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SUMMARY

Mutation hotspots and showers occur across
phylogeny and profoundly influence genome evolu-
tion, yet the mechanisms that produce hotspots
remain obscure. We report that DNA double-strand
breaks (DSBs) provoke mutation hotspots via
stress-induced mutation in Escherichia coli. With tet
reporters placed 2 kb to 2 Mb (half the genome)
away from an I|-Scel site, RpoS/DinB-dependent
mutations occur maximally within the first 2 kb and
decrease logarithmically to ~60 kb. A weak muta-
tion tail extends to 1 Mb. Hotspotting occurs inde-
pendently of I-site/tet-reporter-pair position in the
genome, upstream and downstream in the replication
path. RecD, which allows RecBCD DSB-exonuclease
activity, is required for strong local but not long-
distance hotspotting, indicating that double-strand
resection and gap-filling synthesis underlie local
hotspotting, and newly illuminating DSB resection
in vivo. Hotspotting near DSBs opens the possibility
that specific genomic regions could be targeted for
mutagenesis, and could also promote concerted
evolution (coincident mutations) within genes/gene
clusters, an importantissue in the evolution of protein
functions.

INTRODUCTION

Evolutionary theory assumes that mutations fall randomly in
genomic space (e.g., Mayr, 1985); however, mutation hotspots,
clusters, and showers occur in organisms ranging from phage
to human (Drake, 2007a, 2007b), and are very probably impor-
tant forces in human tumor and organismal evolution. A recent
study of Escherichia coli genomes revealed nonrandom distribu-
tions of mutations with hot and cold zones (Martincorena et al.,
2012). Spontaneous mutations in mice fall in ~30 kb showers
of simultaneous multiple mutations (Drake, 2007b; Wang et al.,
2007). Both chemically mutagenized yeast (Burch et al., 2011)
and E. coli (Parkhomchuk et al., 2009) show local clusters of
mutations, as do the genomes of human breast (Nik-Zainal
et al., 2012) and colon (Roberts et al., 2012) cancer cells, and
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chemically treated yeast (Ma et al.,, 2012). These and other
observations (Caporale, 2006; Drake, 2007a, 2007b) indicate
that the processes of mutagenesis themselves, and not just
the sites in which mutations are tolerated, can be localized in
genomes and are not distributed randomly.

Mutational hotspotting can promote evolution, including
evolution of tumors and pathogens, in important ways. First,
hotspotting mechanisms may target regions in which variability
might provide a growth advantage, as in somatic hypermutation
of immunoglobulin genes (Di Noia and Neuberger, 2007), path-
ogen contingency genes (Moxon et al., 1994), and the cancer-
driving Philadelphia chromosome (Albano et al., 2010). Second,
restriction of mutagenesis to small zones, even if randomly
chosen, could promote high-level multiple mutations (concerted
evolution) within genes without causing deleterious mutations
throughout the genome (Ninio, 1996; Ponder et al., 2005; Yang
et al.,, 2008). The evolution of new protein functions usually
requires multiple base substitutions (Romero and Arnold,
2009), and how this occurs is a significant issue in protein
evolution.

Although mutational hotspotting is widespread, striking, and
important, the molecular mechanisms that cause hotspots
remain largely obscure. Various studies have hinted that muta-
tion hotspots might be related to DNA double-strand breaks
(DSBs), but their results were open to multiple interpretations.
DSB-dependent mutation was first found in E. coli (Harris et al.,
1994; Rosenberg et al., 1994) and then in yeast (Deem
et al.,, 2011; Hicks et al., 2010; Strathern et al., 1995; Yang
et al.,, 2008), both caused by DNA polymerase errors during
DSB repair by homologous recombination (HR). In E. coli, DSB
repair is nonmutagenic and uses the high-fidelity DNA poly-
merase (pol) lll (Motamedi et al., 1999) in unstressed cells, but
then is switched to a mutagenic mode using error-prone DNA
polymerase DinB, which causes mutations, only under stress,
under the control of the general stress response (Ponder et al.,
2005; Shee et al., 2011a). Two kinds of mechanisms could
underlie DSB-dependent mutagenesis: one that could produce
hotspots and another that would not be expected to. If the DSB
repair mechanism that recruits an error-prone polymerase is
localized, then mutation hotspots might be expected. If the muta-
genic repair mechanism is break-induced replication (BIR), which
can prime processive replication from a DSB site to the telomere
(observed in yeast [reviewed by Symington and Gautier, 2011]) or
the replication terminus in E. coli (proposed by Kuzminov, 1995,
and supported by data on recombination of phage A DNA by
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Figure 1. DSBs Promote Strong Local and Weak Long-Distance
Mutation Hotspots

