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Abstract
Hydroxyurea is a potent remedy against a variety of ailments and an efficient inhibitor of DNA
synthesis, yet its pharmacology is unclear. Hydroxyurea acts in Escherichia coli by the same
mechanism as it does in eukaryotes, via inhibition of ribonucleotide reductase. When examining a
controversy about concentrations of hydroxyurea that prevent thymineless death in E. coli, we found
instability in hydroxyurea solutions which avoided prior detection due to its peculiar nature. In
contrast to freshly dissolved hydroxyurea, which did not affect respiration and was bacteriostatic,
one-day-old hydroxyurea solutions inhibited respiration and were immediately bactericidal.
Respiration was inhibited by two gasses, hydrogen cyanide (HCN) and nitric oxide (NO), whose
appearance we detected in “aged” hydroxyurea stocks by GC-MS; however, neither gas was
bactericidal. While determining the cause of toxicity, we found that hydroxyurea damages DNA
directly. We also demonstrated accumulation of peroxides in hydroxyurea solutions by enzymatic
assays, which explains the toxicity, as both NO and HCN are known to kill bacteria when combined
with hydrogen peroxide. Remarkably, we found that bactericidal effects of NO + H2O2 and HCN +
H2O2 mixtures were further synergistic. Accumulation of decomposition products in solutions of
hydroxyurea may explain the broad therapeutic effects of this drug.
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Introduction
Hydroxyurea (HU) is a familiar and potent medicine with an apparently straightforward
mechanism of biochemical action towards a well-characterized target, yet with unclear
pharmacology 1. The only known cellular target of HU is ribonucleotide reductase, whose
inactivation inhibits production of DNA precursors, specifically blocking DNA synthesis in
both human and bacterial cells 2–8. The inhibition of chromosomal replication by HU in
bacteria is reversible, as no lethality is observed during the first several hours of HU treatment
5; 9; 10. Cytotoxicity of HU in mammalian and human cells is more complex, depending on
several parameters and suggesting contribution of additional unknown factors. First, HU kills

*for correspondence: Andrei Kuzminov, B103 C&LSL, 601 South Goodwin Ave., Urbana IL 61801-3709, USA. TEL: (217) 265-0329.
FAX: (217) 244-6697. email: kuzminov@life.uiuc.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
J Mol Biol. Author manuscript; available in PMC 2010 July 31.

Published in final edited form as:
J Mol Biol. 2009 July 31; 390(5): 845–862. doi:10.1016/j.jmb.2009.05.038.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



S-phase cells, but does not kill G1 or G2 cells; second, HU kills continuously-dividing cells,
but not the cells that were stimulated to divide; third, HU kills cultured cells better than the
cells within an organism 11–15. However, even in the cases of maximal sensitivity, residual
survival of HU-treated cell populations is still 20–50%.

Its apparently mild action notwithstanding, HU is therapeutically potent and is a drug of choice
against myeloproliferative disorders 16 and painful crises in sickle cell anemia 17. HU also
shows promise against recurrent and inoperable meningiomas 18 and as an addition to anti-
AIDS cocktails 19. Since HU blocks eukaryotic cells in G1, and G1 cells are more sensitive to
DNA damage compared to S- or G2-cells, HU acts as a classic “radiation enhancer” during
radiotherapy 20. HU was also used to maintain normal white blood cell counts during chronic
myeloid leukemias before modern specific enzyme-targeting treatments appeared 21. HU use
in treatment of diverse medical conditions lacking common denominator emphasizes
incompleteness of our understanding of the mechanisms of action of this drug. Studies aimed
at finding “the active species” among HU decomposition products are quite common 22–26.

Thymine auxotrophic cells (the thyA mutants in bacteria) undergo rapid loss of viability in
growth media without thymine (or more frequently used thymidine, the next step in conversion
of thymine into the DNA precursor dTTP), a phenomenon known as thymineless death (TLD)
27. TLD has been studied for over five decades, but its mechanism remains an enigma. To
examine the role of DNA replication in TLD, HU was used, but results were conflicting 10;
28. In earlier studies, 100 mM HU brought a complete protection to TLD 10; in a more recent
report, 75 mM and 100 mM HU offered no protection, while 200 mM HU did 28. The latter
authors reported, though, that all HU concentrations blocked DNA synthesis completely,
proposing that it is HU’s modest effect on RNA synthesis, which is responsible for the observed
protection 28.

