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Exposure of Escherichia coli strains deficient in molybdopterin biosynthesis (moa) to the purine base
N-6-hydroxylaminopurine (HAP) is mutagenic and toxic. We show that moa mutants exposed to HAP also
exhibit elevated mutagenesis, a hyperrecombination phenotype, and increased SOS induction. The E. coli rdgB
gene encodes a protein homologous to a deoxyribonucleotide triphosphate pyrophosphatase from Methanococ-
cus jannaschii that shows a preference for purine base analogs. moa rdgB mutants are extremely sensitive to
killing by HAP and exhibit increased mutagenesis, recombination, and SOS induction upon HAP exposure.
Disruption of the endonuclease V gene, nfi, rescues the HAP sensitivity displayed by moa and moa rdgB mutants
and reduces the level of recombination and SOS induction, but it increases the level of mutagenesis. Our
results suggest that endonuclease V incision of DNA containing HAP leads to increased recombination and
SOS induction and even cell death. Double-strand break repair mutants display an increase in HAP sensitivity,
which can be reversed by an nfi mutation. This suggests that cell killing may result from an increase in
double-strand breaks generated when replication forks encounter endonuclease V-nicked DNA. We propose a
pathway for the removal of HAP from purine pools, from deoxynucleotide triphosphate pools, and from DNA,
and we suggest a general model for excluding purine base analogs from DNA. The system for HAP removal
consists of a molybdoenzyme, thought to detoxify HAP, a deoxyribonucleotide triphosphate pyrophosphatase
that removes noncanonical deoxyribonucleotide triphosphates from replication precursor pools, and an en-
donuclease that initiates the removal of HAP from DNA.

Extensive investigation has shown that purine base analogs
can be mutagenic to cells. 2-Aminopurine has been shown to
promote base-pair transitions in Escherichia coli and is highly
mutagenic (47). It has been shown that the Klenow fragment of
DNA polymerase I inserts either deoxythymidine triphosphate
or deoxycytosine triphosphate opposite N-6-hydroxylaminopu-
rine (HAP) in an oligonucleotide template and that HAP in-
duces both A:T to G:C and G:C to A:T transition mutations in
E. coli at a similar frequency (44). Both xanthine and hypo-
xanthine are readily taken up by cells and are quickly con-
verted to their corresponding nucleotides during purine sal-
vage. Furthermore, hypoxanthine, IMP, and XMP can arise
endogenously from purine interconversion and from the
deamination of canonical bases (51, 52, 62). Inosine residues in
DNA have been shown to result in transition mutations, and
xanthosine residues in DNA are assumed to result in transition
mutations as well (22). Therefore, it is important for an organ-
ism to possess enzymes that protect it from exogenous and
endogenous purine base analogs.

Schaaper and colleagues have shown that E. coli strains
deficient in molybdopterin biosynthesis are hypersensitive to
HAP for both mutagenesis and toxicity (29). They established
that HAP sensitivity is conferred by the inactivation of one of
several genes (mol genes) involved in the biosynthesis and
activation of the molybdenum cofactor, molybdopterin gua-
nine dinucleotide (MGD). Two mol genes that we will discuss
in this report are moa and moeA. MGD is required for func-
tional E. coli molybdoenzymes, which have been shown to

perform aerobic and anaerobic redox reactions (21, 46). Un-
fortunately, to date no strain defective in one of the known
molybdoenzymes has displayed HAP sensitivity. Therefore, it
has been concluded that HAP sensitivity in E. coli mol mutants
is due to the absence of an active MGD and that an uniden-
tified molybdoenzyme is involved in detoxifying HAP (29).

Our laboratory has shown that an E. coli recA200(Ts) rdgB
double mutant is inviable at the nonpermissive temperature
and that overexpression of the wild-type purA gene rescues
viability of this strain at 42°C (6, 7). The RecA protein plays a
central role in homologous recombination and, in conjunction
with the LexA protein, induces the SOS regulon in response to
DNA damage (14, 36, 45). The RdgB protein, along with the
human and Methanococcus jannaschii homologs, have been
shown to have deoxyribonucleoside triphosphate pyrophos-
phatase activity on several purine base analog nucleotide
triphosphates (4, 34). Additionally, Clyman and Cunningham
have shown that an rdgB mutant displays a hyperrecombino-
genic phenotype and shows elevated levels of SOS expression.
They suggested that in the absence of RdgB a lesion develops
in DNA that requires repair by a RecA-mediated event (6).
The purA gene encodes adenylosuccinate synthetase that,
along with the purB gene product, catalyzes the conversion of
IMP into AMP (62). The facts that overexpression of purA
rescues the synthetic lethal phenotype of a recA200(Ts) rdgB
double mutant and that RdgB has activity against purine base
analog nucleoside triphosphates suggest that the lesions in
recA200(Ts) rdgB strains develop from the incorporation of
purine base analogs into polymerizing DNA.

Endonuclease V has been shown to recognize a wide variety
of DNA lesions, including mismatched base pairs and inosine
and xanthosine residues in DNA (20, 59–61). Endonuclease V
(nfi) mutants have been shown to result in an increase of
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transition mutations in the presence of nitrous acid (57). These
results suggest that endonuclease V helps protect cells against
the mutagenic effects of nitrosative deamination, which pro-
duces xanthine and inosine residues in DNA. Because of these
results, we chose to investigate the protective role of endonu-
clease V in preventing stable HAP incorporation into DNA. It
has been shown that the exonucleolytic proofreading (dnaQ)
or the postreplicative mismatch repair system (mutHLS gene
products) provide little or no protection against stable incor-
poration of HAP residues in DNA (50). Here we present data
suggesting that endonuclease V initiates repair events at HAP
residues in DNA and show that moa nfi double mutants exhibit
elevated levels of transition mutations and increased cell sur-
vival compared to moa mutants.