(A) Blue arrows: sites and direction of the tet +1 bp frameshift-mutation-
reporter gene placed at various locations in the E. coli chromosome in different
strains, one with and one without a chromosomal inducible I-Scel gene
(PsaplScel). oriC and terC, chromosomal reference points. Approximate
distances between the I-Scel cutsite (I-site A) and tet cassettes: tet1, 2 kb;
tet2, 8.5 kb; tet3, 29.5 kb; tet4, 62.5 kb; tet5, 92.5 kb; tet6, 136 kb; tet7, 261 kb;
tet8, 500 kb; tet9, 1.4 Mb; and tet10, 2.4 Mb. See Tables S1, S2, and S3 for the
exact chromosomal locations of each tet reporter and I-site, the strains that
carry them, and the PCR primers used to construct them, for this and all
figures.

(B) Mutant frequency is highest near the I-site and decreases logarithmically to
~60 kb from the DSB. A weak but significant hotspot extends from ~60 kb to
1 Mb (see text). DSB (#) and No-DSB (I-Scel cutsite-only control, l) strains
for each tet allele are indicated. Points show the mean + SEM for three or more
independent experiments.

(C) DinB is required for strong DSB local and weak long-distance hotspotting.
Each genotype has a null mutation in the gene(s) indicated. dinB encodes
DinB/DNA Pol IV; umuC, an essential subunit of DNA Pol V; polB, DNA Pol Il.

Motamedi et al., 1999), then DSB-dependent mutagenesis might
affect whole chromosome arms and not form hotspots. In the
sole study to address this question to date, Deem et al. (2011)
found robust mutagenesis in yeast as far away from a DSB site
as they assayed (36 kb), in repair reactions that could proceed
only by BIR and thus would not be expected to form hotspots.
By contrast, DSBs were proposed as an explanation for the
particular symmetrical patterns of mutations found in ~100 kb
mutation clusters in human cancer genomes and chemically
mutagenized yeast (Nik-Zainal et al., 2012; Roberts et al.,,
2012), although as noted (Nik-Zainal et al., 2012), other repair/
mutation mechanisms might be responsible.

Here we show that DSBs tightly focus stress-inducible muta-
tions to small zones or hotspots in the E. coli chromosome. We
show two kinds of hotspots: strong local hotspots that occur
up to ~60 kb away from a DSB, and weak long-distance
hotspots that extend to ~1 Mb away. Moreover, we show that
the strong local and weak long-distance hotspots occur by
distinct mechanisms. The data indicate that one way by which
mutation hotspots can occur is via mechanisms that couple
mutagenesis to DSB repair, and illuminate the molecular basis
of one of those mechanisms.

RESULTS

Mutations Focused in Hotspots near DSBs

We constructed a movable tet +1 bp mutation-reporter gene
cassette that reverts to wild-type (WT) function, and confers
tetracycline resistance, by a —1 bp deletion mutation (Shee
et al., 2011a). We used the movable tet reporter to construct
strains with this cassette inserted at ten different sites between
2 kb and 2.4 MB away from an |-Scel double-strand endonu-
clease (restriction) site (I-site A, tet1-tet10 cassettes; Figure 1A).
Each tet cassette resides in two different strains, one with and
one without the |-Scel-endonuclease-encoding gene cloned
under a regulatable promoter in the E. coli chromosome.
Thus, each strain pair reports on tetracycline-resistant (Tet")
mutant frequencies in a cell with and without an I-Scel-induced
DSB in the same DNA molecule as the tet reporter. These
breaks are repaired by HR with either an uncleaved sister chro-
mosome (present in ~40% of starving E. coli; Akerlund et al.,
1995) or an uncleaved spontaneous tandem DNA duplication
(present in ~107° of cells; reviewed in Rosenberg et al.,
2012). We measured reversion in starvation-stressed cells as
previously described (Shee et al., 2011a), under conditions in
which the formation of nearby mutations (at tet2; Figure 1A)
requires the RpoS and SOS stress responses, DinB error-prone
DNA polymerase, and HR/DSB-repair enzymes RecBC, RecA,
and RuvABC, and the mutations arise in acts of DSB repair
(Ponder et al.,, 2005; Shee et al.,, 2011a). Although the tet
reporter used here captures frameshift or indel (insertion/
deletion) mutations, base substitutions are also promoted
(Shee et al.,, 2011a) and outnumber (Petrosino et al., 2009)
indels in DSB-dependent stress-induced mutagenesis. Thus,

*Significantly different from the WT strain at the same distance (p > 0.05). Error
bars represent 1 SEM for n = 3 experiments.
See also Figure S1.
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the data obtained pertain to both base-substitution and indel
mutagenesis.