The original objective of this study was to test whether TLD is dependent on DNA replication,
using HU to inhibit DNA synthesis. Unexpectedly, we discovered a rapid bactericidal effect
of aged HU solutions. The picture was complicated by the fact that the surviving cells then
became completely resistant to TLD. Since the biological activity (the ability to inhibit DNA
synthesis) of HU solutions does not change over a period of several months, HU is considered
to be essentially stable in solutions 29–31, and with a few exceptions that specifically used only
freshly-made HU 10; 32, experimental reports of HU-treatment of cells do not mention details
of HU preparation or storage. At the same time, there are periodic reports of HU instability in
aqueous solutions, although they disagree about the resulting species 33–35, which suggests
elusive decomposition products. Using gas chromatography followed by mass spectrometry
(GC-MS), we identified two gasses, hydrogen cyanide and nitric oxide, in aged HU stocks;
using enzymatic assays, we found peroxides. We then confirmed that combining HCN, NO
and H2O2 together emulates the killing and TLD-protection effects of aged HU. Since HCN,
NO and H2O2 are all physiologically active, these novel decomposition products of
hydroxyurea may be relevant to its therapeutic potency and versatility as a medicine. While
seeking the source of HU toxicity we also found evidence that both fresh and aged HU damage
DNA bases directly.

Results
Aged versus fresh HU in killing and protection against TLD

In our conditions, the characteristic rapid loss of titer from TLD begins after 2 hours without
thymidine (Fig. 1A), so any loss of titer before 2 hours would be due to other toxic sources,
while any reduced killing after 2 hours means alleviation of TLD. Morganroth and Hanawalt
reported that 75 mM HU has no effect on TLD, whereas 200 mM HU can relieve TLD 28. In
contrast, we found that 80 mM HU already offers protection against TLD, but only after an
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initial killing period that occurred well before the onset of TLD (Fig. 1A). 200 mM HU had a
similar effect (not shown). Surprisingly, HU stocks made on different dates showed significant
variation in the extent of the initial bactericidal effect (Fig. 1A). This killing by HU did not
depend on thymine limitation in thyA mutants, as it was observed in Thy+ cells as well and
was also inconsistent (compare Fig. 1A versus 1B, stock #1). We suspected that this “killing
potential” accumulated in HU stocks during storage; consistent with possible changes, our
“aged” HU solutions change pH from 5.5 to 6.2.

As mentioned in the introduction, with a few exceptions that specifically used only freshly-
made HU 10; 32, experimental reports of HU-treatment of cells do not give details of HU
preparation or storage. We repeated our experiments by dissolving crystal HU in the growth
medium (M9CAA) just before addition to bacterial cultures. We found that such a freshly-
prepared HU does not relieve TLD at any concentration tested (up to 400 mM), while showing
a mildly bactericidal effect on Thy+ cells after longer incubations (Fig. 1C), the latter being
consistent with the literature reports 5; 9; 10. To test if the discrepancy between our results and
those of Morganroth and Hanawalt was due to the difference in the growth media (M9 or
MOPS-minimal-P versus Davis) or incubation temperatures (30°C versus 37°C), we repeated
the experiment using their exact conditions. Fresh HU in Davis Medium does alleviate TLD
in our hands, but only moderately (Fig. 1D), which disagrees with the original report of
complete protection 28. Hence, under both growth conditions, freshly prepared HU at low or
high concentration does not relieve TLD, but it also does not kill immediately. We also found
that the cells treated with “fresh” HU would continue to elongate (as was reported before 10),
whereas cells treated with “aged” HU stop elongating (Fig. 1E), suggesting that their
metabolism was inhibited. We conclude that, in our case, only the HU preparations that stop
the cell growth, and sometimes kill the cells, can protect against TLD. These killing/protecting
characteristics of aged HU preparations suggested accumulation of toxic decomposition
products in aqueous solutions of HU. Irreproducibility of our results suggested elusive
(volatile) substances, forcing us to standardize HU aging conditions (see “Materials and
Methods”).

Inhibition of DNA synthesis by HU versus TLD
Morganroth and Hanawalt measured DNA synthesis by following cumulative label
incorporation and found that both 200 mM HU (that protected against TLD) and 75 mM HU
(that failed to protect) inhibit DNA synthesis completely 28. Therefore, these authors proposed
that HU inhibits TLD because in the higher concentrations it can also inhibit RNA synthesis.
Suspecting that aged HU would inhibit DNA synthesis stronger than fresh HU, we decided to
measure DNA synthesis during HU inhibition more precisely, by following the rate of
incorporation. The standard protocol of measuring 3H-thymidine incorporation over 1–2
minute intervals 36; 37 showed that fresh HU-treated cells still retain around 20% of the DNA
synthesis capacity of untreated cells (Fig. 2A). However, for comparison of the inhibition of
DNA synthesis by HU with the one during TLD, the standard protocol is unsuitable, for the
following reason.

