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metabolism in Escherichia coli
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Summary

RdgB is a bacterial ANTPase with a strong in vitro preference for non-canonical DNA precursors
dHapTP, dXTP and dITP that contain deaminated or aminogroup-modified purines. Utilization of
these nucleotides by replisomes in rdgB mutants of E. coli produces modified DNA, on which
EndoV-nicking near the base analogs initiates excision repair. Some EndoV-initiated excision
events cause chromosomal fragmentation, which becomes inhibitory if recombinational repair is
also inactivated (the rdgB recA co-inhibition). To reveal the sources and the identities of the non-
canonical DNA precursors, intercepted by RdgB in E. coli, we characterized 17 suppressors of the
rdgB recA co-inhibition. Ten suppressors affect genes of the RNA/DNA precursor metabolism,
identifying the source of non-canonical DNA precursors. Comparing chromosomal fragmentation
with the density of EndoV-recognized DNA modifications distinguishes three mechanisms of
suppression: 1) reduction of the non-canonical dNTP production; 2) inhibition of the base analog
excision from DNA,; 3) enhancement of the cell tolerance to chromosomal fragmentation. The
suppressor analysis suggests IMP as the key intermediate in the synthesis of the clastogenic DNA
precursor, most likely dITP.
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Introduction

Rare non-canonical DNA precursors are used by DNA polymerases (Bessman et al., 1958),
resulting in DNA containing base analogs, such as uracil, hypoxanthine,
hydroxylaminopurine or 8-oxo-guanine, all subject to removal by excision repair. Excision
repair goes through the obligate intermediate with a single-stranded interruption (Friedberg
et al., 2006). It is proposed that, in growing cells, such single strand interruptions are
occasionally encountered by replication forks, causing chromosomal fragmentation
(Kouzminova & Kuzminov, 2006, Kuzminov, 2001). The cell employs recombinational
repair of double-strand breaks, mediated by RecA, RecBCD and RuvABC in Escherichia
coli (Kuzminov, 1999), to reassemble chromosomes fragmented as a result of base analog
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incorporation and subsequent excision (Bradshaw & Kuzminov, 2003, Burgis et al., 2003,
Kouzminova & Kuzminov, 2004, Lukas & Kuzminov, 2006, Ting et al., 2008).

The non-canonical nucleotides, which contain deaminated and aminogroup-modified purine
bases (hypoxanthine, xanthine and 6-N-hydroxylaminopurine (Fig. 1)), are either shown or
suspected to incorporate during replication and increase the frequency of single strand repair
interruptions in the chromosomal DNA (Abdul-Masih & Bessman, 1986, Bessman et al.,
1958, Burgis et al., 2003, Myrnes et al., 1982, Piccirilli et al., 1990, Thomas et al., 1979).
All three base analogs are actively removed from DNA in E. coli by excision repair initiated
by endonuclease V (EndoV) (Burgis et al., 2003, He et al., 2000, Yao et al., 1994, Yao &
Kow, 1995). To reduce the frequency of excision, the cell intercepts the corresponding
deoxyribonucleoside triphosphates with the help of a specialized dNTPase, called RdgB in
E. coli, HAML1 in yeast, and ITPA in humans (Bradshaw & Kuzminov, 2003, Burgis &
Cunningham, 2007, Chung et al., 2002, Hwang et al., 1999, Kozmin et al., 1998, Lin et al.,
2001, Noskov et al., 1996)). Although in E. coli, hydroxylaminopurine incorporation is
primarily reduced by molybdoenzymes (Burgis et al., 2003, Kozmin et al., 2000, Kozmin &
Schaaper, 2007), the RdgB enzyme of E. cali is highly specific towards non-canonical
nucleotides containing not only hypoxanthine and xanthine, but also hydroxylaminopurine
(Burgis & Cunningham, 2007, Chung et al., 2002), and the structural basis of this specificity
has recently been determined (Savchenko et al., 2007). In the absence of the RdgB enzyme,
E. coli cells accumulate EndoV-recognized modifications in its DNA (Bradshaw &
Kuzminov, 2003, Budke & Kuzminov, 2006), supposedly leading to a higher density of
EndoV nicking and elevated chromosomal fragmentation. Rec+ cells can repair the resulting
double-strand breaks, but the recA mutants cannot, which results in the rdgB recA co-
inhibition (Bradshaw & Kuzminov, 2003, Clyman & Cunningham, 1987, Lukas &
Kuzminov, 2006). The poisoning of the double mutant is due to the nfi gene-coded EndoV,
because the rdgB recA nfi triple mutant grows at the wild type rates and with no signs of
chromosomal fragmentation (Bradshaw & Kuzminov, 2003). In addition to the complete
suppression of the rdgB recA co-inhibition by the nfi inactivation, both strong and weak
non-nfi suppressors could be also isolated that were suspected to act by reducing the
incorporation of EndoV-recognized DNA modifications (Jill Bradshaw, Scott Horrell and
A.K., unpublished).

In this work we systematically isolated and characterized these non-nfi suppressors of the
rdgB recA co-inhibition with the purpose of revealing the sources and identities of the non-
canonical DNA precursors, intercepted by RdgB. Since nucleotides with deaminated and
aminogroup-modified purine bases can readily form in vitro as a result of chemical (Shapiro
& Pohl, 1968) or enzymatic (Clement & Kunze, 1990) oxidation, they could similarly form
in vivo as a result of metabolic oxidation. Alternatively, they could be spurious by-products
of normal nucleotide metabolism. The enzymatic activities inactivated by the non-nfi
suppressors of the rdgB recA co-lethality should distinguish between the two ideas. If these
suppressors inactivate the genes involved in production or handling of strong oxidizers in
the cell, this would argue in favor of metabolic oxidation as the source of the non-canonical
DNA precursors, intercepted by RdgB. Alternatively, if the non-nfi suppressors inactivate
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various genes involved in the RNA and DNA precursor production, this would argue that the
non-canonical DNA precursors are byproducts of the normal nucleotide metabolism.