Here we observed that the DSB-dependent Tet® mutant
frequency was highest at the tet1 cassette, ~2 kb from I-site A
(Figure 1B), at which the DSBs induced 65 + 14-fold more muta-
tions than were observed in the cutsite-only (no-DSB) control.
Mutant frequencies decreased logarithmically to ~60 kb from
the break and then gradually tapered off for up to a megabase
from the break (Figure 1B). Thus, mutations localize tightly in
a hotspot near the DSB site, mostly in the first 2 kb, and then
fall off logarithmically to ~60 kb. Additionally, from ~60 kb to
1 Mb, DSBs promote mutagenesis weakly but significantly
above the level observed in the no-DSB control strains (60 kb,
8.8 + 2.5; 90 kb, 4.6 + 1.1; 130 kb, 5.6 + 1.6; 260 kb, 3.7 +
0.58; 500 kb, 2.8 + 0.42; 1.4 Mb, 3.0 + 0.51-fold; p = 0.0027,
0.0109, 0.0112, 0.00007, 0.0003, and 0.0007, respectively).
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Figure 2. Mutation Hotspots at DSBs
Reflect Distance from the DSB Indepen-
dently of Chromosomal Location

(A, C, E, G, |, and K) Diagrams of the constructs
used. Symbols as in Figure 1A.

(B) oriC-distal I-site B promotes a strong local
mutation hotspot downstream in the replicore at
tet9, tet11, and tet12, 6 kb, 13 kb, and 40 kb away.
(D) I-site B promotes a strong local hotspot
upstream in the replicore at tet14, tet15, and tet16,
12 kb, 35 kb, and 60 kb upstream.

(F) Mutation at tet70 near the replication ter-
minus (terC) is activated 108 + 29-fold by I-site D
cleavage 12 kb away.

(H) I-site C cleavage activates mutation at tet13, 18
kb downstream in the right replicore.

(J) Hotspots cross the replication origin. I-site
A stimulates mutations at nearby tet717 and tet13,
across oriC in the opposite replicore.

(L) Equal stimulation of mutation by I-site A
cleavage at tet2 (blue arrow) and tet2’ (green
arrow), 8.5 kb away in opposite transcriptional
orientations.

Points show the mean + SEM for three or more
independent experiments. For the relationship
between mutant frequency and the log of the
distance between tet reporters and I-sites, see
Figure S1.
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The weak long-distance DSB-dependent
mutagenesis requires DinB (Figure 1C),
indicating DSB-dependent DNA poly-
merase errors, similarly to mutagenesis
close to a DSB (Ponder et al., 2005;
Shee et al., 2011a; Figure 1C).

DSBs Focus Mutations
Independently of the Specific
Genomic Position
Neither the specific location of the tet
reporter genes nor I-sites in the chromo-
some (e.g., near the replication origin;
Figure 1) causes DSB-proximal hotspot-
ting of mutagenesis. Rather, mutational
hotspotting appears to be a general effect of the proximity of
tet to a DSB, as follows. With I-site B placed about halfway
between oriC and ter, the tet9, tet11, and tet12 genes are acti-
vated for mutation proportionally to their proximity to the DSB
(6, 13, and 40 kb, respectively; Figures 2A and 2B). At tet9,
6 kb from I-site B, DSBs at I-site B increased mutation 90 +
19-fold relative to the cutsite-only no-DSB control (Figure 2B).
By comparison, with DSBs at I-site A, tet9 was almost inactive
(Figures 1A and 1B). Therefore, proximity to the DSB, rather
than the absolute genomic position, dictates mutability.
Mutations are generated both upstream and downstream of
the DSB at I-site B in the chromosome’s unidirectional replica-
tion paths (replicores; Figures 2A-2D). When tet genes are
placed at three positions on either side of |-site B (in 12 different
isogenic strains, one for each cutsite with and one for each
cutsite without the I-Scel endonuclease), the mutant frequencies



reflect the distance from the break regardless of the upstream or
downstream position (Figures 2A-2D).