Measurements of DNA synthesis inhibition during TLD is non-trivial, because the only DNA-
specific label, (deoxy)thymidine, is also the nutrient for which thyA mutant cells are starved,
and its addition, even in small amounts, relieves starvation, making the resulting DNA synthesis
rates misleadingly high. Thus, to detect true replication rates during thymine starvation, a
different label has to be used, requiring additional separation (because it will not be a DNA-
specific label). We chose 32P-orthophosphate, because we used it successfully for
chromosomal DNA labeling 38; 39 and we can separate DNA from other phosphate-
incorporating species, like RNA, LPS and poly-phosphates (Luciana Amado and A.K.,
unpublished) (Fig. 2B). There is a second complication of the standard protocol to measure
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DNA synthesis rates, this time for HU-treated cells. The DNA synthesis rate is normalized to
O.D. of the culture, to enable comparison with untreated, growing cultures, but cells treated
with fresh HU elongate, while cells treated with aged HU do not (Fig. 1E), invalidating the
comparison. Thus, the measurements have to be taken from specific volume of HU-treated or
thymidine-starving cultures independently of their actual OD and then normalized to the level
of incorporation in equal volume of the untreated or unstarved aliquot of the same culture.

Using such 32P-orthophosphate labeling, we found that 1) during the first 30 minutes of thymine
starvation, the incorporation is only 10% of the unstarved culture; 2) 200 mM fresh HU inhibits
replication to the same extent as TLD, while 80 mM fresh HU still allows 40% of replication
compared to untreated cultures (Fig. 2C). Therefore, the rate of DNA synthesis in fresh HU-
treated cells was not low enough to block the residual DNA synthesis during TLD, explaining
the failure of fresh HU to prevent TLD (Fig. 1C). In contrast, aged HU blocked DNA synthesis
almost completely (Fig. 2C), which was consistent with its protection against TLD (Fig. 1A).

The observed incomplete inhibition of DNA synthesis by fresh HU is consistent with the
incomplete inhibition by HU of the ribonucleotide reductase activity in cell extracts, which
does not exceed 70–80% 2; 3; 5. Moreover, the significant residual replication in HU-treated
cells, if measured as the rate of DNA synthesis, was reported before 5; 40; 41. Our result also
shows that the DNA synthesis-inhibiting ability of HU does not disappear in aged stocks and
is, in fact, enhanced. Finally, the observation that HU reduces DNA synthesis rates stably for
up to several hours (Fig. 2A) argues against a significant decomposition of HU in the presence
of bacterial cells in the course of our experiments.

DNA damage by HU
We next checked if the cell killing by aged HU is due to DNA damage. Although long
incubation with HU are known to break both chromosomal DNA in E. coli cells 41, as well as
pure DNA in solutions 34, no loss of viability with fresh HU in our conditions argued for, at
most, a minimal DNA damage that is efficiently repaired in wild type cells. To detect DNA
damage upon treatments with fresh versus aged HU, we employed sensitive physical and
genetic assays. First, since a small fraction of any DNA damage is converted by DNA
replication into double-strand DNA breaks, the recA and recBC mutants that are deficient in
repair of these replication-dependent one-ended double-strand breaks are rapidly killed by any
DNA damage (reviewed in 42), offering a sensitive way to detect consequences of a broad
spectrum of DNA lesions. We found that the recA and recBC mutants are moderately sensitive
to acute treatments with fresh HU (Fig. 3A), and quite sensitive to aged HU (Fig. 3B). Although
acute HU treatments of the rec mutants were never reported before, the sensitivity of the
recA and recBC mutants to chronic HU treatments is known and can be explained by reversal/
breakage of inhibited replication forks in combination with the inability of these mutants to
repair resulting double-strand ends 43; 44. However, the increased killing of the recA and
recBCD mutants by aged HU must have a different nature. Remarkably, the difference between
the fresh versus aged HU killing (~100-fold) was the same for wild type cells and for both
rec mutants (Fig. 3B), suggesting that the additional killing is due to either a non-repairable
DNA damage (for example, replication-independent two-ended double-strand breaks in the
unreplicated portion of the chromosome) or due to a non-DNA damage to the cell.

