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ABSTRACT Thymineless death (TLD) is the rapid loss of viability in bacterial, yeast, and human cells starved of thymine. TLD is the mode
of action of common anticancer drugs and some antibiotics. TLD in Escherichia coli is accompanied by blocked replication and
chromosomal DNA loss and recent work identified activities of recombination protein RecA and the SOS DNA-damage response as
causes of TLD. Here, we examine the basis of hypersensitivity to thymine deprivation (hyper-TLD) in mutants that lack the UvrD helicase,
which opposes RecA action and participates in some DNA repair mechanisms, RecBCD exonuclease, which degrades double-stranded
linear DNA and works with RecA in double-strand-break repair and SOS induction, and RuvABC Holliday-junction resolvase. We report
that hyper-TLD in AuvrD cells is partly RecA dependent and cannot be attributed to accumulation of intermediates in mismatch repair
or nucleotide-excision repair. These data imply that both its known role in opposing RecA and an additional as-yet-unknown function
of UvrD promote TLD resistance. The hyper-TLD of AruvABC cells requires RecA but not RecQ or Rec). The hyper-TLD of recB cells
requires neither RecA nor RecQ, implying that neither recombination nor SOS induction causes hyper-TLD in recB cells, and RecQ is not
the sole source of double-strand ends (DSEs) during TLD, as previously proposed; models are suggested. These results define pathways

by which cells resist TLD and suggest strategies for combating TLD resistance during chemotherapies.

ACTERIAL, yeast, and human cells deprived of thymine

rapidly lose the ability to form colonies, a phenomenon
known as thymineless death (TLD) (Barner and Cohen
1954; Ahmad et al. 1998). TLD is the mode of action of
several common chemotherapeutic drugs including antican-
cer agents 5-fluorouracil (5-FU), raltitrexed (Tomudex),
(Takemura and Jackman 1997) and methotrexate, and the
antibiotic trimethoprim (Mcguire 2003). Yet until recently
and despite extensive study, how TLD occurs remained elu-
sive. TLD occurs in replicating cells (e.g., Cummings and
Kusy 1970), probably because of DNA damage sustained
during replication in the absence of thymine. First, sedimen-

Copyright © 2011 by the Genetics Society of America

doi: 10.1534/genetics.111.130161

Manuscript received April 29, 2011; accepted for publication June 6, 2011

Available freely online through the author-supported open access option.
Supporting information is available online at http://www.genetics.org/content/
suppl/2011/06/24/genetics.111.130161.DC1.

'Present address: Virginia Bioinformatics Institute, Virginia Tech, Washington St.
0477, Blacksburg, VA 24061.

2Corresponding author: Department of Molecular and Human Genetics, Baylor College
of Medicine, 1 Baylor Plaza, Rm. S809 Mail Stop BCM225, Houston, TX 77030-3411.
E-mail: smr@bcm.edu

tation analysis revealed accumulation of single-strand (ss)-
DNA breaks in plasmid (Freifelder 1969) and chromosomal
(Nakayama and Hanawalt 1975) DNA following thymine
deprivation. Second, pulsed-field-gel electrophoresis and
electron microscopy showed aberrant DNA structures con-
taining large (~1-3 kb) regions of ssDNA (Nakayama et al.
1994). Implicating replication-generated DNA damage, re-
cent work from the Khodursky group and our laboratory us-
ing DNA microarrays and fluorescent in situ hybridization
(FISH) revealed that Escherichia coli cells undergoing TLD
specifically lose origin-proximal DNA sequences early during
thymine deprivation (Fonville et al. 2010a; Sangurdekar et al.
2010), followed by loss of replication-terminus-proximal DNA
after extended thymine deprivation (Fonville et al. 2010a).
Such DNA loss would be expected to contribute to death.
An important window on TLD mechanisms has been
afforded by analyses of proteins and pathways that promote
TLD in E. coli. Homologous recombination (HR) proteins
RecF, RecQ, and RecJ are required for TLD (H. Nakayama
et al. 1982, 1984; K. Nakayama et al. 1988). Although this
would suggest that HR is a major contributor to the lethality
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observed under thymine deprivation, confusion surrounded
the role for the major recombinase, RecA. Although one
group reported that RecA promoted TLD (Inouye 1971),
others found no role for RecA (Anderson and Barbour
1973; Nakayama et al. 1982). Recent work reexamining
the role of RecA has established that, as Inouye reported,
RecA is required for a major fraction of TLD (Fonville et al.
2010a; Kuong and Kuzminov 2010), compatible with the
hypothesis that HR is part of TLD process(es). Both groups
found a small, early anti-TLD role of RecA, seen as increased
TLD in ArecA cells early during thymine starvation, followed
by a large pro-TLD role, seen as far less TLD in ArecA cells
later during starvation. The later large pro-TLD role is the
one discussed in experiments using ArecA here.

RecA functions not only in HR but also in induction of the
bacterial response to DNA damage: the SOS response (Ennis
et al. 1985). Whereas Morganroth and Hanawalt (2006)
tested and rejected the hypothesis that the SOS response
promotes TLD, recent work from three groups has reversed
this conclusion. First, Sangurdekar et al. (2010) found that
SOS-controlled genes are upregulated upon thymine depri-
vation. Second, we (Fonville et al. 2010a) and Kuong and
Kuzminov (2010) found that the SOS response is required
for one of a few operative TLD pathways in that TLD is
blocked by mutations that block SOS-response induction.
Whereas Kuong and Kuzminov (2010) suggested that SOS
might promote TLD via upregulation of RecA, resulting in
increased HR (Kuong and Kuzminov 2010), we showed that
SOS-induced levels of RecA did not substitute for a func-
tional SOS response in promoting TLD. Thus, SOS-promoted
upregulation of another gene(s) promotes TLD, and we
found that the SOS function responsible is SulA, an inhibitor
of cell division (Fonville et al. 2010a). Ultimately, we
showed that the main function of RecA and an important
role of RecF in the mechanisms of TLD is induction of the
SOS DNA-damage response and SulA, leading to perma-
nently arrested cell division and thus inability to form colo-
nies during thymine starvation (Fonville et al. 2010a).

The SOS-mediated transcriptional upregulation of SulA
underlies one pathway of TLD, which results in at least one
log of killing under thymine starvation (Fonville et al.
2010a). Alternatively and simultaneously, we found that
RecQ and RecJ promote TLD via a separate pathway inde-
pendent of RecA/SOS/SulA, causing an additional log of
killing (Fonville et al. 2010a). Although these two pathways
(RecA/SOS/SulA pathway and RecA-independent, RecQ/
RecJ pathway) contribute to TLD, removing both of them
did not abolish TLD completely (Fonville et al. 2010a). An
additional RecA- and RecQ-independent pathway(s) not
yet identified also contributed about one more log of TLD.
Thus, at least three pathways underlie TLD: a RecA-SOS-
SulA-dependent pathway, a RecA-independent/RecQ/RecJ-
dependent pathway, and a third pathway requiring neither
RecA/SOS/SulA nor RecQ/Recl].