Further, tet10, in the ter region of the genome, is inactive when
I-site A is placed 2.4 MB away, but is subject to robust DSB-
promoted mutation (108 + 29-fold increase relative to no-DSB
control) when I-site D is engineered 12 kb away (Figures 2E
and 2F). Finally, the stimulatory effect of DSBs on mutation
seen in the left replicore (Figures 1A, 1B, and 2A-2F) also occurs
in the right replicore; tet13, 18 kb from I-site C in the right
replicore, shows 44 + 12-fold enhancement of mutant frequency
by I-Scel cleavage (Figures 2G and 2H), compared with the 60 +
14- and 22 + 3.7-fold enhancement at tet2 and tet3, respectively,
located 8.5 and 29.5 kb from I-site A in the left replicore (Figures
1A and 1B).

Within the ~60 kb strong hotspots, DSB-dependent mutant
frequencies are related roughly to the log of the distance
between the tet reporter and each I-site (Figure S1), with the
exception of tet10, 12 kb from I-site D, which is located in the
dif (replication-terminus-proximal) region (Figures 2E, 2F, and
Figure S1). The mutant frequency at this site was 2-fold higher
than that of tet117, located 13 kb from I-site B, which is not in
the dif region (Figures 2A and 2B). The higher RecBCD-mediated
HR observed near dif (Louarn et al., 1991) might contribute to the
higher DSB-repair-coupled mutation observed here.

The Direction of Replication or Transcription Does Not
Affect DSB-Coupled Mutation

The E. coli chromosome is arranged in two unidirectional replica-
tion paths, or replicores (a left arm and a right arm), extending
from oriC to the replication terminus. We find that the local muta-
tional hotspotting at a DSB can extend from one replicore to the
other, across oriC. The mutant frequency reflects the distance
from the DSB, regardless of whether mutagenesis is assayed
on the same or opposite side of oriC (compare the mutant
frequencies of tet11 and tet72, 13 and 40 kb from their I-site
[Figures 2A and 2B] with those of tet77 and tet13, 9.5 and 37
kb from their I-site [Figures 21 and 2J]). oriC does not appear to
block local DSB-dependent mutation tracts. Similarly, we find
no orientation dependence or strand bias of mutagenesis rela-
tive to the direction of transcription of the reporter gene (Fig-
ure 2L). The tet2 and tet2’ alleles, in opposite orientations at
the same site 8.5 kb from I-site A, are affected similarly by
I-site A cleavage (46 + 10- and 40 + 4-fold, respectively) relative
to the no-DSB controls.

Strong Local Hotspotting at DSBs Requires
RecBCD-Mediated Degradation from DSB Ends
Double-strand digestion of DSB ends prior to repair in E. coli is
carried out by the RecBCD enzyme in a manner that depends
on the RecD subunit (Dilingham and Kowalczykowski, 2008).
Mutants that lack RecD are repair proficient, even hyperrecom-
binagenic (Biek and Cohen, 1986; Chaudhury and Smith,
1985), but the repair occurs immediately at the DSB end (Thaler
et al., 1989), not at a distance from the end dictated by double-
strand DNA (dsDNA) degradation (per the model of Rosenberg
and Hastings, 1991). We find that the strong local hotspotting
between 2 and 8 to under 30 kb from the DSB requires RecD (Fig-
ure 3). The two tet reporters nearest I-site A, tet1 and tet2, display

much reduced mutant frequencies in the recD null mutant, with
mutagenesis reduced to the level observed for more distant sites
(Figures 3A and 3B). No significant difference in frequency was
observed at tet cassettes farther away (Figures 3A and 3B). Simi-
larly, in the right replicore at tet13, mutagenesis that was
provoked by cutting at the 8-kb proximal I-site E was reduced
in the recD background to levels similar to those seen at tet13
when the more-distant I-sites F (30 kb), G (55 kb), H (125 kb),
and | (175 kb) were used (Figures 3C and 3D). Because I-site A
activates mutagenesis at tet7 and tet2 from upstream of those
reporters in the replicore, whereas I-site E activates tet13 muta-
genesis from downstream of the reporter, these data imply that
dsDNA resection by RecBCD on both sides of the DSB causes
the upstream and downstream mutation hotspots near DSBs.

As illustrated in the model shown in Figure 3E, left, the data
indicate that the strong local hotspots result from RecBCD-
mediated DNA resection and gap-filling repair synthesis using
error-prone DinB polymerase. As illustrated in the model shown
in Figure 3E, right, the data imply that in resection-defective recD
mutants, this degradation is less than the 2 kb that would be
required to erode and then resynthesize the closest tet gene to
the I-site, which therefore acquires few mutations. In support
of our interpretation that the recD mutant repairs efficiently but
with smaller tracts of resection/resynthesis, we note that survival
of the DSB is only slightly reduced by I-Scel cutting in recD (30 +
3% survival relative to the uncut control, I-site E, experiments;
Figures 3C and 3D) compared with the WT (40 + 3% survival rela-
tive to the uncut control, same site). Thus, as reported previously
(Biek and Cohen, 1986; Chaudhury and Smith, 1985; Thaler
et al., 1989), recD mutants are DSB-repair proficient.