Results

Rationale and expectations

The current knowledge of the nucleotide metabolism in E. coli, of the RdgB in vitro
substrates, and of the EndoV-initiated excision (Burgis & Cunningham, 2007, Kow, 2002,
Neuhard & Nygaard, 1987) can be assembled in a multistep model that explains the severe
growth inhibition of the rdgB recA(Ts) mutants at the non-permissive temperatures as being
ultimately the result of accumulation of unrepaired double-strand DNA breaks (Fig. 1). The
model predicts several steps at which the rdgB recA growth inhibition could be suppressed:
1) inactivation of spurious oxidation/deamination of the canonical DNA precursors or
inactivation of genes of normal nucleotide metabolism; 2) activation of alternative
interceptors of the non-canonical dNTP; 3) inactivation of base analog excision from DNA,;
4) decelerating replication or accelerating excision repair; 5) ameliorating the recA defect
(we used a point mutation resulting in a temperature-sensitive RecA protein); 6) tolerance to
clastogenesis. In addition, since the three base analogs use distinct set of enzymes to become
nucleotides (Fig. 1, top), the identity of suppressors in the nucleotide metabolism may point
to a particular base analog that is intercepted by RdgB in the dNTP form.

Suppressors of rdgB recA(Ts)

To isolate suppressors, we conducted insertional mutagenesis of the rdgB recA(Ts) double
mutant and plated the mutagenized cells at the non-permissive temperature, analyzing the
survivors. Most of the suppressors restored growth of the rdgB recA(Ts) double mutant at
42°C partially, while a few of them, like inactivations of hpt, suppressed completely, as
judged by the close match between 30°C and 42°C titers (Fig. 2A). A total of 16 genes were
inactivated two or more times, the nfi gene being the champion with 18 hits. Although some
of the mutations that were isolated only once were likely to be real suppressors (especially
those that belonged to metabolism of DNA or DNA precursors), we further characterized
only mutants that were isolated more than once (Table 1). The complete list of isolated
suppressors can be found in Table S4.

To further characterize the inactivational suppressors that were isolated at least twice, we
constructed precise deletions of the corresponding non-essential genes, with removal of the
drug-resistance markers. In most cases the precise deletions suppressed as well as the
original pRL27 inserts, but there were a few exceptions. In contrast to the weakly
suppressing pRL27 insertions into putP, a complete deletion of the gene did not suppress,
suggesting that either suppression required the parts of the proteins upstream of the inserts
or that a neighboring gene was involved (likely putA, whose precise deletion did suppress).
A precise deletion of yecT also did not suppress; however, we expected this result, as all
three pRL27 “yecT” inserts were, actually, in the intergenic region between argSand yecT,
upstream of yecT and co-directional with it. Yet, neither deleting the argS-yecT intergenic
region, nor raising the yecT+ copy number by cloning it onto a multicopy plasmid (Table
S3) suppressed the rdgB recA inhibition. The gInG suppression turned out to be an artefact
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of our calculation of the suppression as a ratio of 42°C titer to 30°C titer — the AgInG
mutation did not increase the 42°C titer of the rdgB recA(Ts) mutant, but it did decrease its
30°C titer, which made it appear as a suppressor. The removal of putP, yecT and gInG
mutants shortened the list of “suppressors to characterize” to 13. Finally, since the
ArpoC::cat construct suppressed slightly better than the ArpoC construct from which the cat
gene was removed, we show only results with the former in the major analyses, but with the
latter in the epistatic analysis, where weaker individual phenotypes increase resolution.

Of the thirteen suppressor genes, two are involved in the DNA metabolism (nfi and,
tentatively, yrdD), whereas seven can be classified as genes of the DNA precursor
metabolism (dgt, tdk, hpt, purR, deoD, deoB, and gmk). We also isolated suppressors in
genes that were hard to classify (dusB, hdfR, putA, and rpoC). Two of the genes on the list,
gmk (Baba et al., 2006) and rpoC, are essential, with pRL27 inserts landing in the very end
of the gene (rpoC) or just outside the termination codon (gmk). For mutations in rpoC, we
deleted the part of the gene from the place of the earlier insert, which removed the last 138
bp of the gene. For gmk, we constructed an antidirectional cat insertion 44 bp downstream of
the stop codon to mimic the antisense effect of pRL27 inserts. Both the partial rpoC deletion
and the gmk antisensing construct still suppressed.

In addition to insertional suppressors, we also identified multicopy suppressors of the rdgB
recA(Ts) co-inhibition. One of the most frequently isolated suppressors in this category was
the purA+ gene, previously identified as an rdgB recA multicopy suppressor (Clyman &
Cunningham, 1991). We also identified yjj X+, rnb+ and nepl+ as multicopy suppressors.
Multicopy suppressors were confirmed by inactivating the suspected suppressor gene with a
partial deletion (Table S3); none of these inactivated plasmids suppressed the rdgB recA(Ts)
inhibition at 42°C. All 17 of the constructed mutants and multicopy suppressors were
characterized with several assays that allowed us to sort them into three separate groups.

of the suppressed strains

Although our original rdgB recA(Ts) double mutant almost fails to grow at 42°C, it is not
truly co-lethal, but rather shows a severe synthetic inhibition. While suppression of synthetic
lethality can be quantified simply by the colony forming unit titer of the suppressed strains,
quantifying the degree of suppression of a co-inhibited combination requires a more
sophisticated approach. We quantified the degree of growth inhibition in the double mutant
at 42°C, as well as acceleration by each of our suppressor mutants in the ArdgB62
recA200(Ts) background by the assay that we originally developed for the pta recBC(Ts)
co-inhibited strains (Shi et al., 2005). This is an integral assay for both viability and the rate
of growth (Fig. 2B) that shows more than 100,000-fold difference between the wild type and
the double mutant (Fig. 2C, the left two bars).

From this analysis, we can distinguish three classes of suppressors (Fig. 2C). The deletions
that enhance growth of the double mutant almost to the wild type levels (10,000-100,000-
fold), besides the nfi positive control, are deoD, hpt, deoB and hdfR. The multicopy
suppressors yjjX+, rnb+ and purA+ are also strong suppressors. Suppressors with
enhancement in the 1,000-10,000 range are the nepl+ multicopy, the gmk<—cat antisense
construct, as well as AyrdD and AdusB. Finally, the mutations that confer less than 1,000-
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fold growth enhancement are deletions of tdk, rpoC (the very 3’-terminus), purR, dgt, and
putA (Fig. 2C). The mere 3-fold growth enhancement of the double mutant by the weakest
suppressor putA is an evidence of sensitivity of our suppressor analysis.