Although the recent work of multiple groups has begun
to illuminate the pathways of and DNA intermediates that
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accompany TLD, important enigmas remain, particularly
concerning DNA-repair proteins that participate in pathways
by which cells resist TLD. Mutants lacking these proteins
show faster loss of colony-forming ability during thymine
starvation, referred to here as hyper-TLD. For example,
RecBCD double-strand exonuclease functions with RecA
both in repair of DNA double-strand breaks and double-
strand ends (DSBs/DSEs) by HR and in induction of the
SOS response by DSB-inducing agents (Mcpartland et al.
1980; Clark and Sandler 1994), and yet, although both
HR and SOS induction promote TLD (Fonville et al
2010a; Kuong and Kuzminov 2010), cells lacking RecBCD
are TLD hypersensitive (Nakayama et al. 1982), not resistant
as recA cells are. RecBCD creates single-strand DNA onto
which it then loads RecA at the start of both HR and SOS
induction (Arnold and Kowalczykowski 2000). Perhaps
more understandably, RuvABC, a Holliday-junction resol-
vase (Friedberg et al. 2005) that removes the intermolecular
recombination intermediates (IRIs) that RecA creates, pro-
motes TLD resistance in that cells that lack RuvABC are TLD
hypersensitive (Fonville et al. 2010a). The hyper-TLD in ruy
cells is RecA dependent, implying that RecA-generated IRIs,
left unresolved in the absence of Ruy, kill cells. Such “death-
by-recombination,” in which unresolved IRIs kill cells by
preventing chromosome segregation, was also observed in
mutants that promote extra accumulation of HR intermedi-
ates (Magner et al. 2007; Fonville et al. 2010b). Finally,
UviD, a helicase with multiple functions in vivo, one of
which is to remove RecA from ssDNA (Veaute et al. 2005),
also promotes TLD resistance in that uvrD null mutants are
TLD hypersensitive (Siegal 1973). Understanding how cells
become TLD hypersensitive and defining the pathways and
mechanisms of action of the proteins that allow cells to resist
TLD is likely to be important to maximizing TLD-inducing
chemotherapies and combating resistance. In this study we
define pathways by which UvrD, RuvABC, and RecBCD al-
low cells to resist TLD.

Materials and Methods

Strains used in this study are given in Table 1. P1 trans-
ductions were as described (Miller 1972). TLD experiments
were as described (Fonville et al. 2010a). Cells were grown
to stationary phase in M9 minimal medium with 50 pg/ml
thymine, 0.1% glucose, and 0.5% casamino acids (thy*
growth medium) then diluted 1:20 into fresh thy* growth
medium, and incubated at 37° for ~1 hr 10 min (1 hr
40 min for strains containing a ArecB allele) to allow them
to exit stationary phase and enter early log phase. We found
the timing of incubation of cells prior to resuspension in TLD
medium to be critical for seeing consistent levels of TLD.
One milliliter of cells was washed twice with M9 with
0.1% glucose and 0.5% casamino acids but lacking thymine
(TLD medium), then resuspended in 2 ml of TLD medium at
~5 X 106 cells/ml and incubated at 37° for 5 hr with aliquots
taken and dilutions plated at the indicated times. Colony-



forming units (CFU) were scored on a Microbiology Inter-
national ProtoCOL colony counter after 24 hr at 37°. Longer
incubations verified that all CFU were apparent at 24 hr.

For microscopy, cultures were started as for TLD assays
with stationary cultures diluted 1:20 into 5 ml of fresh thy*
growth medium and incubated at 37° for ~1 hr until cells
had entered early log phase (OD450 ~ 0.3). DAPI, 2 pg/ml,
was added to the cells 10 min prior to washing. One milliliter
of cells was washed twice with TLD medium and then resus-
pended in 0.1 (recB) or 0.5 (parental) ml of TLD medium
with 1 wg/ml of DAPI and 1 pg/ml of propidium iodide
(PD). Ten microliters of cells was spotted onto a TLD-medium
plate (TLD medium solidified with 1.3% agar) and allowed to
dry. Agar squares, 1 cm?, containing the spots were cut from
the agar and inverted onto a microscope slide. Moist Kim
Wipes were placed next to the agar plugs to maintain humid-
ity during the incubation. Microscopy was performed using
an Olympus 81x inverted fluorescence microscope with
a Hamamatsu HD camera. Cells were maintained at 34° to
36° using a custom-built Precision Weather Station and im-
aged every 10 min for brightfield and DAPI with PI imaging
(TRITC filter) every 30 min. The microscope was set to auto-
focus every 30 min. Slidebook software was used to program
the microscope and to process the images.

Error bars represent 1 SEM of = 3 independent experi-
ments. Statistical analyses were performed using SigmaStat
(SYSTAT) and/or SPSS (PASW Statistics) software. For TLD
assays significance was determined as P < 0.05 using two-
way repeated measure ANOVA to analyze the curve data
and Tukey post-hoc analysis.

Results

Two aspects of the TLD protocol were controlled to allow
comparisons between strains of different growth rates. First,
TLD was reported to be growth-phase dependent: inefficient
in stationary phase but efficient in log-phase cells (Kuong
and Kuzminov 2010). To allow sufficient time for recB
strains, which grow slowly, to exit stationary phase, these
were incubated in growth medium for an additional 30 min
prior to thymine starvation (Materials and Methods). How-
ever, second, we found that cells taken straight from station-
ary phase and diluted to an OD of 0.3 (the density at which
early log-phase cells were subjected to TLD) showed similar
or greater sensitivity to TLD than cells in early log phase
(supporting information, Figure S1). These data indicate
a cell-density effect on TLD and highlight the need to exam-
ine cells at constant, low density to see maximal TLD. Thus,
all strains were resuspended in TLD medium at ~5 x 10°
cells/ml at 0 min (Materials and Methods).

Removal of DNA-repair intermediates is not how UvrD
promotes TLD resistance

We wished to understand the basis of the hypersensitivity
of AuvrD mutants to TLD (Siegal 1973). UvrD is a DNA heli-
case that resolves/removes intermediates in mismatch repair

(MMR) and nucleotide excision repair (NER) (Friedberg
et al. 2005) and also opposes HR by stripping RecA off ssDNA
(Veaute et al. 2005). MMR-defective AmutS cells are not
affected in TLD (Figure 1A; Kuong and Kuzminov 2010),
implying that the absence of MMR ability per se cannot ex-
plain the TLD hypersensitivity of AuvrD mutants. However,
MutS acts early in MMR, by binding DNA mismatches, such
that cells that lack MutS do not initiate any MMR reaction.
By contrast, UvrD acts after MutS and MutL have bound a
DNA mismatch and MutH endonuclease has cleaved DNA
near the mismatch, to unwind the DNA, removing the MMR
intermediate of protein-bound nicked DNA (Li 2008).
Therefore, unlike AmutS cells, AuvrD single-mutant cells will
accumulate DNA mismatches bound by MutS and MutL with
single-strand nicks nearby. In Figure 1A, we show that
AuvrD AmutS double mutants, which do not begin MMR,
are as hypersensitive to TLD as AuvrD single mutants, which
begin but fail to complete MMR. We conclude that neither
lack of MMR nor accumulation of MMR intermediates is the
primary reason for the hyper-TLD of AuvrD cells.

UvrD also unwinds NER intermediates (Sancar 1996).
NER-defective AuvrC cells have a TLD sensitivity similar to
their parental strain (Figure 1B; Morganroth and Hanawalt
2006) indicating that loss of NER per se does not cause TLD.
As with MMR, UvrD works late in NER to unwind the dam-
aged, nicked DNA created by UvrA, UvrB, and UvrC (Sancar
1996). Therefore, UvrABC-initiated NER intermediates will
persist in the absence of UvrD and might underlie the hyper
TLD sensitivity of AuvrD mutants. We find that both AuvrA
AuvrD and AuvrC AuvrD double mutants, which do not begin
NER, are as sensitive as AuvrD single mutants, which begin
but fail to complete NER (Figure 1B). Therefore, we con-
clude that, as with MMR, accumulated NER intermediates
are not the main cause of hyper-TLD of AuvrD cells.