Further, we conclude that the long-distance weak muta-
tional hotspotting (Figure 1B) occurs independently of RecD-
dependent exonucleolytic resection, because it is unaffected in
recD mutants (Figures 3B, tet3-tet7 and Figure 3D, I-sites F-I).
We suggest that this low-level mutagenesis, from 60 kb to
~1 Mb, results from less frequent repair events that produce
a processive replication fork that exceeds the window of
degraded DNA and synthesizes long distances (BIR). BIR was
observed in RecBC-dependent DSB repair in phage A (Motamedi
etal., 1999) and was hypothesized to occur in the E. coli chromo-
some (Cox et al., 2000; Kuzminov, 1995; Motamedi et al., 1999),
but had not been documented there. The DinB dependence
of the long-distance mutation (Figure 1C) implies that DinB, a
low-processivity DNA Pol, participates, even if distributively, in
long tracts of repair replication (illustrated in Figure 3F).

Mutagenesis up to 8 kb from the DSB differs significantly
between the WT and recD strains with |-Scel cleavage. Beyond
that distance, there is no significant difference (p = 0.0032 at 2 kb
and 0.00006 at 8 kb, and 0.28, 0.1, 0.074, 0.075, 0.051, 0.362,
and 0.16 for the remaining distances, respectively; Figure 3B),
implying that in both WT and recD, low-level long-distance
mutagenesis, which we propose results from processive BIR,
is functional. In Figure 3D, p = 0.000075 at 5 kb, and 0.93, 0.4,
0.84, and 0.85 for the remaining distances, respectively.

RecBCD-dependent double-strand exonuclease activity is
reduced at Chi sites (Dillingham and Kowalczykowski, 2008).
Whereas RecBCD-dependent DNA degradation is critical for
the formation of DSB-proximal mutation hotspots (Figure 3),

Cell Reports 2, 714-721, October 25, 2012 ©2012 The Authors 717

Open

ACCESS



Cell

PRESS

Open

ACCESS

F

E
(o] ?

O'Q\}ex

W0

%4 \

/67/9

G
30 55 H

] »
\ I-sites (k/b)/ﬂ

Figure 3. The RecD Subunit of RecBCD
75 DSB-Resection Exonuclease Is Required
7)5' for Strong Local Hotspotting at DSBs

(A) Approximate distances between I-site A and tet
cassettes. Symbols as in Figure 1A.
(B) Loss of the strong local mutation hotspot
downstream of the DSB in recD exonuclease-
defective but repair-proficient mutant cells.
(C) Positions of I-sites E-I relative to tet13 in the
right chromosome arm.
(D) Loss of the I-site E-promoted strong local
hotspot at tet73, 8 kb from I-site E, in recD resec-
tion-exonuclease-deficient but repair-proficient

4% &

=<
2}
o)
<

S 0O

DSB * WT

@ recD

-
o
I

DSB &

DSB §

DSB

TetR cfu/108 cells
TetR cfu/108 cells

*0

*

cells.

(E) Model for RecBCD-nuclease-promoted DNA
resection, repair synthesis, and strong local muta-
tion hotspotting in WT but not recD exonuclease-
defective mutant cells. Lines: strands of DNA.
Dashed lines: newly synthesized DNA. Red arrow-
head: DNA DSB. Left: Our data imply that dsDNA
resection by RecBCD double-strand exonuclease

¢ WT
® recD

(L

o N M O
L

0

|-sites E F
1 10

tet2
tet3
tet7
tet8

tet1

-

10 100
Log distance from I-site A

10000

=)
g
0
(

kb)

ArecD
1

T
RecBC
~

WT
¥

T

g
g

Ul

V¥ RecBCD

Tth ul

Log distance from I-site (kb)

occurs equally well on either side of a DSB and
decreases with distance from the break. Degrada-
tion may stop at a site where a productive HR event
occurs that repairs the break. Our data suggest that
this length is <2-60 kb. Mutagenesis results from
error-prone DSB repair synthesis caused by DinB,
which occurs when the RpoS stress response is
activated (Ponder et al., 2005; Shee et al., 2011a).
Confinement of repair synthesis (dashed gray lines)

G HI

100 1000

7
v RecA
DinB

v RecA

to the resected area can explain strong local
hotspotting of mutations (black X) near DSBs in
WT cells. We suggest that in recD null cells (right),
there is a window of double-strand degradation
and repair smaller than the 2 kb distance at which