If the inactivation of a suppressor gene works by alleviating the burden of chromosomal
fragmentation in rdgB mutants, then overproducing the corresponding gene should make the
ArdgB62 recA200(Ts) cell sicker at elevated temperatures (supposedly via increased
chromosomal fragmentation). We mildly overexpressed genes nfi, deoB, deoD, hpt, dgt,
purR, and tdk, whose inactivation suppressed rdgB recA(Ts) most frequently, by cloning
them with their native promoters on a low-copy number vector. Indeed, the rdgB recA(Ts)
inhibition at 42°C in the presence of the resulting plasmid was 200-times stronger (Fig. 2D),
verifying the nature of the most frequent suppressors. Also consistent with the deleterious
effect of the inactivated genes, we were unable to introduce a high copy humber plasmids
containing the same genes into the rdgB recA(Ts) double mutant without some of the genes
being inactivated. Originally, we hoped that additional copies of the most frequently
inactivated genes would allow us to concentrate on isolation of less frequent suppressors.
However, the plasmid made the double mutant so sick that, after its introduction, we could
not isolate any suppressors at all, even if we lowered the incubation temperature to 40°C.

The “missing” suppressors

If one looks at the pathways of xanthine (X) and hypoxanthine (H) conversion into GMP
and AMP (Seeger et al., 1995, Zalkin & Nygaard, 1996) (Fig. 3A), it is striking how the
isolated deoD, hpt and pur A+++ suppressors all point to IMP as the critical intermediate in
the biosynthesis of clastogenic precursor, intercepted by RdgB. To make sure that we were
not missing the “XMP” side of the story due to some technical reasons, we introduced the
corresponding changes on the xanthine part of the scheme, AxapA, Agpt and guaA+++
(together with guaB+++) (Fig. 3A) (Seeger et al., 1995, Zalkin & Nygaard, 1996), into the
rdgB recA(Ts) double mutant and tested its growth at 42°C relative to 30°C. We found that
AxapA and guaAB+++ had no effect on the growth inhibition, while both Agpt and guaB+++
alone inhibited the double mutant even further (Fig. 3B). We conclude that XMP is not an
intermediate in the biosynthesis of RdgB-intercepted clastogenic precursor.

Suppression and the slow growth

Although none of the isolated suppressors significantly slowed down growth of otherwise
wild type cells, we still considered the trivial possibility that inhibition of the rate of growth
of the double mutant could enhance its growth at 42°C by allowing more time for damage
repair (Fig. 1, situation #4). Interestingly, slowing down cells with low concentrations of
chloramphenicol (Fig. 3C) or in minimal media supplemented with fewer aminoacids or
with glycerol as a carbon source (Fig. 3D) did enhance growth of the double mutant at 42°C.
The maximal growth enhancement was 6-fold with chloramphenicol and up to 9-fold with a
poorer media, so it could have explained the weakest suppressors we have isolated, putA, dgt
and purR (compare with Fig. 2C). However, the same concentration of chloramphenicol or
poor medium also inhibited growth of the wild type control up to 10,000-fold (Fig. 3CD),
whereas such a dramatic inhibitory effect was never observed for any of our suppressor
mutants. Besides, if it were simply slow growth that suppressed the rdgB recA coinhibition,
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we should have isolated all kinds of mutants in the central metabolism that make cells grow
slowly. Instead, the three weakest suppressors were isolated repeatedly (Table 1). We
conclude that slow growth alone cannot explain even the weakest suppressors of the rdgB
recA co-inhibition that we have isolated.

Suppression of rdgB recA(Ts) is not due to suppression of recA(Ts) alone

Although the DNA repair defect of ArecA mutation cannot be suppressed, we were using a
point mutation allele (recA200) which, theoretically, could have been partially suppressed
by metabolic changes, explaining the enhanced growth of the rdgB recA(Ts) double mutant
at 42°C. To address the possibility that some of the suppressors ameliorate the
recombinational repair defect of the recA(Ts) mutation (Fig. 1, situation #5), we quantified
the UV sensitivity of each suppressor in the recA200(Ts) background at 42°C. We found
that all of the suppressors were at least as UV sensitive as recA200(Ts) alone at 42°C, with
several mutants being marginally more UV-resistant, while some other mutants being
somewhat more UV-sensitive (Fig. 4A). Although the difference in survival after this dose
of UV between the most resistance and the most sensitive suppressors was almost 40-fold,
the UV-resistance had no correlation with suppression of the growth defect (Fig. 4B),
indicating that none of our suppressors acted to ameliorate the recA(Ts) defect.

Epistatic analyis of weak suppressors

To reveal how many independent pathways the weak suppressors represent, we ran epistatic
analysis by combining the putA, rpoC, dgt, purR and tdk mutations pairwise in the rdgB
recA background and comparing the resulting enhancement of growth with the one by the
corresponding single mutants, as well as with the expected products of single mutant’s
effects (Fig. 5). To our surprise, we found no clear epistasis between any two of the
mutations, indicating that all the five protiens operate in independent pathways. The only
possible (partial) epistasis is shown by the dgt tdk combination, which would make sense, as
both tdk (codes for thymidine kinase) and dgt (codes for dGTP hydrolase) belong to the
nucleotide metabolism. The effects of the other nine double mutant combinations were of
two types: either synergistic (exceeding the multiplicative expectation) or multiplicative.
Interestingly, all combinations of purR with other defects, with the exception of tdk, lead to
the strongly synergistic effect on viability (Fig. 5A), suggesting independent pathways that
strongly expand if the other of the pair is mutated. The three pairwise combinations between
putA, rpoC and dgt produced either minor synergistic effects or just additive (multiplicative)
effect (Fig. 5B), suggesting independent and weakly- or non-expanding pathways. Finally,
all four combinations with tdk were strictly additive or even mildly epistatic, suggesting
independent non-expanding pathways (Fig. 5C). Thus, epistatic analysis failed to reveal
strong grouping among the five weak suppressors, with the exception of dgt and tdk.