Two-ended double-strand breaks fragment chromosomal DNA, and HU treatment is a known
clastogen (induces chromosomal fragmentation) 44. To test whether aged HU induces
additional chromosomal fragmentation relative to fresh HU, we employed pulsed-field gels to
detect broken chromosomal DNA. This assay showed that both fresh HU and aged HU cause
increased chromosomal fragmentation, but to a different extent (Fig. 3C). In wild type cells,
as well as in the recA and recBCD mutants, fresh HU caused a 3–8% increase in chromosomal
fragmentation compared to the corresponding untreated controls, whereas aged HU increased
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fragmentation by 18–30% over untreated cells (Fig. 3C). Increased clastogenesis in fresh HU-
treated cells was explained by the replication fork reversal model 44. The additional
clastogenesis in aged HU-treated cells is consistent with much deeper inhibition of DNA
replication by aged HU.

As a control against the possibility that HU treatment damages DNA directly via DNA base
modification 26 we employed perhaps the most sensitive indicator of DNA base modification,
which is increased mutagenesis. To this end, we measured the level of mutagenesis towards
rifampicin resistance in fresh HU-treated versus aged HU-treated cells. Mutation rate was
increased over the untreated control 3-fold in fresh HU-treated cells and 9-fold in aged HU-
treated cells (Fig. 3D), suggesting increasing level of base modifications. Modified DNA bases
are subject to excision by several DNA glycosylases, with the formation of the same toxic
intermediate — the abasic site, — which is nicked by an abasic site endonuclease to complete
the repair 45. E. coli has two abasic site endonucleases, exonuclease III and endonuclease IV,
and the xthA nfo double mutant that lacks both is exquisitely sensitive to DNA base
modifications, being poisoned by the accumulating abasic sites 46. We found that the xthA
nfo double mutant is unexpectedly sensitive to fresh HU (Fig. 3A) and is ~100-fold more
sensitive to aged HU relative to fresh one (Fig. 3B). Together with the mutagenesis data (Fig.
3D), these xthA nfo results indicate that 1) treatment with fresh HU damages chromosomal
DNA at least partially through direct modification of DNA bases, and this damage is removable
by base-excision repair; 2) products of decomposition in HU solutions kill via a different route,
perhaps via non-repairable DNA damage — for example, by replication-independent two-
ended double-strand breaks in the unreplicated portion of the chromosome. We conclude that
fresh HU damages DNA directly, but non-lethally for DNA-repair-proficient cells; meanwhile,
at least part of the killing potential of aged HU is realized via increased lethal DNA damage,
specifically chromosomal fragmentation.

The concentration- and time-dependence of killing by HU
If HU kills by itself, this killing should be dependent on HU concentration. However, we found
no correlation of the extent of xthA nfo killing and the concentration of fresh HU (Fig. 4A),
indicating that the killing capacity of fresh HU is already saturated in 40 mM solutions. We
did not explore lower concentrations of HU.

To characterize the dynamics of killing, as well as to detect a possible generation of the DNA-
damaging species in the course of our treatment, we took a time course of treatment with aged
HU, comparing a wild type strain to the recA mutant. We found that both the wild type and
recA mutant cells significantly lose viability within the first 10 minutes of exposure to aged
HU (Fig. 4B), with a slower decrease in titer afterwards. This may be due to several reasons:
1) the killing species are volatile (dissolved gasses) and rapidly escape from the cell suspension;
2) the killing species are titrated (inactivated) by the cells’ inert component; 3) cells may
become resistant to the killing species. Apparently, further accumulation of these species
during the treatment is minimal, otherwise we would have observed a continuous killing. The
absence of additional killing during bacterial culture incubation is also consistent with the idea
that the species are volatile. The already mentioned evidence that also pointed towards unstable
or volatile species was the frustrating inconsistency of the killing extent with various aged HU
preparations (Fig. 1AB and see Methods).

We used the rapid killing by aged HU to explore the time course of HU “aging” under mineral
oil, which we started adding to inhibit the escape of possible gasses. It should be noted that
mineral oil would only inhibit, without completely preventing, gas escape, and we specifically
allowed the possibility (using non-air-tight tubes) and plenty of time for the gas to escape in
this experiment — in part to indirectly confirm the presence of gasses. HU solutions starts
killing after six hours at 37°C, with accumulation of the killing species maximal by one-two
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days of incubation, but then the killing potential of aged HU eventually decreases and
completely disappears after ten days (Fig. 4C), which is consistent with it being dependent on
gasses.