Part of how UvrD resists TLD is by opposing RecA and
RecF but not SOS

UvrD helicase removes RecA from ssDNA, opposing HR
(Flores et al. 2005; Veaute et al. 2005). If the TLD hyper-
sensitivity of AuvrD mutants resulted exclusively from the
greater abundance of RecA-DNA filaments (Veaute et al.
2005), then we would expect AuvrD ArecA double mutants
to have TLD resistance similar to that of ArecA cells. In Fig-
ure 1C we show that removing RecA from AuvrD cells (using
a AuvrD ArecA double mutant) alleviates some but not all of
the hypersensitivity of AuvrD cells to TLD. This appears to
differ from recent results that show a complete rescue of the
uvrD sensitivity by ArecA (Kuong and Kuzminov 2010).
However, whereas we used a null allele (deletion) of uvrD,
the uvrD allele used by Kuong and Kuzminov encodes a trun-
cated 230-amino-acid UvrD protein, which may still contain
ATP binding and other activity. Thus, their somewhat differ-
ent result might reflect altered function or partial activities
of the mutant UvrD protein rather than UvrD removal. The
data in Figure 1C imply that the increased TLD in strains
lacking UvrD results from two separate causes: part from the
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Table 1 E.coli K-12 strains and plasmids used in this study

Plasmid/strain Relevant genotype Source/reference
pCP20 FLP recombinase vector Datsenko and Wanner (2000)
AB1157 F~ thi-1 hisG4 A(gpt-proA)62 argE3 thr-1 leuB6 araC14 CGSC11572 (Bachmann 1972)

lacY'1 galk2 xylA5 mtl-1 rpsL31 tsx-33 ginV44 rfbC1
mgl-51 rpoS396 kdgK51

AB2497 AB1157 thyA12 deoB6

BW26355 BW25113 ArecA635::FRTKanFRT

DM49 lexA3

GY8322 AB1157 sfiA11 A(srlR-recA)306::Tn10 [mini-F K5353 recA*]

JW2703 AmutS::FRTKanFRT

JW2860 Arec/::FRTKanFRT

MG1655 Sequenced wild-type E. coli K-12 F~ N~

RTC0013 MG1655 ArecB::Kan

SMR85 recA801 srlC300::Tn10

SMR6201 R594 ArecQ1801::FRTcatFRT

SMR8097 FC40 ArecF1804::FRTKanFRT

SMR8547 MG1655 AuvrA402::Gm

SMR8548 MG1655 AuvrC403::Gm

SMR9811 AuvrD404::FRTcatFRT metE163::Tn10

SMR9812 AuvrD404::FRTcatFRT ArecQ1906::FRT metE163::Tn10

SMR10253 MG1655 AmutS::FRTKanFRT

SMR10399 AB1157 AruvABC::cat zea-3::Tn10

SMR10433 AB2497 ArecA635::FRTKanFRT

SMR10445 AB2497 AmutS::FRTKanFRT

SMR10660 AB2497 AruvABC::cat zea3::Tn10

SMR10665 AB2497 ArecB::Kan

SMR10669 AB2497 lexA3 malB::Tn9

SMR10670 AB2497 A(srlR-recA)306::Tn10

SMR10671 AB2497 A(srIR-recA)306::Tn10 ArecB::Kan

SMR10672 AB2497 AtopB::FRTKanFRT

SMR10681 AB2497 ArecQ1906::FRT

SMR10691 AB2497 ArecF1804::FRTKanFRT

SMR10692 AB2497 lexA3 ArecF1804::FRTKanFRT

SMR10913 AB2497 ArecQ1906::FRT ArecA635::FRTKanFRT

SMR11118 AB2497 AruvABC::cat zea3::Tn10 ArecA635::FRTKanFRT

SMR11193 AB2497 AuvrD404::FRTcatFRT

SMR11194 AB2497 AuvrD404::FRT

SMR11196 AB2497 ArecQ1906::FRT AruvABC::cat

SMR11197 AB2497 AuvrD404::FRTcatFRT ArecQ1906::FRT metE163::Tn10

SMR11199 AB2497 AuvrD404::FRTcatFRT ArecA635::FRTKanFRT

SMR11206 AB2497 AuvrD404::FRT AmutS::FRTKanFRT

SMR11207 AB2497 AuvrC403::Gm

SMR11214 AB2497 ArecQ1906::FRT ArecB::Kan

SMR11233 AB2497 AuvrD404::FRTcatFRT ArecQ71906::FRT metE163::Tn10
ArecA635::FRTKanFRT

SMR11235 AB2497 ArecF1804::FRTKanFRT AuvrD404::FRTcatFRT

SMR11310 AB2497 recA801 srlC300::Tn10

SMR11312 AB2497 ArecF1804::FRTKanFRT recA801 srlC300::Tn10

SMR11314 AB2497 lexA3

SMR11317 AB2497 lexA3 AuvrD404::FRTcatFRT

SMR12992 AB2497 lexA3 ArecF1804::FRTKanFRT recA801 srlC300::Tn10

SMR12994 AB2497 lexA3 recA801 srlC300::Tn10

SMR12996 AB2497 AuvrC403::Gm AuvrD404::FRTcatFRT

SMR12998 AB2497 ArecF1804::FRT

SMR12999 AB2497 ArecF1804::FRT AuvrD404::FRT

SMR13000 AB2497 ArecF1804::FRT ArecA635::FRTKanFRT

SMR13001 AB2497 ArecF1804::FRT AuvrD404::FRT ArecA635::FRTKanFRT

SMR13003 AB2497 ArecQ1906::FRTAruvABC::.cat ArecA635::FRTKanFRT

SMR13005 AB2497 AuvrA402::Gm

SMR13007 AB2497 AuvrA402::Gm AuvrD404::FRT

SMR14220 AB2497 ArecJ::FRTKanFRT

CGSG24972 (Howard-Flanders et al. 1966)
CGSC76512 (Datsenko and Wanner 2000)

CGSC63682

S. Sommers (Gif sur Yvette); ENZ280
(Dri et al. 1991) carrying the K5353 mini-F

plasmid (Dutreix et al. 1989)
Baba et al. (2006)
Baba et al. (2006)
Blattner et al. (1997)
Cirz et al. (2005)
Lab Collection
Lopez et al. (2005)

Pennington and Rosenberg (2007)

Lab collection

Lab collection (Slack et al. 2006)

(
Magner et al. (2007)
Magner et al. (2007)
MG1655 x P1(JW2703)
Fonville et al. (2010a)
Fonville et al. (2010a)
AB2497 x P1(SMR10253)
Fonville et al. (2010a)
AB2497 x P1(RTC0013)
Fonville et al. (2010a)
Fonville et al. (2010a)
SMR10665 x P1(GY8322)
AB2497 x P1(JW1752)
Fonville et al. (2010a)
Fonville et al. (2010a
Fonville et al. (2010a
Fonville et al. (2010a
Fonville et al. (2010a
AB2497 x P1(SMR9811)
SMR11193 x pCP20
SMR10681 x P1(SMR10399)
AB2497 x P1(SMR9812)
SMR11193 x P1(BW26355)
SMR11194 x P1(SMR10253)
AB2497 x P1(SMR8548)
SMR10681 x P1(RTC0013)
SMR11197 x P1(BW26355)

SMR10691 x P1(SMR9811)
SMR10278 x P1(SMR85)
SMR10691 x P1(SMR85)
SMR10669 x P1(DM49)
SMR11314 x P1(SMR9811)
SMR10692 x P1(SMR85)
SMR10669 x P1(SMR85)
SMR11207 x P1(SMR9811)
SMR10691 x pCP20
SMR11235 x pCP20
SMR12998 x P1(BW26355)
SMR12999 x P1(BW26355)
SMR11196 x P1(BW26355)
AB2497 x P1(SMR8547)
SMR11194 x P1(SMR8547)
AB2497 x P1(JW2860)
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Table 1 Continued

Plasmid/strain Relevant genotype

Source/reference

SMR14228 AB2497 ArecJ::FRTKanFRT AruvABC::cat

SMR14238 AB2497 ArecJ::FRT

SMR14239 AB2497 ArecJ::FRT AuvrD404::FRTcatFRT

SMR14241 AB2497 Arec/::FRT AuvrD404::FRTcatFRT ArecQ7906::FRT metE163::Tn10
SMR14242 AB2497 ArecJ::FRT ArecF1804::FRTKanFRT

SMR14244 AB2497 ArecJ::FRT ArecA635::FRTKanFRT

SMR14249 AB2497 ArecJ::FRT AuvrD404::FRTcatFRT ArecF1804::FRTKanFRT
SMR14251 AB2497 ArecJ::FRT AuvrD404::FRTcatFRT ArecA635::FRTKanFRT
SMR14253 AB2497 ArecJ::FRT ArecQ1807::FRTcatFRT

SMR 14490 AB2497 ArecJ::FRT ArecQ1807::FRTcatFRT ArecA635::FRTKanFRT

SMR14220 x P1(SMR10399)
SMR14220 x pCP20

SMR14238 x P1(SMR9811)
SMR14238 x P1(SMR9812)
SMR14238 x P1(SMR8097)
SMR14238 x P1(BW26355)
SMR14239 x P1(SMR8097)
SMR14239 x P1(BW26355)
SMR14238 x P1(SMR6201)
SMR14253 x P1(BW26355)

2 CGSC, The E. coli Genetic Stock Center (Yale University).

increased persistence of RecA on DNA when UvrD is absent
and part independent of the enhancement of a RecA-dependent
TLD pathway.