Chromosomal fragmentation

A major detectable consequence of the rdgB mutation is increased chromosomal
fragmentation due to double-strand DNA breaks (DSBs) (Kouzminova et al., 2004, Lukas &
Kuzminov, 2006). These DSBs are detected in the double rdgB recBC(Ts) mutant as linear
subchromosomal fragments that migrate into the lanes during pulsed-field gel
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electrophoresis, while intact circular chromosomes remain in the plugs (Fig. 6A) (Bradshaw
& Kuzminov, 2003, Kouzminova et al., 2004). Chromosomal fragmentation is about twice
as high at 37°C in the rdgB recBC(Ts) double mutant compared to recBC(Ts) alone, over
the wild type level (Fig. 6B). This fragmentation is a consequence of increased EndoV-
initiated removal of modified bases from the rdgB mutant, since at 37°C, the nfi rdgB62
recBC(Ts) triple mutant has the same level of chromosomal fragmentation as the recBC(Ts)
single mutant (Fig. 6B). If chromosomal fragmentation is the killer of the rdgB recA
mutants, then the only expected suppressors are those that decrease fragmentation
commensurate with the degree of their suppression. If chromosomal fragmentation is not the
proximal poison, then there would be suppressors that did not decrease fragmentation
(suppression by tolerance to double-strand breaks).

We tested all isolated suppressors in the chromosomal fragmentation assay and found that
they belong to three categories depending on the extent of suppression (Fig. 6B). Mutations
in yrdD, putA and gmk<—cat, as well as overproduction of purA+, yjjX+, nepl+ and rnb+
reduced fragmentation to the level around the recBC(Ts) single mutant, behaving like the nfi
suppressors. Mutations in deoD, hpt, dusB and hdfR reduced fragmentation to intermediate
levels. Finally, mutations in deoB, purR tdk, rpoC::cat and dgt did not change the
fragmentation level (Fig. 6B). Plotting growth of the suppressed mutants versus their
chromosomal fragmentation reveals two groups of suppressors (Fig. 6C), which coincide
with the expectations (see above). In the group that we call “tolerance to DSBs”
chromosomal fragmentation stays at the level of the negative control. In the group
“prevention of DSBs” the degree of suppression correlates with the decrease in
chromosomal fragmentation, apparently reflecting the corresponding gene’s contribution to
the production of clastogenic DNA precursors that become EndoV-recognized DNA
modifications when incorporated into DNA, or to their subsequent repair.

Density of EndoV-recognized DNA modifications

To identify suppressors that reduce the amount of the non-canonical DNA precursors that
RdgB intercepts, we measured the density of endonuclease V-recognized DNA
modifications in supercoiled plasmid DNA extracted from suppressor mutant strains in the
ArdgB62 background using an in vitro assay. EndoV initiates excision repair of
hypoxanthine, xanthine (He et al., 2000, Yao & Kow, 1997) and, presumably, HAP (Burgis
et al., 2003), by introducing a nick near the modified nucleotide. The supercoiled plasmid
species were separated from relaxed plasmid by agarose gel electrophoresis, and the relative
amounts of each were quantified after hybridization (Fig. 7A). The resulting relaxation is
taken as measurement of the density of EndoV-recognized modifications in DNA, isolated
from a particular strain.

This EndoV-sensitivity assay has demonstrated previously that rdgB mutants accumulate

modified bases in their DNA (Bradshaw & Kuzminov, 2003, Budke & Kuzminov, 2006).
Suppressor mutations that reduce the levels of modified nucleotides in the DNA precursor
pools should reduce the amount of EndoV-recognized modifications in the DNA of rdgB

mutants. On the other hand, suppressors that interfere with removal of the modified bases
from DNA should have at least as many or even more EndoV-recognized DNA
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modifications as a single rdgB mutant, as for example observed for the nfi suppressors
(Bradshaw & Kuzminov, 2003, Budke & Kuzminov, 2006). Both types of suppressor
mutations are expected to have greater viability than the rdgB recA double mutant and
reduced chromosomal fragmentation compared to the rdgB62 recBC double mutant. Finally,
suppressors that speed up the rate of DNA repair in lieu of increased EndoV activity are also
possible, — these should have extremely low densities of EndoV-recognized DNA
modifications.

The EndoV in vitro assay was used to quantify the amount of modified bases in plasmid
DNA extracted from the selected suppressors. Mutations in hpt, deoB, dusB, hdfR, anti-
sensing of gmk, as well as high copy number of purA+, yjjX+ and rnb+ decrease the levels
of EndoV-recognized DNA modifications and, therefore, must lower the amount of non-
canonical nucleotides in the DNA precursor pool, indicating that the corresponding enzymes
participate in their generation or, in case of overproduction, in their utilization/hydrolysis
(Fig. 7B). Mutations in deoD, purR, dgt and tdk do not change or slightly increase the level
of EndoV-sensitivity of DNA from that of the rdgB single mutant (Fig. 7B). Finally, in
addition to the nfi suppressor, which accumulates more EndoV-recognized DNA
modifications, deletions of putA, rpoC and yrdD, as well as increased copy number of nepl
+, elevate the amount of EndoV-recognized DNA modifications, suggesting that these
suppressors decrease the modified base excision.

The two groups of suppressors are clearly separated by the “growth-versus-EndoV-
sensitivity” analysis (Fig. 7C). In the “Reduction in EndoV-sensitivity” group, made mostly
of stronger suppressors, the degree of suppression correlates with decrease in EndoV-
sensitivity. In the “Reduction in excision” group, represented by both strong and weak
suppressors, the degree of suppression correlates with increase in EndoV-sensitivity.