RuvABC RuvABC

@D[_,__]C] DDDD J

mutations were assayed here, consistent with
previous results regarding the extreme proximity of
HR to a DSB end in recD cells (Thaler et al., 1989).
(F) Model for weak long-distance hotspotting by
BIR. We suggest that occasional extension of

DDC]

repair synthesis by BIR beyond the resection points underlies the weak long-distance mutation hotspotting in both WT and recD backgrounds, up to 260 kb to
1 Mb from a DSB. Because this mutagenesis is RecD independent, it (and BIR more generally) may require little or no resection. Previously, RecA/BC-mediated
BIR was shown to have conservative segregation of new DNA strands, as shown here, and to require high-fidelity Pol lll but not RuvABC (Motamedi et al., 1999).
We do not know whether the BIR that generates mutations using DinB similarly requires Pol Ill.
Points show the means + SEM for three or more independent experiments. See also Figure S1.

we find that addition of extra Chi sites at I-sites makes no differ-
ence to the distribution of mutations (Figure 4). This may be
because the E. coli genome is already effectively saturated
with Chi sites (discussed below).

DISCUSSION

We found that DSBs produce two kinds of hotspots during
stress-induced mutation: (1) strong local hotspots that form via
RecD-dependent resection from DSBs and gap-filling synthesis,
and (2) weak long-distance hot zones that extend to ~1 Mb
from a DSB and form independently of resection, presumably
by BIR. Models for each of these mechanisms are illustrated
in Figures 3E and 3F. Whereas cells that underwent stress-
induced mutation appeared to be mutated genome-wide
(Galhardo et al., 2007; Torkelson et al., 1997), our results suggest
that in any given cell, the mutation(s) may be localized near spon-
taneous DSBs. Importantly, DSB-dependent stress-induced

718 Cell Reports 2, 714-721, October 25, 2012 ©2012 The Authors

mutagenesis, requiring DSB repair proteins, stress-response
activation, and DinB, underlies most spontaneous chromosomal
base substitutions and frameshift mutations in starved cells, with
no I-Scel, presumably at spontaneous DSBs (Shee et al., 2011a).
Thus, the fact that hotspots occur at DSBs, as reported here, is
likely to bear importantly on genome evolution.

Our results provide a plausible mechanistic explanation for
mutational hotspotting and possibly showers in genomes: hot
regions could occur at DNA break sites. Hotspots are areas
with higher mutation rates/frequencies (as observed here), and
showers or clusters are hotspots with multiple mutations (not
assayed here, but shown previously to occur in E. coli DSB-
dependent stress-induced mutation [Bull et al., 2000]; discussed
below). In E. coli, single-base differences are nonrandomly
distributed across sequenced genomes with higher frequencies
in poorly expressed genes, and with hot and cold regions span-
ning entire operons (Martincorena et al., 2012), about the size of
the strong hotspots mapped here (2 to <60 kb). We hypothesize
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(A, C, and E) Approximate locations of tet mutation reporter genes and I-sites
with and without three Chi sites in the terminus-proximal side of each I-site.
tet2a is the same as tet2 except that its linked selectable cat gene was not
removed, and therefore it is 9.5 kb from I-sites A (Chi*) and A’ (Chi°). The tet11
cassette is 13 kb from I-site B/B’. tet14 is also 13 kb from I-site B/B’, but
upstream.

(B, D, and F) Tet™ mutant frequencies at (B) tet2a, (D) tet11, and (F) tet14 with
and without additional Chi sites in active orientation at each I-site. All no-DSB
strains are the cutsite-only control.

Points show the mean + SEM for three or more independent experiments. For
the distribution of active Chi sites at four of the I-sites used, see Figure S2.

that poorly expressed genes may be DSB prone and thus muta-
genic. For example, poorly expressed genes are often oriented
oppositely to replication paths (Brewer, 1988; Nomura and
Morgan, 1977; Price et al., 2005), which could produce head-
on collisions of transcription with replication. Such collisions
generate DSBs in bacteria (Tehranchi et al., 2010) and eukary-
otes (Bermejo et al., 2012). Other mechanisms are possible.
Mutation showers in mice are ~30 kb (Wang et al., 2007), similar
to our DSB-provoked local hotspots (e.g., Figure 1B). Mice and
humans possess homologs and analogs of bacterial HR-DSB-
repair proteins (Krejci et al., 2012), and three homologs and an
ortholog of DinB (Nohmi, 2006); therefore, it is plausible that
mouse and human mutation showers (Nik-Zainal et al., 2012;
Roberts et al., 2012) could be caused by the resection/gap-filling
mechanism demonstrated here.