The RecA-dependent component of the hyper-TLD in
AuvrD cells could, in principle, be caused by increased HR or
an increased SOS response. Cells that lack UvrD show in-
creased spontaneous SOS induction (SaiSree et al. 2000),
and SOS induction causes TLD via expression of SulA
(Fonville et al. 2010a). However, we find that blocking in-
duction of the SOS response using an uncleavable LexA re-
pressor protein, encoded by lexA3(Ind~), did not alleviate
the hypersensitivity of AuvrD cells (Figure 1D). The data
imply that hyperrecombination not hyper-SOS induction is
likely to underlie the RecA-dependent component of the
hyper-TLD of AuvrD cells.

RecF helps RecA load onto ssDNA (Friedberg et al. 2005).
If RecF loaded the RecA that promotes the hyper-TLD of

AuvrD cells, then TLD should be partially blocked in the
absence of recF as was seen in the absence of recA. Indeed,
Figure 2A shows that ArecF partially ameliorates the TLD
hypersensitivity of AuvrD cells. This again differs from what
was seen using a truncated UvrD protein, with which TLD
was relieved to a level similar to or greater than that in
UvrD* cells lacking recF (Kuong and Kuzminov 2010).
These data suggest that part of the sensitivity of AuvrD cells
to thymine deprivation might be due to the lack of opposi-
tion to RecF-promoted loading of RecA onto ssDNA. To test
whether RecF and RecA act via the same (epistatic) or sep-
arate (additive) pathways in the absence of uvrD, we com-
pared a AuvrD ArecA ArecF triple mutant with AuvrD ArecF
and AuvrD ArecA cells. We find that although the AuvrD
ArecA ArecF triple mutant is as resistant to TLD as AuvrD
ArecF cells (P = 0.2 at t = 180 min; Figure 2B), as expected,
the AuvrD ArecA ArecF triple mutant is significantly more

10 Figure 1 RecA contributes SOS independently to the
1 % A B hyper-TLD of AuvrD cells, but neither NER nor MMR inter-
T \ mediates do. (A) Mismatch-repair intermediates are not
E 10 the main cause of hyper-TLD of AuwrD cells. First, mis-
o match-repair-defective AmutS (SMR10445; solid green tri-
® 107 ‘ A angle) cells are not significantly different from the parental
g 103 F,;?stma‘ = g;frg'mal strain (AB2497; solid blue diamond). Second, a AuvrD
> | s uvrD uviA AmutS double mutant (SMR11206; purple X) showed
L 104 T uvrD mutS| W vl e the same hypersensitivity to TLD as AuvrD (SMR11194;
T solid orange square) alone, indicating that the accumula-
= 10 tion of MMR intermediates created by MutS did not cause
a 1 —_— D most hyper-TLD of AuvrD cells. (B) NER intermediates are
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indicating that UvrABC-generated NER intermediates are
not the main cause of the AuvrD hyper-TLD. (C) RecA is

partially required for the hypersensitivity to TLD of AuvrD cells. A AuvrD ArecA double mutant (SMR11199; open green circle) was not as resistant to TLD
as the ArecA single mutant (SMR10433; open gray square; P < 0.05), but was significantly more resistant than the AuvrD single mutant (SMR11193;
solid orange square; P < 0.05). Parental: AB2497; solid blue diamond. (D) The SOS response is not required for the hyper-TLD of AuvrD cells. The SOS-
blocking /exA(Ind~) allele did not relieve the hypersensitivity of AuvrD cells. Strains used from top to bottom: lexA(Ind~) (SMR11314; solid blue triangle),
parental (AB2497; solid blue diamond), AuvrD lexA(Ind~) (SMR11317; purple X), AuvrD (SMR11193; solid orange square). Means *=SEM of three

independent experiments.
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Figure 2 UvrD action resists two RecF-dependent TLD
pathways: one RecA dependent and one RecA indepen-
dent. (A) RecF is partially required for much but not all of
the hypersensitivity of AuvrD cells to TLD. A AuvrD ArecF
double mutant (SMR11235; purple X) was more resistant
to TLD than AuvrD (SMR11193; solid orange square; P <
0.05) alone, but not as resistant as ArecF (SMR10691;
solid green triangle; P < 0.05). Parental (AB2497; solid
blue diamond). (B) RecF and RecA function in independent
death pathways in the absence of uvrD. The AuvrD ArecF
(SMR12999; purple X) double mutant is more resistant
than the AuvrD ArecA (SMR11202; open green circle;
P < 0.05) mutant indicating that, in AuvrD cells, RecF plays
arole in TLD in addition to loading RecA. The AuvrD ArecA
ArecF triple mutant (SMR13001; open blue triangle) is as
resistant to TLD as the AuvrD ArecF double mutant (P =
0.17) but is more resistant than AuvrD ArecA cells (P <
0.05). AuvrD (SMR11193; solid orange square), ArecA
ArecF (SMR13000; solid brown circle), parental (AB2497;
solid blue diamond). Data in A and B are from experiments
run in parallel, thus can be compared directly. (C) recA801
partially compensates for RecF in TLD, indicating that part
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of the RecF role in TLD is loading of RecA. Partial suppression of the ArecF phenotype (SMR10691; solid green triangle) by recA807 in the ArecF recA801

double mutant (SMR11312; brown X; P < 0.05 compared with ArecF). The
(SMR11310; solid pink square), parental (AB2497; solid blue diamond). The

refore, much of the RecF role in TLD is loading RecA onto ssDNA. recA801
data do not exclude the additional RecA-independent role for RecF in TLD

shown in B. (D) The RecA-dependent component of RecF-mediated TLD is via SOS activation. lexA(Ind~) recA801 (SMR12994; solid brown circle) cells
are as resistant to TLD as /exA(Ind ™) cells (epistatic, same pathway). Thus, the sole role of recA807 in TLD is promoting an SOS response. As expected
lexA(Ind~) recA801 ArecF (SMR12992; open blue square) cells are more resistant to TLD than the /exA(Ind~) recA8017 double mutant (P < 0.05, additive
effects), reiterating that RecF functions in a pathway in addition to that of loading RecA and promoting SOS. lexA(Ind~) ArecF (SMR10692; open green

circle). Parental (AB2497; solid blue diamond), recA807 (SMR11310; solid pi

nk square), lexA(Ind~) (SMR10669; solid blue triangle). Data in C and D are

from experiments run in parallel, thus can be compared directly. Means =SEM of three independent experiments.

resistant than AuvrD ArecA cells (P = 0.005 at t = 180 min).
These data indicate that RecF promotes TLD via both the
RecA-dependent pathway, possibly by loading RecA, and by
an additional RecA-independent pathway and mechanism.
Because RecF appears not to play the early anti-TLD role that
RecA does (Figure 2A and Figure 2B, no early drop in survival
of the ArecF strains), it seems likely that RecBCD loads RecA
in its early anti-TLD role but that RecF loads RecA in its late
pro-TLD role. This implies that the early anti-TLD role of RecA
is in DSB repair whereas the late pro-TLD role pertains to
ssDNA gaps, the RecBCD and RecF substrates, respectively.