Discussion

RdgB is a bacterial ANTPase with a strong in vitro preference for dHapTP, dXTP and dITP
(Bradshaw & Kuzminov, 2003, Burgis & Cunningham, 2007, Chung et al., 2002). In rgdB
mutants, these non-canonical DNA precursors with deaminated or aminogroup-modified
purines are utilized by DNA polymerases, while excision of the corresponding base analogs
from DNA is initiated by EndoV-nicking (Burgis et al., 2003, He et al., 2000, Yao et al.,
1994, Yao & Kow, 1995). This excision repair, by still unknown mechanisms, is translated
into chromosomal fragmentation, which becomes inhibitory in recombinational repair
mutants, so that rdgB recA(Ts) double mutants cannot grow at 42°C (Bradshaw &
Kuzminov, 2003, Clyman & Cunningham, 1987). To reveal the sources and identities of the
non-canonical DNA precursors, intercepted by RdgB in E. coli, we systematically isolated
and characterized suppressors of the rdgB recA(Ts) co-inhibition at 42°C by insertional
mutagenesis and also by overproduction. Although we found a total of 38 different loci
affected by suppressing inserts or multicopy clones, we limited our analysis to the 17
mutations or multicopy clones that were isolated more than once. We first quantified the
growth enhancement to classify the suppressors as strong, intermediate or weak (Fig. 2). We
then tested the trivial possibilities that some suppressors are working through general
inhibition of the cellular metabolism or through amelioration of the defect of the recA(Ts)
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point mutation and found no evidence of either (Fig. 3 and 4). We quantified the effect of
suppressors on the chromosomal fragmentation due to the rdgB defect and found that in
most suppressors the improved growth correlates with the alleviation of chromosomal
fragmentation (Fig. 6). Finally, we quantified EndoV-sensitivity of plasmid DNA, isolated
from suppressed rdgB mutant cells and found that half of the suppressors reduce this
sensitivity, while the other half has either no effect or increases it (Fig. 7). Plotting the
chromosomal fragmentation values against those of EndoV-sensitivity for the same mutants
reveals three distinct groups of suppressors (Fig. 8A): 1) those that suppress via reduction of
the nc-dNTP production (reduce both fragmentation and EndoV-sensitivity); 2) those that
suppress by inhibiting or eliminating excision of the base analogs from DNA (reduce
fragmentation, while increasing EndoV-sensitivity); 3) those that, apparently, increase the
tolerance of the cells to fragmented chromosomes (no change or increase in fragmentation or
EndoV-sensitivity).

Suppressors that reduce both clastogenesis and EndoV-recognized DNA modifications must
do so via decreasing the intracellular concentrations of non-canonical dNTPs. These are
deletions of deoB, deoD, hpt, dusB, hdfR, antisensing of the essential gmk, as well as
overproduction of yjjX+, purA+ and rnb+. Their known enzymatic specificities allow one to
distinguish between the three known in vitro substrates of RdgB (Fig. 1). Perhaps the least
clear suppressors in this group are inactivation of hdfR, which codes for a transcription
regulator, dusB, which codes for tRNA dihydrouridine synthase, and overproduction of rnb
+, coding for ribonuclease 1l (RNase 1), one of the two main exonucleases involved in
mRNA decay. The three activities have no direct connection to the purine nucleotide
metabolism and probably act by regulating gene expression of real suppressors via
repression, translation or mRNA stability.

Other suppressors of the first group are more informative (Fig. 8B). The DeoB protein is
phosphopentomutase that catalyzes interconversion between ribose-1-phosphate and
ribose-5-phosphate, implicating nucleotide salvage pathways, while the DeoD protein is
purine phosphorylase | that uses ribose-1-phosphate to convert a hypoxanthine, guanine or
adenine base into the corresponding nucleoside (Zalkin & Nygaard, 1996), implicating
purine nucleotide metabolism. Since inactivation of the analogous enzyme that makes
xanthosine (XapA, purine nucleoside phosphorylase Il (Hammer-Jespersen et al., 1980))
does not suppress the rdgB recA co-inhibition (Fig. 3B), deoD suppressors point to
hypoxanthine as the purine, intercepted in the dNTP form by RdgB. Interestingly, the Hpt
protein is hypoxanthine phosphoribosyltransferase, which converts hypoxanthine and, less
efficiently, guanine into the corresponding NMPs (Zalkin & Nygaard, 1996). Again, IMP
emerges as the key intermediate, as mutations in the enzymes that make AMP from adenine
(apt) or XMP from xanthine (gpt) were not isolated as suppressors, and inactivation of gpt
actually further inhibits rdgB recA (Fig. 3B). IMP is an intermediate in the synthesis of both
AMP (via PurA adenylosuccinate synthetase) and XMP (via GuaB IMP dehydrogenase),
while XMP is similarly converted into GMP by GuaA GMP synthetase (Fig. 3A) (Zalkin &
Nygaard, 1996). GuaAB overproduction has no strong effect on the rdgB recA co-inhibition,
while PurA overproduction is one of the strongest suppressors of it (Clyman &
Cunningham, 1991) (Fig. 8A), again pointing to IMP as the critical intermediate in the
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synthesis of the clastogenic DNA precursor. Finally, Gmk protein is guanylate kinase, an
essential enzyme catalyzing GMP—>GDP reaction, and IMP is a known secondary
substrate of this enzyme, while XMP is not (Oeschger & Bessman, 1966). Once IDP is
formed by Gmk, there is nothing that can prevent its further conversion into dITP (Fig. 8B).
Finally, multiple isolations of yjj X+ overproduction as a strong suppressor actually do not
distinguish between dITP versus dXTP as the intracellular target of RdgB, since YjjX
protein hydrolyses ITP and XTP equally well (Zheng et al., 2005). However, the overall
results of our suppressor analysis indicate dITP as the main in vivo target of RdgB, with
IMP being the key intermediate in its biosynthesis (Fig. 8B).

Suppressors of the second group could potentially provide insights into the mechanism of
EndoV-initiated excision of DNA-hypoxanthine. While the EndoV incision step of DNA-
hypoxanthine removal is thoroughly characterized in vitro (Kow, 2002), the subsequent
steps of this so-called “alternative excision repair” are still a mystery, which did not even
yield to the powerful screen for RdgB-dependent mutants (Lukas & Kuzminov, 2006). This
time there is a candidate for a potential EndoV helper in this reaction, the 180 aa YrdD
protein with unknown functions and a limited homology to topoisomerases (it is too small to
be a functional topoisomerase itself). In the fragmentation-vs-EndoV-sensitivity
comparison, yrdD is the closest mutant to the nfi mutant (Fig. 8A), as both show
dramatically reduced chromosomal fragmentation and at the same time increase in EndoV-
sensitivity, which we now can interpret as accumulation of DNA-hypoxanthine. Another
interesting suppressor that clusters with nfi is nepl+ overproduction; the Nepl protein is an
inosine/guanosine exporter (Gronskiy et al., 2005). How this pumping of inosine out of the
cell creates an EndoV-like phenotype is at present unclear. If the protein could pump inosine
into the cell, the high intracellular concentration of inosine could directly inhibit the DNA-
hypoxanthine-incision activity of EndoV (similar to free uracil inhibition of uracil-DNA-
glycosylase (Lindahl et al., 1977)), essentially making Nepl-overproducing strains nfi
phenocopies. Another suppressor that behaves like nepl+ high copy number, inactivation of
putA, has no known links to DNA metabolism.