Mutational hotspotting at DSBs could contribute to the rapid
evolution of pathogens with hosts, and to cancer development,
potentially by targeting specific genomic regions and, we hy-
pothesize, by promoting mutation clusters that facilitate con-
certed evolution. Although rates of spontaneous DNA breakage
are being quantified (Pennington and Rosenberg, 2007), the
break positions remain obscure. Hotspotting could facilitate
concerted evolution (Ninio, 1996; Ponder et al., 2005; Yang
et al., 2008), an important problem in protein evolution (Romero
and Arnold, 2009). In previous studies of DSB-dependent muta-
tion, we observed mutation clustering (i.e., more linked double

mutants than would be expected for independent events) using
a plasmid-based assay (Bull et al., 2000) with very high mutant
frequencies, probably because the higher copy number allowed
more efficient repair (reviewed in Rosenberg et al., 2012; Shee
et al,, 2011b). With the chromosomal assay used here, the
mutant frequencies were too low (~10~%) to measure coincident
double mutants, which occur >3 logs less frequently (Bull et al.,
2000). However, the chromosomal and plasmid-based assays
behave similarly in nearly all ways measured (reviewed in
Rosenberg et al., 2012; Shee et al., 2011b), suggesting that
concerted evolution is likely to be promoted at DSBs in the
E. coli chromosome, and in other organisms that utilize similar
mutation mechanisms.

One surprise in this study is the small size and symmetry of
strong hotspots upstream and downstream in the replicores
(Figures 2A-2D). The small size is surprising because DSB
repair synthesis tracts were predicted to run from a DSB to
the replication terminus, potentially megabases away (e.g.,
Cox et al., 2000; Kuzminov, 1995). The symmetry is surprising
because Chi sites, which inhibit RecBCD resection exonu-
clease activity, are predicted to cause asymmetrical resection
in the chromosome (Kuzminov, 1995). RecBCD recognizes
Chi from only one side of the Chi sequence, causing cessation
of resection (Dillingham and Kowalczykowski, 2008), and there
are more active Chis upstream than downstream in the repli-
cores (Kuzminov, 1995). This predicted long degradation
tracts downstream and short ones upstream (Kuzminov,
1995), which is not what our data indicate (Figures 2A-2D).
Perhaps, although Chis are distributed asymmetrically, the
genome is nevertheless effectively saturated with Chis in both
orientations (the distribution of active Chi sites at four of the
I-sites we used is shown in Figure S2). In support of this possi-
bility, we found that additional Chi sites added at the I-site
had no additional effect on the distribution of mutations (Fig-
ure 4), despite the demonstrated dependence of that distribu-
tion on RecBCD-mediated DNA degradation (Figure 3). The
high frequency of Chi sites in both orientations in the genome
(e.g., Figure S2) may be sufficient to create small symmetrical
degradation and resynthesis tracts that cause the strong local
hotspots at DSBs.

There are multiple mechanisms of spontaneous mutation
(Drake, 1993). However, the DSB-dependent, stress-induced
mutation mechanism studied here is a major contributor to spon-
taneous mutagenesis, at least in E. coli, in which it produces both
base substitution and frameshift/indel mutations (Shee et al.,
2011a), with base substitutions outnumbering the indels (Petro-
sino et al., 2009). Thus, DSB-dependent, stress-induced muta-
tion is likely to contribute to evolution. DSB-dependent, stress-
induced mutation is now shown to occur both nonrandomly in
time, preferentially coupled to stress by its dependence on
stress-response activation (Ponder et al., 2005; Shee et al,,
2011a), and nonrandomly in genomic space, causing hotspots
close to DSB sites (Figures 1, 2, 3, and 4). The coupling to stress
responses increases mutations and potentially the ability to
evolve, specifically when cells are maladapted to their environ-
ment, i.e., are stressed. Hotspotting could also speed evolution,
as discussed above. Regardless of how they evolved, both of
these layers of regulation of mutagenesis change part of our
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picture of evolution from a chaotic one to one in which the ability
to evolve has evolved, is evolving, and is a real-time (not solely
historical) biological property. The identification and eventual
manipulation of the molecular determinants of the ability to
evolve may be crucial to efforts to combat the evolution-based
problems of cancer and infectious diseases (e.g., Rosenberg
et al., 2012), and is certainly necessary for a mechanistic under-
standing of evolution.