GC-MS reveals HCN and NO in aged HU
So far, our experiments on treating E. coli cells with stocks of HU of different age indicated
generation of toxicants in HU solutions, among them possible gasses, that both kill cells via
DNA damage and, at the same time, protect survivors against TLD, probably by inhibiting
general metabolism. We tried to use liquid chromatography with mass spectrometry (LC-MS)
to identify these toxicants in HU stock solutions, but the poor ionization of HU made
identification of even HU itself difficult by this technique (besides, the lowest detection limit
of our LC-MS machine was only m/z=50, while some decomposition products were expected
to be smaller). We next tried several settings and conditions for gas chromatography (liquid-
phase column) with mass spectrometry (GC-MS), with better results (Fig. S1). However, when
initially we used non-derivatized HU solutions and typical GC injection temperatures (300°
C), we could not even detect HU in our samples. Instead, there were urea and cyanuric acid
(Fig. S1A) that were definitely forming during the heating of underivatized HU for GC-MS,
because a sensitive indicator for cyanuric acid in solutions, melamine (detection limit 400 μM
of cyanuric acid in our hands), failed to precipitate any in our 1M HU stocks (not shown).
When we lowered the injection temperature to 200°C, both urea and cyanuric acid disappeared,
and now we could see a broad peak of HU, accompanied by a strong peak of hydroxylamine
(Fig. S1B) that, again, was likely to be an artifact of heating, as our subsequent experiments
with boiling of HU stocks suggested (Fig. S2). To reduce the possibility of high-temperature
artifacts, we derivatized HU with MSTFA (trimethylsilyl groups), but found formamide that
was somehow non-derivatized (Fig. S1C). Testing these various artifacts of thermal HU
decomposition in our TLD assay showed that 80 mM cyanuric acid had no effect (not shown),
but the other two blocked TLD, either completely (formamide) or almost completely
(hydroxyalamine) (Fig. S1D). A scheme of how these artifacts of thermal HU instability could
have formed is shown in Fig. S1E. Since all these species were found in both fresh and aged
HU, and none of them was immediately toxic to E. coli, even if some of them were not artifacts,
we deemed them irrelevant for the effects of aged HU on TLD.

Since we suspected that aged HU toxicants were volatile, we then used GC-MS with a gas-
detecting column. Indeed, we found two gasses in the aged HU that were absent from fresh
HU: hydrogen cyanide (HCN) (Fig. 5A) and nitric oxide (NO) (Fig. 5C and D, Fig. S3-S6).
Yet another gas, carbon dioxide (CO2), was present in both fresh and aged HU (Fig. 5A and
C). Nitric oxide is the major product of enzymatic HU decomposition in vivo 31, and its
detection in minute amounts in HU stocks in vitro was not surprising. To confirm the presence
of HCN and/or NO in aged HU stocks, we tested how treatment with fresh or aged HU inhibit
respiration, which is sensitive to 10 μM NO or to 200 μM cyanide 47; 48. We found that fresh
HU does not inhibit respiration in inverted vesicles, whereas aged HU does, at the level of
inhibition of 100 μM cyanide (Fig. 5B), indicating the presence of cyanide and/or NO in aged
HU. Since inhibition of E. coli respiration by NO is strong only in low oxygen pressure and is
minimal under fully aerobic conditions 47; 48, the observed level of respiration inhibition could
be mostly ascribed to cyanide. However, cyanide is also known to greatly potentiate inhibition
of respiration by NO 47, so we interpret this result to mean the presence of both cyanide and
nitric oxide in aged HU preparations. By modifying gas chromatography conditions, we were
eventually able to reliably separate the small NO peak from the dominant air peak (Fig. 5D,
Fig. S4–6). At the same time, our attempts to directly detect cyanide in HU solutions with
sensitive iron-based analytical color assays (formation of prussian blue) 49 were unsuccessful
due to the formation of bright-magenta HU-iron complexes 50; structurally, hydroxyurea is a
close relative of hydroxamic acids, which are known siderophores 51.
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Influence of decomposition products on TLD and bacterial survival
Thus, we have three sets of data, obtained by very different methodologies. First, using survival
in bacterial cultures as a read-out, we characterized two distinct effects of aged HU (Fig. 1AB):
1) rapid killing; 2) conferring resistance to TLD on surviving cells, probably by inhibiting
general metabolism. Fresh HU does not have either effect (Fig. 1CD). Second, using DNA-
associated processes as a read-out (Fig. 2 and 3), we found that: 1) fresh HU moderately inhibits
DNA synthesis and also damages DNA bases directly; 2) aged HU blocks DNA synthesis
completely, perhaps through inhibition of respiration and, in addition to base damage, is also
more clastogenic than fresh HU. Third, employing GC-MS, we found two gasses in aged HU
solutions, — hydrogen cyanide and nitric oxide, — that were absent in freshly-made HU
solutions (Fig. 5).