RecF promotes TLD by RecA-dependent and
RecA-independent pathways

In hyper-TLD of AuvrD cells (above), and TLD in UvrD* cells
(Fonville et al. 2010a), RecF and RecA acted in the same
pathway, which, in UvrD* cells, is a pathway of death by
induction of the SOS response and SulA (Fonville et al.
2010a). To support the conclusion that part of how RecF
promotes TLD in UvrD* cells is by loading of RecA, and to
probe whether SOS induction or HR is the TLD-promoting
outcome, we tested whether an allele of recA (recA801) that
encodes a RecF-independent RecA protein makes RecF un-
necessary. recA801 encodes a RecA protein from a class of
mutant RecAs that compete against single-strand-binding
protein (SSB) for binding of ssDNA better than wild-type
RecA does (Volkert and Hartke 1987; Madiraju et al.
1992). recA801 compensates for the loss of recF in recombi-
national DNA repair, but only partially compensates for loss
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of recF in SOS induction in vivo (Volkert and Hartke 1987).
Figure 2C shows that recA801 partially suppresses the TLD
resistance of ArecF, that is, makes ArecF cells more TLD
sensitive (ArecF recA801 vs. ArecF, P < 0.01). The partial
suppression of the recF TLD resistance by recA801 might
reflect the inability of recA801 to compensate fully for the
loss of recF in induction of the SOS response (Volkert and
Hartke 1987). We used the SOS-response-blocking lexA
(Ind~) mutation to remove induction of the SOS response as
a complicating factor and found that recA801 could no lon-
ger compensate for the loss of recF in the absence of the SOS
response (Figure 2D). This, and the additivity of the effect of
blocking SOS with removal of RecF [the lexA(Ind~) ArecF
double mutant is more resistant than the lexA(Ind~) mu-
tant; Figure 2D; P < 0.05], indicates that although part
of the RecF role in promoting TLD is loading RecA onto
ssDNA and promoting an SOS response as previously deter-
mined (Fonville et al. 2010a), RecF plays an additional
RecA/SOS-independent role in promoting TLD, both in
the presence and absence of uvrD. One possibility for
a RecA-loading/SOS-induction-independent role of RecF in
promoting TLD might be RecF-promoted stabilization of
stalled replication forks, discussed further below.

UvrD resists RecQ-dependent and RecQ-independent
TLD pathways

RecQ is required for an SOS-independent pathway of TLD in
E. coli (Fonville et al. 2010a). This RecQ-dependent TLD
pathway might have promoted part of the hyper-TLD in



the absence of uvrD. Indeed, removing recQ partially rescues
the hyper-TLD of AuvrD cells (Figure 3A). This indicates that
one of the TLD pathways that UvrD resists is RecQ pro-
moted. However, in AuvrD cells RecQ might promote TLD
either through a RecA-dependent pathway of hyperaccumu-
lation of toxic intermolecular HR intermediates as described
previously in cells lacking UvrD (Magner et al. 2007; Fonville
et al. 2010b) or through a RecA-independent TLD pathway as
it does when UvrD is present (Fonville et al. 2010a). We find
that the triple AuvrD ArecA ArecQ mutant is not significantly
more resistant to TLD than AuvrD ArecA or the AuvrD ArecQ
cells (Figure 3B; P = 0.99 for both comparisons at t =
180 min). That is, recA and recQ are epistatic. This indicates
that the role of RecQ in promoting hyper-TLD in AuvrD cells
occurs through the same pathway as RecA and supports
a death-by-recombination pathway similar to those described
previously (Magner et al. 2007; Fonville et al. 2010b). Addi-
tionally, we conclude that part of the hyper-TLD observed in
AuvrD cells occurs via a RecA- and RecQ-independent path-
way because triply mutant AuvrD ArecA ArecQ cells were
significantly more sensitive to TLD than ArecA ArecQ double-
mutant cells (P = 0.001 at t = 180 min; Figure 3B).

RecJ functions in the RecQ- RecF- RecA-dependent
pathway of hyper-TLD in AuvrD cells

RecJ is required for the RecQ-dependent pathway of TLD
(Fonville et al. 2010a). We show that RecJ is also required for
hyper-TLD in AuvrD cells (Figure 4A), in which ArecJ confers
a greater relief of hyper-TLD of AuvrD cells (ArecJ AuvrD;
Figure 4A) than does ArecQ (ArecQ AuvrD; Figure 4A, P <
0.01). RecJ might promote the same or a different pathway of
hyper-TLD in AuvrD cells as RecQ and RecA. First, ArecJ
ArecQ AuvrD cells were as sensitive to TLD as ArecJ AuvrD
cells, indicating that RecQ and RecJ do not have additive
effects (are epistatic; Figure 4A), but ArecJ confers greater
resistance than ArecQ. We conclude that RecJ and RecQ func-
tion in the same pathway of hyper-TLD in AuvrD cells, and
the greater RecJ effect indicates a possible additional RecQ-
independent role of RecJ. Second, ArecJ ArecA AuvrD cells
were as sensitive to TLD as ArecA AuvrD cells, indicating that
RecA and RecJ do not have additive effects (Figure 4C). We
conclude that RecJ acts in the RecA-dependent pathway of
hyper-TLD in AuvrD cells. Third, ArecJ ArecF AuvrD cells were
as sensitive to TLD as ArecJ AuvrD cells, not additively so
(Figure 4D). This implies that RecJ and RecF act in the same
pathway of hyper-TLD in AuvrD cells. These data show that
unlike the separate RecJ/Q- vs. RecA/F-dependent pathways
of TLD in UvrD* cells (Fonville et al. 2010a), hyper-TLD in
AuvrD cells is promoted by RecJ, RecQ, RecF, and RecA acting
primarily in a single pathway.

RecJ functions in both the RecQ and RecA-dependent
TLD pathways in UvrD+* cells

Whereas, RecA, RecF, RecQ, and RecJ act in one linear
pathway of hyper-TLD in AuvrD cells (Figures 3B and Figure
4, A, C, and D), RecQ and RecJ were shown previously to act

10
A
1 :\ S: ~x
. 101
£
g 102 b recQ
— £ uvrD rec@
@ 403 Parental
=
3 104 uvrD
E; . . . ‘ ]
o,
— 10
2 B
b 1
@
o) 10-1
=
© . # recA
O 102 recQ
1 ¥ uvrD recQ
3 b LvrD recA
10 Parental
5% uv.'rD recA rec@ : oD

0 60 120 180 240 300
Time of thymine deprivation (min)

Figure 3 (A) UvrD action resists TLD by a RecQ-dependent and a RecQ-
independent pathway. RecQ is partially required for the hypersensitivity of
AuvrD cells to TLD. The AuvrD ArecQ (SMR11197; purple X) double
mutant is more resistant to TLD than AuvrD (SMR11193; solid orange
square; P < 0.05), but not as resistant as ArecQ cells (SMR10681; solid
green triangle; P < 0.05). Parental (AB2497; solid blue triangle). (B) The
RecQ-dependent pathway that UvrD resists is also RecA dependent, in
that RecA and RecQ promote TLD hypersensitivity of AuvrD cells via the
same (epistatic) pathway. The triple AuvrD ArecA ArecQ mutant was not
significantly more resistant to TLD than either the AuvrD ArecA or AuvrD
ArecQ double mutant, but was not as resistant to TLD as the ArecA ArecQ
double mutant (P < 0.05). Strains from top to bottom: ArecA ArecQ
(SMR10913; open pink circle), ArecA (SMR10433; open gray square),
ArecQ (SMR10681; solid green triangle), AuwrD ArecA ArecQ
(SMR11233; open blue triangle), AuvrD ArecQ (SMR11197; purple X),
AuvrD ArecA (SMR11199; open green circle), parental (AB2497; solid
blue triangle); AuvrD (SMR11193; solid orange square). Means +SEM
of three independent experiments.