Several studies have suggested that potentially lethal double-
strand breaks (DSBs) can arise when replication forks traverse
nicked DNA (19, 32, 39, 53). Therefore, the initiation of DNA
repair by incision of damaged DNA can lead to cell death. E.
coli possesses several well-studied enzymes for the repair of
DSBs and restart of collapsed replication forks (for reviews,
see references 9, 36, and 49). The data we present support the
hypothesis that a molybdoenzyme converts HAP into a less
toxic compound, that RdgB excludes 2�-deoxy-HAP triphos-
phate (dHAPTP) from replication precursor pools, that endo-
nuclease V is the major endonuclease that recognizes HAP in
DNA, and that nicking by endonuclease V at HAP residues
leads to DSBs that require replication fork reactivation for
continued DNA synthesis.

MATERIALS AND METHODS

Strains and growth conditions. The bacterial strains, plasmids, and phage used
in this study are listed in Table 1. The medium used for growth was TY (10 g of
tryptone, 5 g of yeast extract, and 10 g of NaCl per liter) and M9 minimal
medium (40). M9 medium was sometimes supplemented with arginine (100
�g/ml), histidine-HCl (100 �g/ml), and thiamine-HCl (1 �g/ml). For cell dilu-
tions and washings, phosphate-buffered saline (PBS) was used (48). Antibiotics
were used at the following concentrations: tetracycline hydrochloride, 20 �g/ml;
kanamycin sulfate, 34 �g/ml; chloramphenicol, 20 �g/ml. HAP was purchased
from U.S. Biochemical Corp. Cell growth was routinely monitored in a Klett-
Summerson photocolorimeter with a green 54 filter; 30 Klett units were equiv-
alent to 108 cells/ml.

Strain construction. Selection for tetracycline-sensitive clones was performed
as described previously (3). �recA and �nfi strains were constructed by the
method of Link et al. (35). P1-mediated transductions were performed as de-
scribed previously (56). recA alleles were introduced into appropriate recipients
by cotransduction with the linked slrD300::Tn10 allele (11). �nfi alleles were
introduced into appropriate recipients by cotransduction with the linked
thiC39::Tn10 allele (41). All strains containing these deletions were verified by
PCR analysis (35). The moeA::Kan strain was constructed by mutagenesis with
an EZ::TN transposon (Epicentre, Madison, Wis.) according to the manufactur-
er’s protocol. Briefly, an EZ::TN library was constructed in CSH106, and HAP-
dependent mutators were selected on lactose minimal medium plates after ex-
posure to HAP. Identification of the genes inactivated by transposition was
performed by DNA sequence analysis.

Measurement of HAP cytotoxicity. Fresh overnight cultures of strains to be
tested (0.35 ml) were diluted into 35 ml of fresh TY medium and grown with
aeration at 37°C. When the cultures reached a cell density of 2 � 108/ml, 5-ml
aliquots were transferred to separate flasks and incubated in the presence or
absence of HAP for 1 h. One-milliliter aliquots were removed, and cells were
washed twice with PBS, resuspended in 1 ml of PBS, and immediately placed on
ice. Cells were diluted to appropriate cell densities with PBS, plated on TY
plates, and incubated at 37°C. Surviving colonies were scored the next day. For
this assay the wild-type strain was CSH106, and all strains tested were derivatives
of CSH106. Bacterial strains were also assayed for HAP sensitivity by the gra-
dient plate method. For the gradient plate assay, the wild-type strain was AB1157
and all strains tested were derivatives of AB1157. Agar media containing linear

concentration gradients of HAP were prepared by the method of Cunningham et
al. (12). Plates were stained with acridine orange solution (0.2 mg/ml in ethanol)
and photographed with UV exposure using a 590-nm optical filter (Kodak,
Rochester, N.Y.).

Measurement of mutant frequencies. Mutant frequencies were measured by a
modification of the procedure of Cupples and Miller (13). Fresh overnight
cultures of derivatives of CSH106 (0.35 ml) were diluted into 35 ml of fresh TY
medium and grown with aeration at 37°C. When the cultures reached a cell
density of 2 � 108/ml, 5-ml aliquots were transferred to separate flasks and
incubated in the presence or absence of HAP for 1 h. One-milliliter aliquots were
removed, and cells were washed twice with PBS, resuspended in 1 ml of PBS, and
immediately placed on ice. Cells were diluted to appropriate cell densities with
PBS and plated on minimal medium plates containing 0.4% lactose and on TY
plates. TY and lactose minimal medium plates were incubated at 37°C for 18 and
42 h, respectively, to measure viable cells and Lac� revertants.

Measurement of recombination proficiency. Intrachromosomal recombination
was measured by a modification of the procedure of Zieg et al. (63) in derivatives
of BW9113. A 35-ml volume of fresh TY medium was inoculated with a single
colony of the strain to be tested and grown with aeration at 37°C. When the
cultures reached a cell density of 108/ml, 5-ml aliquots were transferred to
separate flasks and incubated in the presence or absence of HAP for 1 h.
One-milliliter aliquots were removed, and cells were washed twice with PBS,
resuspended in 1 ml of PBS, and immediately placed on ice. Cells were diluted
to appropriate cell densities with PBS, plated on minimal medium plates con-
taining 0.4% lactose, and incubated at 37°C for 42 h. Lac� recombinants were
scored.

Measurement of SOS induction. Fresh overnight cultures of derivatives of
NO120 (0.35 ml) were diluted into 35 ml of fresh TY medium and grown with
aeration at 37°C. When the cultures reached a cell density of 2 � 108/ml, 5-ml
aliquots were transferred to separate flasks and incubated in the presence or
absence of HAP for 1 h. Aliquots were removed, and �-galactosidase levels were
determined by the method of Miller (40).