Next, we tested the effect of the two gasses on cells undergoing TLD. We confirmed that
hydrogen cyanide does not kill E. coli and completely saves thyA mutants from TLD (Fig. 6A),
as was reported before 52. NO has a similar static/protecting effect (Fig. 6A). The mixture of
NO + CN, or addition of both NO and CN to fresh HU, did not kill either (Fig. 6A and B). We
concluded that, by itself, accumulation of CN and NO in aqueous HU stocks upon storage
could not explain the bactericidal effect of aged HU; at least one more HU breakdown product
was, apparently, escaping detection by GC-MS.

Remarkably, addition of catalase (the enzyme that degrades hydrogen peroxide) to aged HU
completely prevented the cell killing (Fig. 6C). Although both cyanide and NO are
bacteriostatic, they become strongly bactericidal if combined with otherwise mildly
bactericidal concentrations of hydrogen peroxide (53–57 and Fig. 6C). By employing the HRP/
AR assay, we detected peroxides in both aged HU stocks and especially in bacterial cell cultures
treated with these stocks (Fig. 6D). Interestingly, we would not have been able to detect
peroxides with GC-MS due to instability of these species at high temperatures.

Since it was proposed that NO + H2O2 kills by the same mechanism as CN + H2O2 57, we
anticipated the same level of killing from the CN + H2O2 + NO three-component mixture.
Unexpectedly, this three-component mixture killed bacterial cultures completely, to the level
of detection (Fig. 6C), when added in certain order and above certain concentrations. Since
cyanide is quite reactive, while NO and H2O2 are extremely reactive, it was not surprising to
find that the killing power of the three-component mixture critically depended on the order of
addition, with at least two combinations out of six total showing enhanced killing (Fig. 6E).
We conclude that aged HU solutions are bactericidal due to slow decomposition to yield low
amounts of peroxides, nitric oxide and hydrogen cyanide, the substances that, at these
concentration, are bacteriostatic on their own, but kill bacteria in pairwise combinations and
especially as a combination of all three.

Discussion
It is currently thought that hydroxyurea (HU) is essentially stable in aqueous solutions, does
not modify DNA directly and have a single target in the cell, — the enzyme ribonucleotide
reductase. However, by seeking to resolve a disagreement in the literature about whether HU,
a specific and efficient inhibitor of DNA synthesis, saves E. coli cells from thymineless death
in concentrations that do not significantly affect transcription 10; 28, we unexpectedly found
that:

1. Even at the highest concentrations, HU allows significant residual DNA synthesis,
which is at least the same as the level of synthesis in thymine-starved cells — this is
probably why freshly-prepared HU has no influence on TLD;
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2. In addition to its indirect effect on DNA via inhibition of replication, treatments with
both fresh and aged HU modify or remove DNA bases directly, and in some cases
also break duplex DNA.

3. There is decomposition in aqueous HU solutions, — as a result, aged HU solutions
immediately kill most of the cells, with the surviving cells becoming resistant to TLD.
GC-MS reveals two gasses, nitric oxide and hydrogen cyanide, in aged HU solutions.
Enzymatic assays reveal peroxides that, due to their thermal instability, would be
missed by GC-MS.

4. Although CN, NO or H2O2 are bacteriostatic or modestly bactericidal by themselves,
NO + H2O2, CN + H2O2 and especially CN + H2O2 + NO mixtures are strongly
bactericidal, explaining both effects of aged HU on TLD.

Below we will discuss all four findings under the corresponding numbers.

1. Does HU completely block DNA synthesis, or does it not?
Our finding of significant levels of residual DNA synthesis in HU-treated cells may sound
surprising, but in fact is in good agreement with the previous results. Indeed, if the overall
DNA accumulation is followed, no new synthesis in the presence of HU is detected 5; 9; 10;
28. In contrast, determination of the rate of DNA synthesis yields values that are only 3–6 times
lower than the uninhibited ones (5; 40; 41, our results). We propose that the latter values better
reflect the actual situation, since HU inhibition of the ribonucleotide reductase activity in crude
extracts is never complete 2; 3; 5. One could suspect that the reason for the residual DNA
synthesis is the presence of an alternative, HU-insensitive ribonucleotide reductases in the E.
coli cells. E. coli has two HU-sensitive ribonucleotide reductases, NrdAB and NrdHIEF, and
one HU-insensitive enzyme, NrdDG 58, but the latter enzyme works only anaerobically.
Although the reason for the incomplete inhibition of the ribonucleotide reductase activity in
the extracts of aerobically-growing cells is still unclear, the inefficiency of quenching of the
tyrosyl radical in the enzyme active center due to a limited accessibility to HU 59; 60 may play
a role.