in one pathway of TLD in UvrD* cells while RecA and RecF
acted in a second SOS-response-dependent pathway that is in-
dependent of RecQ (Fonville et al. 2010a). Whether RecJ might
also function in the RecA/F-dependent (RecQ-independent)
TLD pathway in UvrD™* cells had not been tested. Figure
4C shows that ArecJ cells are slightly more resistant than
ArecA cells (P = 0.03) and that ArecA ArecJ cells are similar
in resistance to recA suggesting action in the same pathway.
The slightly greater resistance of ArecJ than ArecA and ArecA
ArecJ cells might be because all ArecA cells suffer an early
reduction in survival (dip in curves prior to 180 min) that
then lowers the point at which the second, resistant phase of
ArecA curves begins (Fonville et al. 2010a; Kuong and Kuzminov
2010), or because RecJ acts partly in a pathway separate from
RecA. Either way, these results support the action of RecJ at least
partially in the RecA-dependent (RecQ-independent) pathway
of TLD in UvrD™ cells. Also supporting this interpretation, Arec/
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Figure 4 (A) Red] is partially required for the hyper-TLD of AuvrD cells, and loss of Rec] relieves the hyper-TLD to a greater level than loss of RecQ. The
loss of both RecJ and RecQ relieves the hyper-TLD of AuvrD cells to the same degree of RecJ alone. Strains from top to bottom: Arec/ ArecQ (SMR14253;
blue asterisk), Arec/ (SMR14238; solid brown circle), ArecQ (SMR10681; solid green triangle), AuvrD Arec/ (SMR14239; orange +), Arec) ArecQ AuvrD
(SMR14241; open blue triangle), parental (AB2497; solid blue diamond), AuvrD ArecQ (SMR11197; purple X), AuvrD (SMR11193; solid orange square).
(B) ArecA ArecJ cells were not significantly more resistant to TLD than ArecA cells and removing RecQ did not have an additional effect in that Arec/
ArecA ArecQ cells showed no additional TLD resistance above that in ArecA Arec/ cells. Strains from top to bottom: Arec/ ArecQ (SMR14253; blue
asterisk), Arec/ (SMR14238; solid brown circle), ArecA ArecQ (SMR10913; open pink circle), ArecA Arec/ (SMR14244; purple X), Arec) ArecA ArecQ
(SMR14490; open blue triangle), ArecQ (SMR10681; solid green triangle), ArecA (SMR10670; open gray square), parental (AB2497; solid blue di-
amond). (C) ArecJ ArecA AuvrD cells are as sensitive to TLD as ArecA AuvrD cells. Strains from top to bottom: Arec/ (SMR14238; solid brown circle),
ArecA (SMR10670; open gray square), ArecA Arec/ (SMR14244; purple X), AuvrD Arec) (SMR14239; orange +), parental (AB2497; solid blue diamond),
AuvrD ArecA (SMR11199; open green circle), Arec) ArecA AuvrD (SMR14251; open blue triangle), AuvrD (SMR11193; solid orange square). (D) Arec/
ArecF AuvrD cells are as resistant to TLD as AuvrD Arec/ cells, but are more resistant than AuvrD ArecF cells. Strains from top to bottom: Arec/ ArecF
(SMR14242; blue asterisk), ArecF (SMR12998; solid green triangle), Arec/ (SMR14238; solid brown circle), Arec/ ArecF AuvrD (SMR14249; open blue
triangle), AuvrD Arec) (SMR14239; orange +), AuvrD ArecF (SMR12999; purple X), parental (AB2497; solid blue diamond), AuvrD (SMR11193; solid
orange square). Means *=SEM of three independent experiments.

cells are more resistant than ArecQ (P = 0.01) with the ArecJ
ArecQ double mutants resembling ArecJ (Figure 4B; Fonville
et al. 2010a). Additionally;, we find that RecJ and RecF function
in a single TLD pathway in that ArecJ ArecF cells were not
significantly more resistant to TLD than ArecF cells (Figure
4D; P = 0.86 at t = 180 min), having an epistatic interaction
diagnostic of a single pathway, not an additive interaction di-
agnostic of separate pathways.

The hyper-TLD pathway opposed by RuvABC is
RecQ- and RecJ-independent

AruvABC cells are hypersensitive to TLD and this hypersen-
sitivity requires RecA (Fonville et al. 2010a). We suggested
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that death-by-recombination, in which unresolved IRIs block
chromosome segregation (Magner et al. 2007), might cause
the hyper-TLD of AruvABC cells (Fonville et al. 2010a) as it
does death of ruv-defective AuvrD cells (Magner et al. 2007)
and appears to cause part of hyper-TLD in AuvrD cells (Fig-
ure 1D). RecQ and RecJ promote death-by-recombination in
ruv uvrD (Magner et al. 2007) or recG uvrD cells (Fonville
et al. 2010b). However, we find that neither ArecQ (Figure
5A) nor ArecJ (Figure 5B) relieves the hyper-TLD of
AruvABC cells. Also AruvABC ArecQ ArecA cells are as re-
sistant to TLD as ArecA AruvABC cells (Figure 5A). These
results indicate that although the hyper-TLD in cells lacking
ruvABC is RecA dependent and probably occurs via death-
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Figure 5 The RecA-dependent TLD pathway resisted by
RuvABC is not RecQ/J)-dependent. (A) AruvABC ArecQ cells
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by-recombination (Fonville et al. 2010a), neither RecQ nor
RecJ plays a role in it, a surprising result discussed below.

The main role of RecBCD in TLD-resistance is not
protection from SOS, recombination, or RecQ-generated
DNA ends

Cells lacking RecB, which processes DSEs into substrates for
recombination, are hypersensitive to TLD (Nakayama et al.
1982). Previously we suggested that RecQ might promote
TLD by creating DSEs generated by overlap of tracts of single-
strand degradation by RecQ helicase with RecJ exonuclease
at nearby sites (Fonville et al. 2010a). RecB would then
degrade these DSEs, possibly removing extra ori-proximal
DNA segments from uncompleted chromosome replication
and releasing nucleotides that might extend survival. If pro-
cessing RecQ-generated DSEs were the sole role of RecBCD
in TLD resistance, then RecBCD would confer no TLD resis-
tance in cells lacking RecQ. To test whether DSE formation
by RecQ is responsible for creating the DNA substrate that
then must be processed by RecBCD for resistance to TLD, we
examined the sensitivity of a ArecB ArecQ double mutant
and found that it was only slightly, though significantly,
more resistant to TLD than ArecB (Figure 6A; P < 0.05).
This suggests that if RecQ creates some, it does not create
most, of the DSEs/DSBs the processing of which by RecBCD
allows survival of thymine starvation. That is, RecBCD (i.e.,
DSE processing) is still required for surviving thymine star-
vation, even in ArecQ cells.

Additionally, cells that lack RecB fail to repair DSEs. In
the absence of RecB, RecJ single-strand-dependent exo-
nuclease appears to be able to prepare DSEs for RecA
filament formation and, in cooperation with a DNA helicase,
allows induction of an SOS response (Vlasic et al. 2008) and
some recombination (Ivancic-Bace et al. 2005). To test
whether activation of SOS causes most of the sensitivity of
ArecB cells to TLD, we asked whether ArecB hyper-TLD is
RecA dependent. We found that ArecA ArecB cells showed
only slightly but significantly more resistance to thymine
deprivation than ArecB cells (Figure 6B; P < 0.05). There-
fore, neither RecA-promoted recombination nor SOS induc-
tion is the main cause of hyper-TLD in ArecB mutants. The
data imply that RecBC-mediated DNA degradation improves
survival during thymine starvation, even in the absence of
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RecA. The slight increase in TLD resistance of both ArecB
ArecQ cells (Figure 6A) and ArecA ArecB cells (Figure 6B)
over ArecB cells is likely to result from the additivity of the
RecQ- and RecA-promoted pathways operative in wild-type
cells with the more robust alternative hyper-TLD pathway
that dominates in ArecB cells.

The hypothesis that RecBCD double-strand exonuclease
activity promotes recovery from TLD was supported further
by visualizing nucleoids (bacterial chromosomes) of cells
undergoing TLD. Upon thymine depletion, parental cells
cease cell division, as seen previously (Fonville et al. 2010a),
and the DNA appears diffuse within the cell, i.e., mostly not
visible with DAPI, although a subset of cells possess a single
compact centrally localized nucleoid (Figure 6C). By con-
trast, the DNA in ArecB cells appeared fragmented as many
small DAPI foci dispersed throughout the cells (Figure 6C).
Such foci were not seen in ArecB cells before thymine dep-
rivation. RecBCD exonuclease and DSE-repair activities may
help maintain the nucleoid, allowing recovery upon plating
in the presence of thymine.