EXPERIMENTAL PROCEDURES

Strains, Media, and Growth

The E. coli strains used in this work are shown in Table S1. Bacteria were
grown in LBH (Torkelson et al., 1997) or M9 minimal medium (Miller, 1992) sup-
plemented with 10 pg/ml thiamine (vitamin B1) and 0.1% glucose as the
carbon source. Other additives were used at the following concentrations
(ng/ml): ampicillin, 100; chloramphenicol, 25; kanamycin, 50; tetracycline,
10; and sodium citrate 20 mM.

Starvation/Stress-Induced DSB-Dependent Mutation Assays

Assays were performed as previously described (Shee et al., 2011a). Single
colonies from M9 glucose vitamin B1 (B1) plates that had been incubated
for ~22 h at 37°C were inoculated into 5 ml of M9 glucose B1 broth and grown
for 12 h with shaking. These liquid cultures were diluted 1:100 into the same
medium and grown for 8-10 h, diluted 1:100 and grown for 12 h to saturation,
and then incubated further for 72 h. Three independent cultures per genotype
were used for each experiment. Mutant frequencies were determined as
colony-forming units (cfu) on LBH glucose tetracycline (Tet® mutant cfu) and
LBH glucose plates (total cfu), and the means + SEMs for three or more
independent experiments are displayed. The p values were determined by
two-tailed Student’s t test.

Movable tet Reporter Gene

We used the movable tetA +1 bp mutation-reporter allele linked with a select-
able cat cassette developed by Shee et al. (2011a). The precise location of
each insertion is given in Table S2. We constructed the tet alleles and
|-Scel-cutsite-carrying strains using the primer sets listed in Table S83.

Chromosomal I-Scel Cleavage System and Cutsites

We used the chromosomal |-Scel endonuclease expression system
(Gumbiner-Russo et al., 2001), which was previously used to introduce
DSBs into F'128 (Ponder et al., 2005), and in the chromosome (Shee et al.,
2011a, 2001b). The 18bp I-Scel cutsite sequence was engineered into various
loci by inclusion in primers for amplifying a Kan cassette (Table S1) and
recombined into the genomes. The chromosomal I-Scel gene is expressed
from the Pgap promoter and thus is induced strongly by arabinose and weakly
in the absence of glucose (Ponder et al., 2005), the condition used here and in
a previous work (Shee et al., 2011a). In all experiments measuring muta-
genesis and/or efficiency of DSB formation by the I-Scel system, terminal
cultures were shown to retain the functional I-Scel gene and cleavage site
by quantitative measurement of arabinose sensitivity, comparing cfu titers
on arabinose and glucose plates. The typical frequencies of arabinose-
resistant mutants, which have acquired a mutation in the I-Scel cutsite or
gene (Ponder et al., 2005), were between 10~* and 107°, as observed previ-
ously (Ponder et al., 2005; Shee et al., 2011a), demonstrating that most cells
in our experiments were DSB competent. Arabinose-resistant mutants con-
sist mostly of cutsite mutants, presumably from low-level, Ku-independent,
nonhomologous end-joining (Ponder et al., 2005). The locations of the
cutsites are given in Table S2.

SUPPLEMENTAL INFORMATION
Supplemental Information includes two figures, three tables, and a list of
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Figure S1. Mutant Frequencies in Hotspots Decline Logarithmically with Distance from DSBs at Multiple Genomic Sites, Related to Figures 1,
2,and 3

Data from tet reporter genes and I-sites at multiple chromosomal positions from experiments in Figures 1-3. The single outlying tet reporter/I-site pair is the
terminus-proximal tet10 and I-site D (Figures 2E and 2F) as discussed in the text.
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Figure S2. Maps of Chi Sites on Either Side of I-Sites A-D in Active Orientation with Respect to Each I-Site, Related to Figure 4

Chi sites are recognized by RecBCD enzyme as it degrades DNA from a DSB end, and are recognized only if RecBCD encounters them from the 3'GG side of the
5'GCTGGTGG3' Chi sequence (Dillingham and Kowalczykowski, 2008). Positions are shown of Chi sites in active orientation with respect to the DSB that is
created upon cleavage of the I-site (that is, the 3 side of the 5GCTGGTGG3' Chi sequence toward the | site) for I-sites A-D. Numbers represent the distance in
kilobases from the I-site. In each map, left is origin-proximal and right is terminus-proximal. Positions of Chi sites that would be active with the I-site DSB
downstream (those oriented 5’GCTGGTGG3’ from origin to terminus) are shown in black, and those that would be active with the I-site DSB upstream (oriented

3'GGTGGTCGS’ origin to terminus) are shown in green.
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