The last group of suppressor, clustering above the negative control in the fragmentation-
EndoV-sensitivity comparison in Fig. 8A are tdk, purR, dgt and rpoC. Possible suppression
mechanisms for the representatives of this group are problematic, like for putA above, partly
because they are all weak suppressors. Since tdk, dgt and purR belong to the nucleotide
metabolism, it is tempting to place them together with deoBD, hpt, gmk and pur A+++
(especially purR, which is a purA regulator) but they reduce neither fragmentation, nor
EndoV-sensitivity (at least within the limits of detection of our procedures), so apparently
relieve the rdgB recA synthetic inhibition by some other means. A generic explanation of
action for this group is via increased “tolerance” to chromosomal fragmentation, yet specific
mechanisms of such a tolerance are unclear at this point. Existence of such tolerance in the
face of the significant level of chromosomal fragmentation, also observed for the rfaQGP
suppressors of the seqA recA co-lethality (Rotman et al., 2009), suggests heterogeneity of
double-strand breaks, specifically a mixture of the predominant/nonlethal type and a minor/
lethal type. The suppressors of the third group may specifically target the minor/lethal type
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of double-strand breaks (possibly increasing the predominant and less lethal type in
parallel).

Overall, our systematic suppressor analysis of the rdgB recA synthetic inhibition revealed
IMP as the key intermediate in the synthesis of the clastogenic DNA precursor, most likely
dITP. At least half of the isolated suppressors affect various genes involved in the
RNA/DNA precursor production, demonstrating that the non-canonical DNA precursors are
byproducts of the normal nucleotide metabolism. These findings highlight the importance of
the nucleotide pool sanitizing activity of RdgB in the avoidance of chromosomal
fragmentation due to the subsequent EndoV-initiated excision. The details of this excision
repair reaction to remove DNA-hypoxanthine still remain a mystery.

Experimental Procedures

Strains and media

The bacterial strains used were derivatives of Escherichia coli AB1157 and MG1655 (Table
S1). Deletion mutants were constructed by the deletion-replacement method of Datsenko
and Wanner (Datsenko & Wanner, 2000) or by P1 transduction of deletion-replacement
alleles from the Keio collection (Baba et al., 2006). Drug resistance markers used during the
construction of these strains were removed using the plasmid pCP20, which was then cured
by passaging the strain at 37 °C (Datsenko & Wanner, 2000). The relevant genotypes of
each newly-constructed strain were verified by PCR for deleted genes or, for recA and
recBC(Ts) alleles, by the characteristic UV-sensitivities. For routine culturing, cells were
grown in LB liquid medium (10 g peptone, 5 g yeast extract, 5 g NaCl per 1 L, pH 7.4 with
250 pl 4M NaOH) or on LB plates (15 g agar per 1 L LB broth). Antibiotics for maintaining
plasmids and selecting transductants were used at the following concentrations: 30-100
ug/ml spectinomycin, 10 ug/ml chloramphenicol, 50 pg/ml kanamycin, and 30-100 pg/ml
ampicillin.

Insertion suppressor screen

The plasmid pRL27 (Larsen et al., 2002) was used for insertional mutagenesis. The strain
JB30 was electroporated with 10 ng of pRL27, the transformants were plated on LB medium
with 10 pg/ml kanamycin, and the plates were incubated at 43°C overnight. Potential
suppressors of the rdgB recA synthetic lethality appeared as colonies of various sizes on the
transformation plate. These colonies were re-streaked on LB supplemented with 50 pg/ml
kanamycin and incubated at 43°C. To verify that suppression was due to insertion of the
transposable element from pRL27, rather than due to a spontaneous mutation, each potential
suppressor was backcrossed by P1 transduction into the original rdgB recA(Ts) strain and
verified for suppression by spot-testing at 28°C and 42°C. The genes disrupted by insertion
were identified by sequencing outwards from the insertion element, as before (Bradshaw &
Kuzminov, 2003, Kouzminova & Kuzminov, 2004, Kouzminova et al., 2004). For
confirmed suppressors, we constructed in-frame deletions of the suppressing genes to verify
that suppression was due to gene inactivation.
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The plasmid pBB11 was constructed by cloning functional alleles of the deoBD, dgt, hpt,
purR, nfi, and tdk genes, generated by PCR from genomic DNA of AB1157, one at a time
into the multiple cloning site of pMTL22 (Chambers et al., 1988) using restriction sites
engineered into the PCR primers. Each cloned gene was individually shown to be functional
by inhibiting growth at 42°C of its respective ArdgB62 recA200(Ts) + suppressor gene
deletion triple mutant. The assembled multigene cassette was then cloned into the low copy
number pK80 plasmid (Kuzminov & Stahl, 1997) using the Xhol and BamHI sites, giving
pBB13. Primers and plasmid intermediates used during construction are given in Table S2
and S3.

Multicopy suppressor screen

Libraries of chromosomal DNA fragments from AB1157 ArdgB62 were generated by
digestion with EcoRlI, HindlIl, Mlul, BssHII or Sall to completion and cloning into the
corresponding sites on pMTL22 (Chambers et al., 1988). The plasmid library was
transformed by electroporation into AB1157 ArdgB62 recA200(Ts) and plated on LB + 100
ug/ml ampicillin at 42°C to select for suppressors. To verify that suppression was due to
increased copy number of a multicopy suppressor gene, rather than due to a spontaneous
suppressor, candidate suppressing plasmids were isolated and re-introduced back into
AB1157 ArdgB62 recA200(Ts). Confirmed multicopy suppressors were identified by
sequencing. For multicopy suppressor plasmids containing more than one functional gene,
the gene responsible for suppression was identified by subcloning.

Growth inhibition assay

A fresh saturated LB culture of the strain to be tested was serially diluted in saline (1%
NaCl). 10 pl of the 107> dilution was spotted onto duplicate LB plates, which were
incubated for 17 hours either at 28°C or at 42°C, after which the spots were cut out of the
agar plate and resuspended in 1.0 ml of saline by shaking for one hour. The suspension was
serially diluted in saline and titered on LB agar plates incubated at room temperature.
Growth inhibition was calculated as the 42°C titer divided by the 28°C titer.