Discussion

This study examined the pathways by which UvrD, RuvABC,
and RecBCD protect cells from TLD. We sought to identify
proteins in the pathways that produce the DNA substrates
that kill cells more rapidly in the absence of these DNA-
repair proteins.

The anti-TLD role of UvrD

In cells lacking uvrD, we found that the hyper-TLD does not
result primarily from either incomplete NER or MMR inter-
mediates (Figure 1, A and B) and partially requires RecA,
RecF, RecQ, and RecJ (Figures 1C, 2A, and 3A) acting in
a single pathway (Figure 4, A, C, and D), but does not require
induction of the SOS response (Figure 1D). These data suggest
that the UvrD anti-recombination role (Veaute et al. 2005)
could account for protection against the RecA-dependent
component of hyper-TLD seen in AuvrD cells. This could occur
by a death-by-recombination model, such as in Figure 7B,
in which unresolved IRIs kill cells by blocking chromosome
segregation. Because RecF loads RecA onto ssDNA in single-
strand gaps (whereas RecBCD loads RecA onto ssDNA at

Pathways of Thymineless Death in E. coli 31



Figure 6 RecBCD resists a RecA-, SOS-, and RecQ-

B independent TLD pathway. (A) Much of the RecB role in
\ . TLD survival is independent of RecQ. ArecB ArecQ

(SMR11214; purple X) cells are slightly less sensitive to
TLD than ArecB cells (SMR10665; solid orange square;
P < 0.05). ArecQ (SMR10681; solid green triangle), paren-

tal (AB2497; solid blue diamond). (B) Neither SOS nor
homologous recombination creates the problem that
RecB+ action resists in that RecB is required for TLD survival
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double-strand ends) (Holthausen et al. 2010), the RecF de-
pendence of this death route implies that ssDNA gaps are
the DNA substrate at which most of the UvrD anti-RecA anti-
TLD activity is focused. We have drawn these gaps at stalled
replication forks in Figure 7, A and B.

Although we found this pathway to account for only part
of the hyper-TLD of UvrD~ cells, others reported that hyper-
TLD in a different uvrD mutant was totally RecA dependent
(Kuong and Kuzminov 2010). Whereas we used a complete
deletion (null) allele of uvrD, they used an allele that enc-
odes a truncated 230 amino acid UvrD protein, which may
still contain ATP binding and other activity. This, or their
different growth temperature (28° as opposed to our 37°),
or their slightly different minimal medium from ours may
account for the different results. Whereas both labs observed
the major RecA-dependent hyper-TLD pathway, we also ob-
served an additional RecA-independent hyper-TLD pathway
operative in uvrD-null cells.

The AruvABC and other death-by-recombination
pathways require RecQ only when UvrD is absent

We provide evidence here that hyperaccumulation of IRIs,
which occurs in AuvrD cells (Veaute et al. 2005; Magner
et al. 2007; Fonville et al. 2010b), contributes to the hy-
per-TLD of AuvrD cells. That is, AuvrD cells appear to die
a death-by-recombination (illustrated Figure 7B), implied by
the RecQ/RecJ/RecF/RecA dependence but SOS indepen-
dence of their hyper-TLD (Figures 1-4). It is therefore sur-
prising that RecQ was not required for the hyper-TLD of
AruvABC cells (Figure 5A), which lack IRI-resolution capac-
ity and die a RecA-dependent hyper-TLD most probably also
via death-by-recombination (Fonville et al. 2010a). This was
surprising because death-by-recombination in IRI-resolution-
defective cells was shown previously to be RecQ dependent
(Magner et al. 2007); however, in the latter study, those cells
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in the absence of RecA. ArecA ArecB cells (SMR10671;
purple X) are slightly less sensitive to TLD than ArecB cells
(SMR10665; solid orange square; P < 0.05). ArecA
(SMR10670; open gray square), parental (AB2497; solid
blue diamond). Means =SEM of three independent
experiments. (C) Representative pictures of parental
(AB2497) and ArecB cells (SMR10665) after 12 hr of
TLD. Note that although many cells or the Rec* parent
are visible in brightfield, few display compact DAPI-stained
nucleoids, whereas nearly all of the recB cells visible in
brightfield show strings of small fragmented-looking
nucleoids, which were not visible before thymine depriva-
tion. In the merged image, DAPI (DNA stain) is blue and
propidium iodide (P, stain for dead cells) is red.

lacked UvrD. The lack of a role for RecQ in hyper-TLD by
probable death-by-recombination in RuvABC~ UvrD* cells
(Figure 5A), despite the requirement for RecQ in death-by-
recombination in cells lacking UvrD (Magner et al. 2007; Fon-
ville et al. 2010b), including the AuvrD hyper-TLD studied
here (Figure 2), can be explained by two nonmutually exclu-
sive hypotheses.

First, the role for RecQ in death-by-recombination might
be to promote the net accumulation of a specific IRI-
precursor DNA substrate that is normally opposed by UvrD,
and so is a minor contributor to IRI formation in UvrD* cells
but a major contributor in UvrD~ cells. Figure 7B shows
a possible example of this. In it, in the absence of UvrD,
RecQ promotes unwinding of the lagging strand of a stalled
replication fork, allowing the ssDNA gap created to invade
the leading-strand duplex and form an IRI, which must then
be resolved. Perhaps UvrD excels at removing RecA from
this particular gapped ssDNA-RecA intermediate created by
RecQ/J, but is not as robust at removing RecA from RecQ/
J-independent IRI precursors, such as DSEs (Figure 7D),
which are processed by RecBCD and not RecQ/J. If so, DSEs
might be a major source of IRIs resolved by RuvABC in
UvrD™ cells and so the major cause of death-by-recombination
in UviD™ cells lacking RuvABC (Figure 7D). By this view, in
the absence of UvrD, both RecQ/J and RecA-promoted death-
by-recombination will contribute to TLD; however, in UvrD+
RuvABC™ cells, RecA-promoted death-by-recombination causes
hyper-TLD without help from RecQ/J (as observed; Figure 5)
because UvrD opposed the RecQ/J-generated IRI precursors
(Figure 7A), leaving other IRI precursors (e.g., DSEs; Figure
7D) to predominate instead.

Note that the general hypothesis here does not demand
that the UvrD-resistant IRI precursor is a DSE; that is just
one possibility. An alternative possibility is that UvrD strips
RecA specifically from ssDNA gaps only at forks, or at fork-
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the IRIs are resolved by RuvABC, resulting in tearing
of the chromosomes. There is also a RecQ and
RecA-independent component to TLD in AuvrD
cells via an unknown mechanism that is not
depicted. (C) Cells lacking recF are resistant to
TLD largely due to failure to load RecA onto regions
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lagging strands, and that other ssDNA gaps that form RecQ/
J independently predominate in UvrD™* cells and so cause
death-by-recombination in UvrD* RuvABC™ cells.

Second, the possibility that UvrD and RecQ share specific
DNA substrates was suggested for E. coli (Lestini and Michel
2008) and observed in Deinococcus radiodurans (Bentchikou
et al. 2010). Perhaps RecQ is not needed for the RecA/F/J-
and SOS-dependent TLD pathway in UvrD* cells (Fonville
et al. 2010a) because UvrD can substitute for RecQ, for
example, in unwinding DNA for RecJ single-strand exonu-
clease activity (Figure 7A). UvrD substitution for RecQ could
explain why in UvrD* cells RecA, RecF (Fonville et al
2010a), and RecJ (Figure 4B) work together in a TLD path-
way that does not require RecQ (Fonville et al. 2010a), and
by contrast why RecQ is required for RecA/F/J-dependent
death-by-recombination of either ruv or recG cells that lack
UvrD (Magner et al. 2007; Fonville et al. 2010b), and RecA/
F/J-dependent death-by-recombinational hyper-TLD of
UvrD~ cells (Figures 3 and 4). This hypothesis might seem

not to explain why RecA (Fonville et al. 2010a) but neither
RecQ nor RecJ is required for the hyper-TLD death-by-
recombination pathway in RuvABC™ cells that possess UvrD.
If UvrD had simply substituted for RecQ, RecJ might still
have been expected to be required per the model in Figure
7A, as it is in RecQ-dependent death by recombination
(Magner et al. 2007; Fonville et al. 2010b) and RecQ-
dependent TLD in UvrD™ cells (Fonville et al. 2010a). How-
ever, perhaps UvrD, but not RecQ, might work with a different
5’ exonuclease that then substitutes for RecJ. Thus, either
hypothesis might explain why RecQ is required for apparent
death-by-recombination pathways only in the absence of
UvrD.