RESULTS

HAP cytotoxicity. To assess the role of gene products we
suspected to be required for the exclusion of purine base an-
alogs from DNA, we determined whether strains lacking func-
tional gene products displayed a significant change in HAP
sensitivity. For the cytotoxicity assay, we exposed exponentially
growing moa (MGD-deficient) cells to various concentrations
of HAP for 1 h. Cytotoxicity tests showed that wild-type cells
were not sensitive to HAP at any concentration tested up to 1
�g/ml, while moa mutants were sensitive to HAP and displayed
about 20% survival after exposure to 1 �g of HAP/ml (Fig. 1).
moa rdgB mutants were significantly more sensitive to HAP
than the single moa mutant and displayed approximately 20%
survival after exposure to 0.1 �g of HAP/ml. This result sug-
gests a synergy between a HAP-detoxifying molybdoenzyme
and RdgB in HAP detoxification. Figure 1 shows that endo-
nuclease V deficiency dramatically reversed the HAP-sensitive
phenotype of moa and moa rdgB mutants at all concentrations
tested (greater than 70% survival after exposure to 1 �g of
HAP/ml). Finally, we demonstrated that an rdgB mutant is
HAP resistant, showing that the moa mutation is required for
HAP sensitivity. Our results suggest that an MGD-dependent
enzyme is the major determinant of HAP resistance and that
the RdgB protein plays a role in excluding HAP from DNA,
while endonuclease V plays a role in removing HAP residues
from DNA.

Mutagenesis assays. Mutagenesis assays demonstrated that
mutants deficient in MGD biosynthesis, RdgB protein, and
endonuclease V exhibit increased mutation frequencies. This
assay employed an E. coli strain that had been engineered to
detect an A:T to G:C transition mutation at one specific nu-
cleotide position in the lacZ gene. This specific mutation event
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TABLE 1. E. coli strains used

Strain Relevant genotype Source

AB1157 thr-1 leuB6 �(gpt-proA)62 hisG4(Oc) argE3(Oc) thi-1 ara-14 lacY1 galK2(Oc)
xylA5 mtl-1 rpsL31(Strr) tsx-33 supE44 rac rfbD1 mgl-51 glnV44(As)
rpoS396(Am) kdgK51

Laboratory strain

BW1185 KL16 nfi-1::Cat B. Weiss
BW1524 araD139 �(argF-lac)U169 deoC1 flhD5301 fruA25 gyrA219 non-9 relA1 rpsL150 B. Weiss
BW1525 BW1524 moa-250::Tn10d(Tc) B. Weiss
BW9113 �80dIIlacBK1 �lacMS286 argE3 hisG4 zdh-201::Tn10 thi-1 rpsE (Spcr)

glnV44(As) (Sull) mtl-1 tsx-29
B. Weiss

CS85 AB1157 ruvC53 eda-51::Tn10 M. Marinus
CSH106 ara �(gpt-lac)5 proB F� lacIZ proA�B� Cold Spring Harbor
JB3 KL16 slrD300::Tn10 KL16 � P1/MC1009
JB7 NEB51 slrD300::Tn10 NEB51 � P1/JB3
JB13.1 NEB20 �nfi Link et al. (35)
JB13.2 JB13.1 �nfi (Tcs) Spontaneous mutation
JB14 JB13.2 �nfi thiC39::Tn10 JB13.2 � P1/NK5139
JB42 NEB55 nfi-1::Cat NEB55 � P1/BW1185
JB43 NEB117 nfi-1::Cat NEB117 � P1/BW1185
JB44 NEB119 nfi-1::Cat NEB119 � P1/BW1185
JB45 NEB122 nfi-1::Cat NEB122 � P1/BW1185
JB46 JB45 �recA slrD300::Tn10 JB45 � P1/JB7
JB47 NEB120 nfi-1::Cat NEB120 � P1/BW1185
JB48 NEB118 nfi-1::Cat NEB118 � P1/BW1185
JC11824 AB1157 lexA3 M. Marinus
JC9239 AB1157 recF143 M. Marinus
KL16 HfrPO45 thi-1 relA1 spoT1 Laboratory strain
KM21 AB1157 �recBCD::Kan M. Marinus
KW0.5 CSH106 moeA::Kan This study
KW1 KL16 moeA::Kan KL16 � P1/KW0.5
MC1009 araD139 �(araA-leu)7697 �(codB-lacI)3 galK16 galE15 �	 e14	 recA56

srlD300::Tn10 relA1 rpsL150(Strr) spoT1 mcrB1
R. Osuna

NEB1 CSH106 rdgB3::Kan CSH106 � P1/RPC133
NEB9 CSH106 moa-250::Tn10d(Tc) CSH106 � P1/BW1525
NEB10 NEB9 rdgB3::Kan NEB9 � P1/RPC133
NEB18 CSH106 nfi-1::Cat CSH106 � P1/BW1185
NEB19 NEB9 nfi-1::Cat NEB9 � P1/BW1185
NEB20 KL16 moa-250::Tn10d(Tcr) KL16 � P1/BW1525
NEB21 AB1157 moa-250::Tn10d(Tcr) AB1157 � P1/BW1525
NEB32 NEB18 rdgB3::Kan NEB18 � P1/RPC133
NEB41 NEB19 rdgB3::Kan NEB19 � P1/RPC133
NEB51 KL16 �recA Link et al. (35)
NEB55 NEB21 priA1::Kan NEB21 � P1/PN104
NEB117 NEB21 �recBCD::Kan NEB21 � P1/KM21
NEB118 JC9239 moa-250::Tn10d(Tcr) JC9239 � P1/BW1525
NEB119 JC11824 moa-250::Tn10d(Tcr) JC11824 � P1/BW1525
NEB120 CS85 moeA::Kan CS85 � P1/KW1
NEB122 AB1157 moeA::Kan AB1157 � P1/KW1
NEB123 BW9113 (Tcs) Spontaneous mutation
NEB124 NEB123 moa-250::Tn10d(Tcr) NEB123 � P1/BW1525
NEB125 NEB123 rdgB3::Kan NEB123 � P1/RPC133
NEB126 NEB124 rdgB3::Kan NEB124 � P1/RPC133
NEB127 NEB124 nfi-1::Cat NEB124 � P1/BW1185
NEB128 NEB126 nfi-1::Cat NEB126 � P1/BW1185
NEB129 NEB125 nfi-1::Cat NEB125 � P1/BW1185
NEB134 NO120 rdgB3::Kan NO120 � P1/RPC133
NEB135 NEB134 nfi-1::Cat NEB134 � P1/BW1185
NEB136 NO120 moa-250::Tn10d(Tcr) NO120 � P1/BW1525
NEB137 NEB136 (Tcs) Spontaneous mutation
NEB138 NEB137 �nfi thiC39::Tn10 NEB137 � P1/JB14
NEB139 NEB137 rdgB3::Kan NEB137 � P1/RPC133
NEB140 NEB138 rdgB3::Kan NEB138 � P1/RPC133
NEB152 NEB122 �recA slrD300::Tn10 NEB122 � P1/JB7
NK5139 �	 �(rrnD-rrnE)1 thiC39::Tn10 CGSC
NO120 �(argF-lac)205 relA1 thi-1 sulA::Mu d(Ap lacX Camr) cps Laboratory strain
PN104 garB10 fhuA22 lacZ phoA4(Am) �	 ompF627(T2r) fadL701(T2r) relA1 pit-10