UV sensitivity assay

A fresh saturated culture of the strain to be tested was subcultured 1:50 — 1:100 into 2 ml of
LB medium and incubated at 28°C with agitation until it reached ODggg 0.3 — 0.6, then
shifted to 42°C and incubated with agitation for 30 minutes, and then serially diluted ten-
fold to 10-6 in saline pre-warmed to 42°C. 10 pl of each dilution were spotted onto duplicate
LB plates pre-warmed to 42°C, the spots were allowed to dry in a 42 °C incubator for 15
minutes, and one duplicate plate was given 9-12 J/m? UV while the other was kept
unirradiated. The plates were incubated for another hour at 42 °C and then shifted to 28°C
overnight. UV survival was determined as the titer of the irradiated culture divided by the
titer of the unirradiated culture.
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EndoV treatment

Plasmid DNA for in vitro EndoV treatment was isolated from growing LB cultures at ODgqq
0.7 (to maximize the density of the modified nucleotides in DNA) by the alkaline lysis
method (Birnboim, 1983). To reduce spurious EndoV nicking of DNA and to maximize
deoxyinosine-specific activity of the enzyme, we carried out the reaction using 2 mM MgCl,
at an acidic pH (Yao & Kow, 1997). 50-100 ng of plasmid DNA was treated for 15 min at
37°C with 1.0 mU Endo V (Trevigen) per ng DNA in either 15 or 100 pl reaction containing
10 mM PIPES pH 6.4, 50 mM NaCl, and 2 mM MgCl,. Reactions were stopped either by
addition of EDTA pH 8.0 to 94 mM or by addition of SDS to 1% followed by ethanol
precipitation. The reactions were run on a 1.1% agarose TAE gel for 20 hours at 2.35
Vecm™1, and transferred to a positively charged nylon membrane (Amersham) by capillary
transfer. The relative amounts of supercoiled and relaxed circular pK96 were quantified after
hybridization to a radiolabeled pK96 probe, phosphorimaging and measuring the signal
intensity of each band using the ImageQuant or Multigauge 3 (Fuji) software.

Quantitation of chromosomal fragmentation

Fresh overnight cultures of strains to be tested were diluted into fresh LB medium
containing 10 pCi 32P-orthophosphate (MP Biomedicals) such that they would grow to
ODgqg 0.3 after one hour at 22°C followed by four hours at 37°C. 0.5 ml of each culture
were pelleted by centrifugation and resuspended in 60 pl TE. After 2 minutes of incubation
at 37°C, 5 ul of 5 mg/ml proteinase K and 60 pl of 1X lysis buffer (0.2% sarcosyl, 10 mM
Tris HCI pH 8.0, 5 mM EDTA) containing 1.5% agarose heated to 70°C were added and the
suspension was transferred to a plug mold. The solidified plugs were transferred to a tube
containing 1 ml of 1X lysis buffer and incubated for 24 hours at 60°C, then run on a 1.0%
agarose (Bio-Rad Pulsed Field Certified) 0.5X TBE gel using a Gene Navigator (Pharmacia
Biotech) CHEF pulsed-field apparatus set to 180 V using the following switching times: 90
sec for 7 hours, 115 sec for 7 hours, and 125 sec for 8 hours. Following electrophoresis, the
gel was dried, exposed overnight to a phosphorimaging screen, and the relative amounts of
radioactivity in the lanes of the gel vs. the plugs were quantified using the ImageQuant
software. The percent fragmentation for each sample was calculated as the amount of 32P
signal in the lane divided by the total 32P signal in the well plus lane.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Deaminated or amino group-modified base analog toxicity and the expected types of
suppressors of the rdgB recA co-inhibition

Hap, 6-N-hydroxylaminopuriune; ba, base analog; nc-, non-canonical (for dANTP or dNMP).
Stages are identified by the genes. Numbers in the stars denote the segment of the metabolic
scheme where suppressors are possible: #1, decreased production of nc-dNTP; #2, increased
alternative interception of nc-dNTP; #3, decreased excision of the base analog from DNA,;
#4, slowing down replication or accelerating the excision repair; #5, ameliorating the
recombinational repair defect of the recA(Ts) mutant; #6, tolerance to double-strand DNA
breaks.
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Fig. 2. Isolation of suppressors of the rdgB recA co-inhibition and quantification of their effect on
growth of the double mutant

A. Spotting serial dilutions of cultures grown at 28°C and subsequently incubating them at
43°C reveals the rdgB recA(Ts) synthetic inhibition, as well as its suppression. The strains
are: WT, AB1157; rdgB recA, (JB30); rdgB recA deoB, (BB004); rdgB recA dusB,
(BB020); rdgB recA hpt, (BB028); rdgB recA dgt, (BB036). B. Steps of the protocol used
for quantification of growth inhibition in the double mutant and the extent of its suppression:
1) a saturated overnight culture grown at 28°C is diluted 10~°-fold; 2) 10 ul spots are
incubated on an LB plate at 28°C or 42°C for 17 hours, 3) agar stubs with the spotted cells
are cut out of the plate and resuspended in saline for 1 hour; 4) the cell suspensions are
serially diluted, spotted by 10 ul onto LB agar and incubated at room temperature to
determine the titer for each spot at the original temperatures. The titer of growth at 42°C
divided by the titer of growth at 30°C (28°C) represents “growth” or its inhibition and is
reported in “C”. C. Quantification of growth inhibition and its suppression by the protocol
illustrated in “B”. The values are means of 4 to 20 independent measurements = SE. D.
Additional copies of the functional genes, identified by the most numerous suppressors,
further decrease viability of the double rdgB recA mutant. pK80, low copy-number vector;
pBB13, pK80 carrying nfi, deoB, deoD, hpt, purR, dgt, and tdk functional genes.
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Fig. 3. The “missing” suppressors and the effect of slow growth
A. A scheme of xanthine (X) and hypoxanthine (H) conversion into nucleotides. R-1-P,

