in
C. elegans via a CRISPR-Cas9 system. Nat. Methods, 10,
741–743.
43. Gratz,S.J., Cummings,A.M., Nguyen,J.N., Hamm,D.C.,
Donohue,L.K., Harrison,M.M., Wildonger,J. and O’ConnorGiles,K.M. (2013) Genome engineering of Drosophila with the
CRISPR RNA-guided Cas9 nuclease. Genetics, 194, 1029–1035.
44. Chang,N.N., Sun,C.H., Gao,L., Zhu,D., Xu,X.F., Zhu,X.J.,
Xiong,J.W. and Xi,J.J. (2013) Genome editing with RNA-guided
Cas9 nuclease in Zebraﬁsh embryos. Cell Res., 23, 465–472.
45. Shen,B., Zhang,J., Wu,H.Y., Wang,J.Y., Ma,K., Li,Z.,
Zhang,X.G., Zhang,P.M. and Huang,X.X. (2013) Generation of
gene-modiﬁed mice via Cas9/RNA-mediated gene targeting. Cell
Res., 23, 720–723.
46. Mali,P., Yang,L.H., Esvelt,K.M., Aach,J., Guell,M., DiCarlo,J.E.,
Norville,J.E. and Church,G.M. (2013) RNA-guided human
genome engineering via Cas9. Science, 339, 823–826.
47. Wei,C.X., Liu,J.Y., Yu,Z.S., Zhang,B., Gao,G.J. and Jiao,R.J.
(2013) TALEN or Cas9-Rapid, efﬁcient and speciﬁc choices for
genome modiﬁcations. J. Genet. Genomics, 40, 281–289.
48. Jinek,M., Chylinski,K., Fonfara,I., Hauer,M., Doudna,J.A. and
Charpentier,E. (2012) A Programmable dual-RNA-guided DNA
endonuclease in adaptive bacterial immunity. Science, 337,
816–821.
49. Fu,Y.F., Foden,J.A., Khayter,C., Maeder,M.L., Reyon,D.,
Joung,J.K. and Sander,J.D. (2013) High-frequency off-target

Nucleic Acids Research, 2014, Vol. 42, No. 6 3883

mutagenesis induced by CRISPR-Cas nucleases in human cells.
Nat. Biotechnol., 31, 822–826.
50. Brouns,S.J.J., Jore,M.M., Lundgren,M., Westra,E.R.,
Slijkhuis,R.J.H., Snijders,A.P.L., Dickman,M.J., Makarova,K.S.,
Koonin,E.V. and van der Oost,J. (2008) Small CRISPR RNAs
guide antiviral defense in prokaryotes. Science, 321, 960–964.
51. Mulepati,S., Orr,A. and Bailey,S. (2012) Crystal structure of
the largest subunit of a bacterial RNA-guided immune complex
and its role in DNA target binding. J. Biol. Chem., 287,
22445–22449.

52. Wiedenheft,B., Lander,G.C., Zhou,K.H., Jore,M.M.,
Brouns,S.J.J., van der Oost,J., Doudna,J.A. and Nogales,E.
(2011) Structures of the RNA-guided surveillance complex from a
bacterial immune system. Nature, 477, 486–489.
53. Sorek,R., Lawrence,C.M. and Wiedenheft,B. (2013) CRISPRmediated adaptive immune systems in bacteria and archaea.
Ann. Rev. Biochem., 82, 237–266.
54. Bondy-Denomy,J., Pawluk,A., Maxwell,K.L. and Davidson,A.R.
(2013) Bacteriophage genes that inactivate the CRISPR/Cas
bacterial immune system. Nature, 493, 429–432.