dinD1::Mud(Ap lac) spoT1 priA1::Kan rrnB2 mcrB1 creC510
CGSC

RPC133 AB1157 rdgB3::Kan Laboratory strain
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results in a reversion to the Lac� phenotype, allowing mea-
surement of the frequency of A:T to G:C transition mutations
by plating on minimal lactose plates for mutants and TY plates
for viable counts (13). For this assay, the wild-type mutation
frequencies with or without HAP were extremely low, and the
baseline value for the wild type was 1 revertant/108 CFU.
Hence, moa mutants showed a 1,000-fold increase in the fre-
quency of A:T to G:C transition mutations compared to the
wild type at the highest HAP concentration tested (1 �g/ml),
while moa nfi mutants showed a 5,500-fold increase in muta-
tion frequency over wild type (Fig. 2A). moa rdgB mutants are
extremely sensitive to HAP and were assayed at much lower
concentrations of HAP to prevent excessive killing (Fig. 2B).
At 0.1 �g of HAP/ml, moa rdgB mutants exhibited a 1,500-fold
increase in mutation frequency over wild type, whereas moa
mutants showed a 100-fold increase over wild type at this
concentration. moa rdgB nfi mutants are “supermutators” with
respect to HAP, and mutation frequencies for this strain de-
parted from linearity at concentrations greater than 0.4 �g/ml.
Nonetheless, at this concentration moa rdgB nfi mutants
showed an increase in mutation frequency of over 8,000-fold
compared to wild type (Fig. 2A). When the moa, rdgB, and nfi
gene products are deficient, the cell is unable to prevent HAP
incorporation into DNA or to initiate subsequent repair.
Therefore, this strain’s DNA might be expected to be highly
substituted with HAP, as suggested by the supermutator phe-
notype upon HAP exposure. By comparison, an rdgB nfi strain
showed no HAP-dependent mutagenesis, again demonstrating
that a moa mutation causes the most significant sensitivity to
HAP.

Recombination assays. Clyman and Cunningham reported
that an rdgB mutant showed enhanced intrachromosomal re-
combination (6). The synthetic lethality of recA rdgB double
mutants suggests that in the absence of RdgB a lesion develops

in DNA that must be repaired by a RecA-dependent recom-
binational event (6). Therefore, we reasoned that if RdgB has
activity against dHAPTP, recombination frequencies should
increase in a moa rdgB mutant exposed to HAP compared to a
moa mutant. Furthermore, if endonuclease V has activity
against HAP-containing DNA, as the cytotoxicity and mu-
tagenesis assays indicate, then recombination frequencies in nfi
mutants exposed to HAP should be decreased, due to lack of
endonuclease V-catalyzed nicking at HAP residues in DNA.

The recombination assay we used measures the frequency at
which two nontandem partially deleted lac operons recombine
to produce Lac� progeny (27, 63). For this assay, early-log-
phase cells were exposed to HAP for 1 h at concentrations that

FIG. 1. Relative HAP sensitivity of E. coli strains mutant for sus-
pected purine base analog-metabolizing enzymes. Mid-log-phase cells
were exposed to various concentrations of HAP for 1 h at 37°C. Data
were recorded as percent survival at the various HAP concentrations.
Each data point represents one bacterial culture. Symbols: E, CSH106
(wild type); F, NEB9 (moa); �, NEB10 (moa rdgB); ■ , NEB19 (moa
nfi); ‚, NEB41 (moa rdgB nfi); Œ, NEB1 (rdgB).

FIG. 2. (A) HAP-induced mutagenesis frequencies of E. coli
strains mutant for suspected purine base analog-metabolizing en-
zymes. Mid-log-phase cells were exposed to various concentrations of
HAP for 1 h at 37°C. Results for wild type and rdgB nfi were indistin-
guishable. (B) HAP-induced mutagenesis frequencies of NEB10 (moa
rdgB) at very low HAP concentrations. Each data point represents one
bacterial culture. Symbols: E, CSH106 (wild type); F, NEB9 (moa); �,
NEB10 (moa rdgB); ■ , NEB19 (moa nfi); ‚, NEB41 (moa rdgB nfi); Œ,
NEB32 (rdgB nfi).
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yielded a linear dose response. Figure 3 shows that the recom-
bination frequency of a moa mutant increased from less than
100 Lac� colonies per plate without HAP to over 450 Lac�

colonies with exposure to 1 �g of HAP/ml. Conversely, the
wild-type tester strain showed no increase in recombination
frequency and produced about 100 Lac� colonies per plate for
all HAP concentrations tested. This result suggests that the
incorporation of HAP residues into polymerizing DNA results
in an increased frequency of homologous recombination.
Transducing a moa strain to rdgB results in a synergistic effect
on intrachromosomal recombination with increasing HAP, and
this strain produced over 450 Lac� colonies per plate at 0.15
�g of HAP/ml. An rdgB strain showed a twofold increase in
recombination frequency over wild type in the absence of
HAP, as previously reported (6), but the recombination fre-
quency was not elevated in the presence of HAP. When any of
these strains were transduced to nfi, the recombination fre-
quency decreased to wild-type levels (about 100 Lac� colonies
per plate) under all conditions tested (Fig. 3). These data
support the notion that the incorporation of HAP into DNA
generates lesions that stimulate recombination and that these
lesions appear to arise from the initiation of DNA repair
events, because recombination frequencies are dramatically
reduced when endonuclease V is absent. Furthermore, the
rdgB data in Fig. 3 suggest that some endogenous noncanonical
purine is incorporated into DNA in the absence of the RdgB
protein and that this purine is recognized by endonuclease V.

SOS induction assays. The SOS assay employs a �-galacto-
sidase reporter gene fused to the promoter of the sulA gene, an
SOS-inducible gene (25). Clyman and Cunningham reported
that rdgB mutants were induced for the SOS response (6). We
have examined the ability of HAP to induce the SOS response
in various mutants deficient in HAP detoxification or repair.
For this assay, cells were grown to mid-log phase and incubated
with HAP for 1 h at HAP concentrations that prevent excessive

killing. Figure 4A shows that wild-type cells showed no in-
crease in SOS induction in the presence of HAP, yielding a
baseline value of about 150 Miller units. Conversely, transduc-
ing the tester strain to moa resulted in an increase in SOS
induction of greater than threefold (540 Miller units) at 1 �g of
HAP/ml. Transducing a moa strain to rdgB resulted in a syn-
ergistic effect on SOS induction with increasing HAP, and the
moa rdgB double mutant displayed a fourfold increase in SOS
induction compared to the wild-type tester strain at only 0.4 �g
of HAP/ml. An rdgB strain showed a twofold increase in SOS
induction in the absence of HAP, as previously reported (6),
but the level of SOS expression was not increased in the pres-
ence of HAP. Transduction of these strains to nfi resulted in
reduced SOS induction for all strains and conditions tested
(Fig. 4A). This result suggests that the inability of nfi mutants
to incise HAP-containing DNA prevents the formation of a
DNA structure that signals SOS induction. In this assay, we

FIG. 3. Recombination frequencies of E. coli strains mutant for
suspected purine base analog-metabolizing enzymes upon HAP expo-
sure. Early-log-phase cells were exposed to various concentrations of
HAP for 1 h at 37°C. Each data point represents one bacterial culture.
Symbols: E, NEB123 (wild type); F, NEB124 (moa); �, NEB126 (moa
rdgB); ■ , NEB127 (moa nfi); ‚, NEB128 (moa rdgB nfi); Œ, NEB125
(rdgB); ƒ, NEB129 (rdgB nfi).

FIG. 4. (A) SOS induction of E. coli strains mutant for suspected
purine base analog-metabolizing enzymes upon HAP exposure. Mid-
log-phase cells were exposed to various concentrations of HAP for 1 h
at 37°C. (B) Expanded view of induction in three strains. Each data
point represents one bacterial culture. Symbols: E, NO120 (wild type);
F, NEB137 (moa); �, NEB139 (moa rdgB); ■ , NEB138 (moa nfi); ‚,
NEB140 (moa rdgB nfi); Œ, NEB134 (rdgB); ƒ, NEB135 (rdgB nfi).
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noted that the introduction of an nfi mutation did not com-
pletely restore SOS induction levels of moa mutants to wild-
type levels (Fig. 4B). In fact, there appeared to be a small
induction of the SOS response caused by HAP in nfi mutants.
This induction occurred at lower HAP concentrations in an
rdgB strain, as expected. This result suggests that there is some
other enzyme in E. coli that has the ability to incise HAP-
containing DNA, but it is either very inefficient or present at
very low levels.

HAP cytotoxicity of lexA3 mutants. RecA-activated self-
cleavage of the LexA repressor initiates the SOS response (14).
Subsequently, induction of the SOS response results in the
upregulation of dozens of DNA repair and damage tolerance
genes. A lexA3 mutant is incapable of self-cleavage, and lexA3
strains do not initiate the SOS response (14). Figures 5A and
B show that moa lexA3 mutants plated on a linear gradient of
HAP showed increased HAP sensitivity compared to moa mu-
tants. This suggests that induction of the SOS response is
essential for repair of HAP lesions. Furthermore, HAP gradi-
ent plates showed that inactivation of the endonuclease V gene
can dramatically reverse the extreme HAP-sensitive phenotype
of a moa lexA double mutant (Fig. 5C). Therefore, it appears
that in the absence of endonuclease V the need for an induced

SOS state is relieved for MGD-deficient strains in the presence
of HAP.

DSBR and replication fork reactivation. Processes of ho-
mologous recombination are known to protect cells against
DNA lesions (such as nicks in DNA) that can collapse repli-
cation forks (15, 18, 39). Homologous recombination processes
in E. coli are thought to be initiated by either single-stranded
gaps in DNA or by double-stranded ends. DSB repair (DSBR)
is known to utilize the RecBCD repair pathway, while the
recFOR gene products have been shown to initiate repair of
single-stranded gaps (1, 9, 24, 37, 55). Because we saw an
increase in recombination frequencies in moa mutants exposed
to HAP, we wished to determine if single-stranded gaps or
DSBs initiated recombinational processes. Therefore, we com-
pared the relative sensitivities of recBCD and recF mutant cells
plated on a linear gradient of HAP. HAP gradient plates
showed that moa recBCD mutants are extremely sensitive to
HAP and display a MIC of about 2 �g of HAP/ml, while moa
recF mutants are only slightly more sensitive to HAP than moa
mutants and these strains display MICs of about 10 and 15
�g/ml, respectively (Fig. 5A, B, and C). These results suggest
that exposure of moa strains to HAP results in DSBs, which
must be repaired by the RecBCD repair pathway.