What could be the reason for the discrepancy in determination of HU-inhibited DNA synthesis
by cumulative incorporation versus the rate of incorporation? In (fresh) HU-treated WT cells,
degradation of chromosomal DNA is not observed 10 but HU-treated recA mutant cells degrade
their DNA more than untreated cells 32. It could be that, during HU treatment, while some
DNA synthesis is going on, the stability of this newly-synthesized DNA is low, — hence, there
is little cumulative DNA increase in cells treated with HU, in contrast to the still significant
rate of DNA synthesis. We conclude that the high residual rates of DNA synthesis invalidate
the idea that HU treatment blocks DNA replication completely.

2. Does HU treatment directly damage DNA bases?
We interpret sensitivity of the xthA nfo double mutant to HU as an indirect evidence that HU
treatment modifies or removes DNA bases. The products of these two genes are,
correspondingly, exonuclease III and endonuclease IV — the only known dedicated abasic site
endonucleases in E. coli 45. Nicking of abasic sites by these enzymes is a critical step in the
base-excision repair that removes modified DNA bases. Sensitivity of the double xthA nfo
mutant of E. coli to an agent in question is taken to mean that the agent modifies or removes
DNA bases directly 61. Sensitivity of the recA and recBC mutants to hydroxyurea is consistent
with replication inhibition by the drug. However, the rapid loss of viability of the recA mutant
to fresh HU (Fig. 2A) suggests that the DNA damaging species are present in solution right
from the start, whereas HU is not continuously decomposing to re-generate these species (at
least not in the “right” order and proportion, critical for the killing (Fig. 4E)). This is also
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consistent with the constant inhibitory level of DNA synthesis offered by HU throughout the
time course of the experiments.

The only currently known metabolic effect of hydroxyurea (HU) is specific and efficient block
of DNA synthesis due to poisoning of the nucleotide reductase and the resulting depletion of
the DNA precursor pools 2–8. The complete reversibility of this block 4 dovetails with the
reported bacteriostatic nature of HU treatment during the first several hours 5; 10. However,
longer treatments with HU were found to be bactericidal 5; 9, prompting Rosenkranz and
colleagues to question ribonucleotide reductase as the only target of HU and to propose an
alternative target, chromosomal DNA 41. Rosenkranz indeed found that HU breaks pure DNA
in solutions upon co-incubation at elevated temperatures, most likely by producing
intermediate reactive species, like carbamoyloxyurea 25; 34. Although pure carbamoyloxyurea
kills E. coli faster than HU, this killing is still too gradual 25 to explain the immediate
bactericidal effects of aged HU that we observed in this study.

In contrast to the prolong treatments, killing by fresh HU in acute treatments, like the one we
observed in recA, recBC and xthA nfo mutants, has never been reported before. The recA, recB,
recG and ruv mutants, defective in double-strand break repair, were shown to be more sensitive
to low concentrations of HU during chronic treatments on plates (although see 62 for an
exception), which was taken as the consequence of the inability to maintain inhibited
replication forks 43; 44. Inhibited replication forks can reverse, turning into Holliday junctions,
with subsequent (hypothesized) replication fork breakage via Holliday junction resolution by
RuvABC resolvasome 63. Indeed, both chromosomal fragmentation in, and killing of, HU-
treated recB mutant cells are suppressed by inactivation of the RuvABC resolvasome,
supporting the replication fork reversal mechanism 44. For the cells to survive fork reversal
and breakage, disintegrated replication forks need to be reassembled by recombinational repair
63; 64, and the sensitivity of recA and recBC mutants to acute treatments with HU (32; 44, this
work) supports this scenario. However, our finding that the base-excision repair-deficient
mutant xthA nfo is also sensitive to fresh HU challenges the idea that the sensitivity of the
rec mutants to HU is exclusively due to replication fork reversal with subsequent breakage and
suggests that HU damages or removes DNA bases directly. Interestingly, there is a recent in
vitro evidence of direct DNA damage by HU 26. The resistance of WT cells to fresh HU
indicates that these DNA lesions are well-repaired. Separately and contrary to the claim in a
single previous report 65, we found that the recA mutants are exquisitely sensitive to
hydroxylamine (not shown), a major HU decomposition product in vivo; this result could have
been expected, since hydroxylamine is widely used as an in vitro mutagen and therefore
modifies DNA bases directly.