A RecF-promoted TLD pathway independent of RecA

We found that there is a RecF-dependent but RecA-
independent pathway of both the hyper-TLD in UvrD~ cells
(Figure 4D) and TLD in UvrD* cells (Fonville et al. 2010a).
Although one role of RecF could be creation of double-strand
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DNA ends by nonconservative (nonreciprocal) recombination
(Takahashi et al. 1992), this process was RecA-dependent,
and so cannot readily account for the RecA-independent role
of RecF in TLD described here. Alternatively, RecF was sug-
gested to stabilize stalled replication forks, protecting the na-
scent lagging strand from degradation and allowing efficient
replication restart (Courcelle et al. 1997). In the absence of
RecF, restart of stalled replication forks is slowed, and initia-
tion of new rounds of replication from the origin is delayed
(Rudolph et al. 2008). The RecF promotion of initiations from
the ori after fork stalling might be its RecA-independent TLD-
promoting role (Figure 7C), both because the new forks allow
more fork-stalling TLD opportunities and because the new
forks may create lethal DSEs if they hit stalled forks (Figure
7E). Additionally, the generation of large ssDNA regions in the
absence of RecF might oppose TLD by releasing nucleotides
including thymidine (Figure 7C).

Roles of RecJ in TLD

Surprisingly, although we confirmed our previous finding
that RecJ and RecQ work in together in a pathway to promote
TLD (Fonville et al. 2010a), we discovered that RecJ also
participates in the RecA/F/SOS-dependent TLD pathway
(Figure 4). These data imply that RecJ functions both with
RecA/F (e.g., Figure 7A) as well as with RecQ independently
of RecA to promote TLD (e.g., Figure 8). We suggested pre-
viously that RecJ and RecQ might promote TLD RecA inde-
pendently by degrading nascent strands from stalled forks
back to the ori, creating large ssDNA regions that could form
secondary structures that lead to DSBs and promote death
(Fonville et al. 2010a). These might explain the ori-specific
DNA loss early in TLD observed both by FISH (Fonville et al.
2010a) and DNA microarrays (Sangurdekar et al. 2010).

How RecBCD opposes TLD

Whether hypothetical RecQ/J-promoted DSEs (Figure 8)
cause DNA breakage during TLD (Fonville et al. 2010a) is
not known. However, our data indicate that if processing
such DSEs is how RecBCD avoids TLD, then RecQ is not
the sole creator of those DSEs, because hyper-TLD in recB
null cells is RecQ independent (Figure 6A). However, given
the possible redundancy of UvrD and RecQ helicase activi-
ties discussed above, it could be that such DSBs are a major
substrate for RecBCD during TLD, but are generated by
UvrD when RecQ is absent (Figure 8). We also show that
how RecBCD opposes TLD is not via its roles in RecA-
promoted recombination or SOS induction because RecB*
protects even RecA~ cells from TLD (Figure 6B). One possi-
ble model is that the primary role of RecBCD in TLD resis-
tance is degradation of DSEs releasing nucleotides that would
otherwise be trapped in DNA and that the released nucleotides
forestall eventual TLD. The DSEs could result from new repli-
cation forks colliding with stalled forks (Figure 7E), RecQ/
UvrD and RecJ action on nascent lagging strands from stalled
forks (Figure 8), or replication-fork regression, which occurs at
stalled forks creating “chicken-foot” structures with an exposed
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Figure 8 Model of RecQ/J- or UvrD/Rec)-mediated DNA fragmentation,
a possible mechanism for the RecA-independent contribution of RecQ or
UvrD to TLD. The RecQ- or UvrD-mediated unwinding of nascent DNA at
stalled replication forks toward the ori may lead to RecA-independent
DNA destruction. This might be used to restore arrested replication bub-
bles to the duplex state if the unwinding and RecJ-mediated degradation
continues to the opposite stalled fork; however. it also creates extensive
regions of ssDNA. Breakage of the DNA, shown here to occur if a hairpin
forms and is cleaved by a hairpin endonuclease (but possible with other
secondary structures), opens the whole chromosome up to degradation
by RecQ or UvrD and RecJ, or RecBCD. Arrows represent 3'-DNA ends.

DSE (Seigneur et al. 1998; not illustrated). All of these models
predict the ori-specific DNA loss seen early in TLD in RecBCD*
cells (Fonville et al. 2010a; Sangurdekar et al. 2010).

Alternatively, in cells that lack RecBCD, chicken feet
formed at stalled forks persist and so are subject to endonu-
cleolytic cleavage by RuvABC double-strand endonuclease
leading to chromosome breakage (Seigneur et al. 1998). Such
chicken-foot cleavage might cause hyper-TLD in recB null
cells (not illustrated). This would fit with chromosome break-
age seen in ArecBCD cells during TLD (Kuong and Kuzminov
2010) and with the fragmented DAPI-stained nucleoids in
ArecB cells (Figure 6C). Other models are also possible
(e.g., Kuong and Kuzminov 2010).

Cancer and chemotherapies

Our findings bear on chemotherapeutic strategies. In addi-
tion to mutations in DNA replication proteins, which are as-
sociated with TLD resistance in human carcinomas (Yamao
et al. 1993), human counterparts of the E. coli DNA repair
and damage-response proteins could affect sensitivity im-
portantly. Humans have several RecA homologs including
RAD51, the DSB-repair function of which is disrupted in
BRCA-defective cells (Moynahan and Jasin 2010), which un-
derlie several cancers (Thacker 2005; Somyajit et al. 2010).
Human BRCA2 (Jensen et al. 2010; Liu et al. 2010) and
RAD50 (Koroleva et al. 2007) are functional analogs of E.
coli RecF. Humans have five RecQ homologs, defects in three
of which underlie cancer predisposition syndromes and any
of which may be mutated in sporadic cancers (Monnat
2010). Mutations in these genes, others in their pathways,
and genes of the DNA-damage response are probable or
known in many cancers and might be predicted to confer
TLD resistance. Screening cancers for mutations in these
genes could help customize more effective chemotherapies,
allowing avoidance of TLD-inducing drugs in mutant tumors
that are likely to be resistant.

GEN1 and SLX1/SLX4 are human analogs of RuvABC (Ip
et al. 2008; Fekairi et al. 2009) and any of several human
DNA helicases may function like E. coli UvrD, and so might



promote TLD resistance. One might also argue, given the
role of the BRCA complex in DSB repair, that the BRCA
complex might act more like RecBCD, promoting TLD resis-
tance, than like RecF, promoting TLD, a point that should be
tested. Inhibitors designed to target these proteins’ functions
might provide powerful adjuncts to TLD-inducing chemo-
therapies by sensitizing cells to TLD.

Identification of the proteins that cause and protect cells
from TLD in bacteria, and their counterparts in humans, is
likely to allow customized and improved chemotherapies.
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Figure S1 Stationary-phase cells undergo TLD when placed at low density. Stationary-phase AB2497 cells were diluted (1:20)
and allowed to exit stationary phase for 1 hour (early-log) or diluted 1:10 and immediately assayed for viability (stationary
phase.) The dilution was adjusted so that the stationary and early-log cells were at a similar density at 0 min for the viability
assay. Mean * SEM of 3 independent cultures.
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