FIG. 5. Gradient plate test for HAP sensitivity. The length of a line of cell growth is a measure of the strain’s resistance to HAP (MIC). (A) The
agar (50 ml) contained a total of 50 �l of a 5-mg/ml HAP solution distributed in a linear gradient increasing from left to right. The strains used
(top to bottom) were NEB21, NEB122, NEB152, NEB117, NEB118, NEB55, NEB119, and NEB120. (B) Same experiments as shown in panel A,
except that 100 �l of a 5-mg/ml HAP solution was used. (C) The agar (50 ml) contained a total of 250 �l of a 5-mg/ml HAP solution distributed
in a linear gradient increasing from left to right. The strains used (top to bottom) were NEB21, NEB117, JB43, NEB118, JB48, NEB55, JB42,
NEB119, and JB44. (D) The agar (50 ml) contained a total of 250 �l of a 5-mg/ml HAP solution distributed in a linear gradient increasing from
left to right. The strains used (top to bottom) were NEB122, NEB152, JB46, NEB120, JB47, and AB1157.
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Processing of double-strand ends by the recBCD gene prod-
ucts results in single-stranded 3�-terminated DNA that, when
bound by RecA, becomes a substrate for strand invasion of
sister duplex DNA (8). Strand invasion can result in a Holliday
junction, allowing DNA polymerases to traverse the region of
the DSB. Resolution of the Holliday junction can be achieved
by the RuvABC resolvase. Subsequently, loading of the repli-
cation restart primosome can restart replication (8). Because
of the intimate involvement of RecA and the RuvABC re-
solvase in DSBR, we investigated the relative HAP sensitivities
of moeA recA and moeA ruvC double mutants with that of a
single moeA mutant to further determine the importance of
DSBR for cell survival. The HAP gradient plates in Fig. 5A
and B show that both RecA and RuvC confer protection
against HAP killing, because moeA recA and moeA ruvC dou-
ble mutants displayed MICs of less than 2 �g/ml and roughly 4
�g/ml, respectively, compared to a MIC of 15 �g/ml for a
moeA strain. The more modest increase in HAP sensitivity for
moeA ruvC double mutants compared to that in the other
DSBR mutants can best be explained by the redundancy the
RuvABC resolvase and RecG DNA helicases, which can both
resolve Holliday junctions. The extreme sensitivity of the moeA
recA mutant underscores the dependence of homologous re-
combination and induction of the SOS response for survival of
MGD-deficient strains exposed to HAP. Due to incompatibil-
ity of available antibiotic resistance markers, we present
AB1157 derivatives carrying either a moa or a moeA mutation.
As we have shown in Fig. 5B and as reported by Schaaper and
colleagues, these strains show similar sensitivities to HAP (29).

Replication fork reactivation is another process involving
homologous recombination that can restart collapsed replica-
tion forks (10, 38, 49). Replication fork reactivation is directed
by the priA gene product, a DNA-binding protein and 3�35�
DNA helicase (38). PriA recognizes D-loops, the initial struc-
ture created by RecA- and RecBCD-mediated strand invasion
of sister duplex DNA. Binding of PriA to the D-loop leads to
the formation of a PriA–PriB–DnaT–D-loop complex that fa-
cilitates assembly of the primosome and subsequent replication
fork reactivation (38). Because we suspected the accumulation
of DSBs resulting from replication forks traversing endonucle-
ase V-nicked HAP-containing DNA to be the lethal event in
HAP toxicity, we suspected replication restart mutants to be
extremely HAP sensitive. PriA is essential for replication fork
reactivation (10). Therefore, we investigated the relative HAP
sensitivity of a moa priA double mutant compared to that of a
single moa mutant. We found that moa priA double mutants
were extremely HAP sensitive and displayed a MIC of less than
2 �g/ml compared to a MIC of 15 �g/ml for moa mutants (Fig.
5A). These data suggest that replication restart plays an im-
portant role in cell survival upon HAP exposure and that
replication forks encounter an increased number of lesions
that lead to replication fork collapse when HAP is not detox-
ified in vivo.

Inactivation of the endonuclease V gene rescues the extreme
HAP-sensitive phenotype of DSBR and replication fork reac-
tivation mutants. Transduction of recBCD, recA, ruvC, and priA
mutants in an MGD-deficient background to nfi resulted in a
significant reversal of the HAP-sensitive phenotype for all
strains tested (Fig. 5C and D). Transducing moa recBCD to nfi
resulted in a rescue of HAP sensitivity, and this strain dis-

played a MIC of about 40 �g/ml, which is about a 20-fold
rescue in HAP sensitivity compared to a MIC of about 2 �g of
HAP/ml for moa recBCD cells. Transducing moa priA double
mutants to nfi resulted in a rescue of HAP sensitivity, and this
strain displayed a MIC of about 30 �g/ml. Compared to the
MIC of less than 2 �g/ml displayed by a moa priA strain, the
triple mutant showed at least a 15-fold rescue in HAP sensi-
tivity. Plating moeA recA nfi triple mutants on a 50-�g/ml HAP
gradient plate resulted in a MIC of about 25 �g/ml. This is at
least a 10-fold decrease in sensitivity compared to a moeA recA
strain, which shows a MIC of less than 2 �g/ml. Therefore, the
moeA recA mutant showed a slightly more modest rescue of
HAP sensitivity. This can probably best be explained by the
ubiquitous role of RecA in all homologous recombinational
processes and its role in induction of the SOS response. Trans-
ducing a moeA ruvC strain to nfi resulted in a MIC about 40
�g/ml. Comparing this triple mutant to a moeA ruvC double
mutant, which displayed a MIC of 4 �g/ml, we observed a
10-fold rescue of HAP sensitivity. Finally, a moa recF nfi triple
mutant showed no HAP sensitivity under the conditions tested,
as expected if RecF is not required for HAP-induced recom-
bination. These results support the idea that the initiation of
repair of HAP lesions by endonuclease V can lead to cell death
by the accumulation of DSBs in DNA that could occur when
replicative polymerases traverse endonuclease V-nicked DNA.