ribose-1-phosphate; R-5-P, ribose-5-phosphate; PRPP, 5-phosphorybosyl-1-pyrophosphate.
Isolated inactivational and overproductional suppressors on the “hypoxanthine side” are
indicated by spiked and smooth ovals, correspondingly. The corresponding genes on the
“xanthine side” (guaA, gpt and xapA) are in bold. B. The effect of “missing suppressors” on
the degree of rdgB recA co-inhibition. The values are means of four-five independent
measurements + SE. C. Slowing the overall metabolism with chloramphenicol marginally
increases growth of the double mutant. The values are means of four independent
measurements + SE (in most cases, masked by the size of the symbols). D. Slowing growth
of wild type cells with thinner media marginally increases growth of the double mutant. 20
AA, all aminoacids added, according to the recipe of Neidhardt (Neidhardt et al., 1974); 6
AA, the six aminoacids that AB1157 requires (arginine, glutamine, histidine, leucine,
proline, and threonine) are added. The values are means of three independent measurements
+ SE.
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Fig. 4. Testing the suppression of the recA defect
A. The effect of suppressors on UV-sensitivity of a single recA200 mutant at 42°C. Serial

dilutions were spotted on LB agar plates and irradiated with a single dose of 12 J/m2. The
data are means of four independent measurements + SE. B. Suppression does not ameliorate
the recA(Ts) defect. All the suppressors were represented by their growth at 42°C versus
28°C in the rdgB recA(Ts) double mutant (X axis), as well as by their survival of UV light
in the recA(Ts) single mutant (Y axis). Wild type for both axes is AB1157; (=) control is
rdgB recA(Ts) (JB30) for the X-axis, recA(Ts) (JC9941) for the Y-axis. Error bars are from
the corresponding assays.
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Fig. 5. Epistatic analysis of the weak suppressors
Suppressor mutations were combined pairwise in the rdgB recA(Ts) background, and the

effect of their combination on the viability of the strain at 42°C was compared to the
“expected” multiplicative effect of the double mutation (product of the effects of the
corresponding single mutations). In each group of bars, the effects of single mutations and
the calculated effect of the double mutation are normalized to the viability of the original
rdgB recA(Ts) mutant and then compared with the observed effect of the double mutation.
The double mutant values are averages of four independent measurements. Error bars are
not shown because the averages are normalized. A. Three out of four possible combinations
with purR show strong synergy — the observed effect is more than 10-fold higher that the
multiplicative one. B. The pairwise combinations between putA, rpoC and dgt tend to be
either weakly synergistic (less than 10-fold higher than the multiplicative effect) or additive
(= multiplicative: the effect of the double mutant roughly equals the product of the effects of
the single mutants). C. All four combinations with tdk show either additivity or weak
epistasis.
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Fig. 6. The effect of suppressors on chromosomal fragmentation in the rdgB recBC double

mutant

A. A representative PFGE showing chromosomal fragmentation for each control strain and
four suppressors. CZ, compression zone. Intact chromosomes remain in the wells at the
origin of the gel, while linear sub-chromosomal fragments migrate into the lanes. B.
Quantification of chromosomal fragmentation. Values are means of 6-17 independent
measurements + SE. The wild type (AB1157) and dut recBC(Ts) (AK107) strains are (=)
and (+) controls for fragmentation (Kouzminova et al., 2004). C. Plotting growth (X) versus
fragmentation (YY) reveals two groups of suppressors. All the suppressors were represented
by their growth at 42°C versus 28°C in the rdgB recA(Ts) double mutant (X axis), as well as
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by their fragmentation in the rdgB recBC(Ts) double mutant (Y axis). Wild type is AB1157
for the X-axis, recBC(Ts) (SK129) for the Y-axis; (=) control is rdgB recA(Ts) (JB30) for
the X-axis, rdgB recBC(Ts) (JB36) for the Y-axis. Error bars are from the corresponding
assays.
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Fig. 7. The effect of suppressors on the density of EndoV-recognized DNA modifications
A. Assay for EndoV-sensitivity of a supercoiled plasmid (the conversion between

supercoiled and relaxed circular forms in a 22.5 kbp plasmid). B. Quantification of EndoV-
sensitivity. The density of EndoV-recognized DNA modifications in each suppressor in the
rdgB background is shown at the percentage of a 22.5 kbp plasmid that is nicked after being
treated with EndoV. Values are means of 4-16 independent measurements + SE. The wild
type (AB1157) is the background, the rdgB single mutant (JB29) shows the elevated levels
of EndoV-recognized DNA modifications, while the rdgB nfi double mutant (BB112) shows
further elevation due to the additional excision repair defect. C. Plotting growth (X) versus
EndoV-sensitivity (Y) reveals two groups of suppressors. All the suppressors were
represented by their growth at 42°C versus 28°C in the rdgB recA(Ts) double mutant (X
axis), as well as by EndoV-sensitivity of their DNA in the rdgB single mutant (Y axis). Wild
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type is AB1157 for both axes; (=) control is rdgB recA(Ts) (JB30) for the X-axis, rdgB
(IB29) for the Y-axis. Error bars are from the corresponding assays.
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Fig. 8. Summary of suppressors and the identity of the RdgB-intercepted non-canonical dNTP,
revealed by a tentative pathways of its biosynthesis

A. Summary: plotting fragmentation (X) versus EndoV-sensitivity (Y) reveals three groups
of suppressors. This is the third possible pairwise comparison, of the types presented in Fig.
4C and 5C. All the suppressors are represented by their fragmentation in the rdgB recBC(Ts)
double mutant (X axis), as well as by EndoV-sensitivity of their DNA in the rdgB single
mutant (Y axis). Wild type is recBC(Ts) (SK129) for the X-axis, AB1157 for the Y-axis; (<)
control is rdgB recBC(Ts) (JB36) for the X-axis, rdgB (JB29) for the Y-axis. Error bars are
from the corresponding assays. B. A scheme of the nucleotide metabolism to explain our
suppressor results. R-1-P, ribose-1-phosphate; R-5-P, ribose-5-phosphate; PRPP, 5-
phosphorybosyl-1-pyrophosphate; Hx, hypoxanthine. Inactivational and overproductional
suppressors are indicated by spiked and smooth ovals, correspondingly. The only
hypothetical step (Gmk-catalyzed IMP—>IDP conversion) is shown by a broken arrow.

"
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