DISCUSSION

The experiments presented in this paper lead us to propose
a model for a system that prevents incorporation of HAP into
DNA at three different points in nucleic acid metabolism (Fig.
6). At the level of free base, a yet-unidentified molybdoen-
zyme(s) is responsible for converting HAP into a nontoxic
substance via an unknown detoxifying reaction, as shown by
Kozmin et al. (29) and the results presented in this paper. To
date, nine E. coli molybdoenzymes have been described, many
of which display activity only under anaerobic conditions and
therefore are unlikely to possess the HAP-detoxifying activity
we saw under our aerobic experimental conditions. Several
strains bearing mutations in genes for putative HAP-detoxify-
ing molybdoenzymes have been tested by our laboratory and
the Schaaper laboratory (29), and they show no increase in
HAP sensitivity compared to their isogenic wild-type parental
strains. These include strains bearing mutations in genes that
encode the dimethyl sulfoxide reductase, trimethylamine-N-
oxide reductase, and biotin sulfoxide reductase (29). Clement
and Kunze have shown that mammalian xanthine oxidase is
capable of converting HAP to adenine (5). Homology searches
of the E. coli genome for xanthine oxidase reveal three open
reading frames with sequence similarity to mammalian xan-
thine oxidases (33). These data suggest that one or more of the
three potential xanthine oxidases could be candidates for the
HAP detoxification activity. Our lab has constructed an E. coli
strain in which all three putative xanthine oxidase genes have
been inactivated, and this strain shows no HAP sensitivity
(data not shown). Although all the known E. coli molybdoen-
zymes have not been tested, the best candidates have been
tested, and the identity of the HAP-detoxifying molybdoen-
zyme(s) still remains unknown.

In the absence of the detoxifying molybdoenzyme(s), HAP
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apparently can enter the nucleotide pools by conversion to
HAP-monophosphate (HAPMP) by at least one of the purine
phosphoribosyltransferases. Subsequently, it appears that
HAPMP can be a substrate for AMP kinase. HAP-diphosphate
would then follow the general pathway of 2�-OH reduction by
ribonucleotide diphosphate reductase and phosphorylation by
nucleoside diphosphokinase, resulting in dHAPTP (62). Struc-
ture-based identification of the RdgB homolog in M. jann-
aschii, Mj0226, and biochemical studies of the protein have
shown Mj0226 to be a deoxyribonucleotide triphosphate pyro-
phosphatase having substrate specificity for noncanonical pu-
rine nucleoside triphosphates (26). Our data suggest that
RdgB is capable of efficiently hydrolyzing dHAPTP. Surpris-
ingly, Chung et al. have reported that Mj0226 displays a sub-
strate specificity for dHAPTP that is at least 1,500-fold less
than that for xanthine triphosphate (XTP), at least 1,000-fold
less than that for dITP, and actually lower than that for dGTP
(4). However, in our hands, the pyrophosphatase activity of
RdgB against GTP can be significantly inhibited by addition of
HAP to the reaction (unpublished results). Our inhibition re-
sults suggest that dHAPTP may be a good substrate for the
RdgB protein. Furthermore, mutants of the Saccharomyces

cerevisiae homolog, HAM1, show hypersensitivity to HAP and
HAP hypermutability, again suggesting that dHAPTP is a sub-
strate for RdgB and its homologs (42, 43). The discrepancy
between our results and those of Chung et al. suggests that the
substrate specificity of RdgB and its homologs needs to be
reinvestigated.

Should HAP be incorporated into replicating DNA, it would
become a substrate for endonuclease V. Inactivation of the
endonuclease V gene shows an almost complete reversal of the
sensitivity, hyperrecombinogenic, and SOS-induced pheno-
types of moa and moa rdgB mutants exposed to HAP, but it
results in a dramatic increase in mutational frequencies upon
HAP exposure. These results indicate that endonuclease V is
the major enzyme that recognizes HAP in DNA and initiates
repair of these lesions. Endonuclease V-initiated repair may be
a slow process, resulting in long-lived repair intermediates that
would be capable of both providing substrates for recombina-
tional repair and inducing the SOS response. It is interesting
that the repair intermediates generated by endonuclease V
nicking at HAP lesions are the direct cause of the HAP-sen-
sitive, hyperrecombinogenic, and SOS-induced phenotypes of
moa and moa rdgB strains. Therefore, endonuclease V nicking
of HAP, which is nontoxic, results in a potentially toxic lesion.

There are two interesting distinctions between E. coli and S.
cerevisiae that should be noted here. First, S. cerevisiae HAM1
mutants show hypersensitivity to HAP, whereas E. coli rdgB
mutants show no HAP sensitivity (42). This may suggest that in
E. coli the detoxifying activity of RdgB is backup to the mo-
lybdoenzyme detoxifying activity with respect to HAP, in con-
trast to yeast where the HAM1 protein is the major HAP
detoxifying enzyme. Secondly, S. cerevisiae, which does not
possess an endonuclease V homolog, shows no increase in
recombination when exposed to HAP (43). This result further
supports that endonuclease V in E. coli recognizes HAP resi-
dues in DNA and that the initiation of repair by endonuclease
V promotes recombination.

Endonuclease V nicks the lesion-containing DNA strand at
the second phosphodiester bond 3� to the lesion (58). An
endonuclease V-initiated repair event has the potential to re-
sult in a DSB if a replication fork traverses an endonuclease
V-nicked lesion. Results presented here demonstrate that ex-
posure of MGD-deficient strains to HAP results in an increase
of endonuclease V-sensitive sites in DNA, which can lead to
DSBs that must be repaired by the RecBCD repair pathway.
Recombinational repair intermediates processed by the
RecBCD complex can resume DNA replication via DSBR and
replication fork reactivation (8, 10, 38, 49).

The results presented here are very similar to the results
reported by Guo and Weiss (17). They showed that an nfi
mutant was more resistant to nitrous acid than wild type and
suggested that endonuclease V could create DSBs by acting on
deaminated bases. Our results are also similar to those of Spek
et al. (53, 54). They presented data showing that AP endonu-
clease-deficient cells can be protected from NO� toxicity by
inactivation of uracil (Ung) or formamidopyrimidine (Fpg)
DNA glycosylases. Their data showed that the activity of these
DNA glycosylases on NO�-induced base damage resulted in the
accumulation of base excision repair intermediates that are
capable of causing DSBs and subsequently require the action
of RecBCD for DSBR (53, 54). Taken together, these studies

FIG. 6. Model for excluding HAP and endogenous purine base
analogs from DNA. Symbols: H 
 HAP, N 
 any base.
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show that processes that repair and prevent lesions in DNA
require a coordinated repair scheme, and deficiencies in the
processes that maintain genomic integrity can result in cell
death.

It is currently unknown what cellular components are in-
volved in processing repair intermediates resulting from endo-
nuclease V nicking of DNA. Endonuclease V activity at HAP
residues would merely nick the lesion-containing DNA strand
one base 3� of the HAP residue. Therefore, it seems reason-
able that a 3�35� exonuclease would be needed to remove the
lesion from DNA (20). Alternatively, endonuclease V could
recruit another endonuclease to cleave the lesion-containing
strand 5� of the lesion. Either scenario would additionally
require DNA polymerase I and DNA ligase (20).

Our results beg the question, what is the biological signifi-
cance of this pathway? E. coli in its natural environment would
not be expected to encounter very much HAP, if any at all.
Indeed, it seems unreasonable that the need to sanitize purine
pools of HAP or dHAPTP is so great that a system would
evolve simply for that purpose. Furthermore, homology
searches with the RdgB and endonuclease V amino acid se-
quences reveal that this system is evolutionarily conserved
throughout phylogeny, from bacteria to humans (26, 28, 30,
34). Therefore, we propose that this system has evolved to
exclude endogenous purine base analogs, such as dITP and
dXTP, from replication precursor pools and DNA. IMP and
XMP are both intermediates in the biosynthesis of dATP and
dGTP and therefore may be present in cells in appreciable
quantities (62). Spontaneous deamination of adenine and gua-
nine bases, nucleosides, and nucleotides also can lead to the
production of hypoxanthine and xanthine bases, nucleosides,
and nucleotides, respectively, in vivo (51, 52). Several lines of
evidence support our model. Chung et al. have shown that the
best substrates for Mj0226 are XTP and dITP and that these
substrates, respectively, display substrate specificities that are
at least 150- and 100-fold greater than the best canonical pu-
rine nucleotide, GTP (4). They also report that RdgB (Ec197)
shows a 65-fold-greater activity against dITP than dGTP (4).
Similarly, the human homolog, human ITP pyrophosphatase,
shows pyrophosphatase activity against dITP and XTP that is
about 10-fold better than the activity against dGTP (34). These
results suggest that RdgB and its homologs are responsible for
removing these endogenous purine nucleotide triphosphates
from purine pools. The Kow laboratory has shown that endo-
nuclease V is active against deoxyinosine and deoxyxanthosine
residues in double-stranded DNA (20, 60). Clyman and Cun-
ningham reported that an rdgB strain shows elevated levels of
recombination and is partially induced for the SOS response
(6). In this paper we have shown that transducing an rdgB
strain to nfi results in a decrease in the SOS-induced and
hyperrecombinogenic phenotypes to near wild-type levels in
the absence of HAP (Fig. 3 and 4A). Taken together, these
results strongly suggest that endogenous noncanonical de-
oxynucleotide triphosphates persist in the cell when RdgB is
absent, that these deoxynucleotide triphosphates are incorpo-
rated into DNA, and that they are substrates for endonuclease
V. Subsequently, endonuclease V nicking at these residues
leads to the observed phenotypes in the absence of HAP.
Figure 6 shows that our model for the detoxification of endog-
enous purine base analogs is similar to the model for HAP

detoxification. This model is an extension of the models pro-
posed by Noskov et al. (42) and Kow (28).

This study has shown that a system exists in E. coli to help
cells cope with the exogenous purine base analog HAP and
suggests that the system has been conserved throughout phy-
logeny to remove endogenous purine base analogs from purine
nucleotide pools and to excise endogenous purine base analogs
that have been incorporated into DNA by replicative poly-
merases.

The system we have described is similar to two other systems
that prevent the incorporation of uracil and 8-oxoguanine into
DNA. In these systems, the deoxyribonucleotide triphosphate
pool is sanitized through the action of dUTPase (23) and the
MutT protein (2), respectively. If uracil or 8-oxoguanine is
incorporated into DNA, it is removed by the repair enzymes
uracil-DNA glycosylase (31) and the MutM protein (fapy-
DNA glycosylase) (16), respectively. In both cases it appears
that the presence of dUTP and 8-oxoguanine triphosphate is
significant in the cell, and it is known that the incorporation of
these nucleotides into DNA by polymerases occurs readily (16,
31). The fact that cells have a similar system for purine base
analogs suggests that the occurrence of base analog nucleo-
tides is widespread and that these nucleotides are easily incor-
porated into DNA by replicative polymerases.
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