3. Instability of HU in aqueous solutions
It is currently unclear whether HCN, NO and peroxides are the products of limited
decomposition of HU itself or of impurities in HU preparations. Our finding of these additional
species in aqueous HU solutions should not be that surprising considering the ease of enzymatic
breakdown of HU in vivo. In the human body, several enzymes are known to act on HU to
produce hydroxylamine, nitroxyl (HNO) and nitric oxide (NO) 31. In fact, at one point it was
suggested that the mode of HU’s therapeutic action is via its hydrolysis to hydroxylamine 22,
but now NO has taken the lead as the most potent HU-breakdown product in the human body
31. In contrast to the in vivo situation, HU is considered to be essentially stable in neutral
aqueous solutions 29–31, although there is anecdotal evidence to the contrary 33, especially at
elevated temperatures 34, sometimes with outcomes as dramatic as industrial explosions 35.
The belief about HU stability in vitro is reflected in the fact that most publications dealing with
HU do not even mention how HU solutions were prepared and stored.
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With the help of GC-MS, we revealed hydrogen cyanide and nitric oxide in aging HU solutions.
We also found urea, cyanuric acid, formamide, carbon dioxide and hydroxylamine, but they
all appear to be products of thermal decomposition of HU during subsequent gas
chromatography, rather than of HU aging per se. It is interesting to note that NO, CO2,
formamide and hydroxylamine are all generated during enzymatic HU decomposition in vivo
31. The finding of CN, NO and peroxides in aqueous solutions of HU should be an important
consideration when HU is infused intravenously using pre-made aqueous solutions, which are
stored before use for up to one week 66–70 or are prepared beforehand as liquid formulation
for infants 30.

4. The bactericidal power of the CN + H2O2 + NO mixture
Our original observation of the bactericidal effect of aged HU can be understood in terms of
the known enhanced bacterial killing by either NO + H2O2 53; 55; 57 or by KCN + H2O2 54;
56, although we do not currently know the source(s) and the nature of the peroxide(s) in aged
HU — whether this is just hydrogen peroxide or some HU-based peroxides. It was assumed
that the two pairs of substances (NO + H2O2 and KCN + H2O2) kill bacteria by the same
mechanism, via increasing availability of electron donors and thus promoting the Fenton
reaction via reduction of the free intracellular iron 56; 57, so our finding that the two mechanisms
act synergistically may seem surprising. However, by themselves, both nitric oxide or hydrogen
cyanide in our conditions will inhibit respiration only partially (reflecting intermediate
bactericidal potency — Fig. 7) — nitric oxide due to the fully aerobic conditions, hydrogen
cyanide due to the relatively low concentrations 47. On the other hand, these concentrations of
hydrogen cyanide are known to greatly potentiate respiration inhibition by NO in fully aerobic
conditions 47, providing a possible explanation to the observed synergistic killing (Fig. 7).

Our finding that NO and HCN complement each other in potentiating the bactericidal power
of peroxides may have the real life counterpart in operation of the immune system. Currently,
phagocytic immune cells are known to employ only NO + H2O2 bactericidal mechanism 71;
72. In this respect it is interesting to note that neutrophils, which are the major antimicrobial
phagocytes, are known to induce production of hydrogen cyanide from the relatively abundant
serum thiocyanate in response to antigenic activation in general 73 and to bacteria in particular
74–77. The neutrophil enzyme involved in this production, myeloperoxidase, is better known
for its conversion of thiocyanate into hypothiocyanite (OSCN-) 78; 79, another bactericidal
agent. Thus, we speculate that the human immune system could use both NO and HCN to
synergistically potentiate bactericidal effects of peroxides.

Could decomposition products of HU contribute to its therapeutic potency?
Our finding of hydrogen cyanide and nitric oxide in HU solutions may be also relevant for the
current medical use of HU to relieve symptoms associated with sickle cell anemia 17. HU
reduces the frequency of the painful episodes and the acute chest syndrome in sickle cell anemia
patients, yet the therapeutic basis of its action is still unclear 80. Painful episodes during sickle-
cell anemia are caused by polymerization of the mutant hemoglobin inside erythrocytes, which
dramatically reduces their plasticity while increasing adhesion to the walls of blood vessel, —
the combination that results in blood vessel occlusion. Anti-sickling agents, decreasing this
blood vessel clogging, belong to four distinct classes depending on their target. The first class
acts at the gene level, stimulating the production of the fetal hemoglobin, which decreases
polymerization of the sickle hemoglobin. The second class modifies the red cell membrane to
increase the volume of erythrocytes, keeping sickle hemoglobin more dilute. The third class
are vasodilators that transiently open up blood vessels. Finally, the fourth class covalently
modifies the sickle hemoglobin protein itself, reducing its polymerization. HU was always
considered to be an example of class I agent, because it does increase the production of fetal
hemoglobin 81; surprisingly however, its anti-sickling effect was found to be poorly correlated
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with the level of fetal hemoglobin expression 80. In addition, HU was found to also increase
the volume of erythrocytes 80, apparently acting as a class II agent. Our finding of nitric oxide
in HU solutions, and, even more importantly, ready enzymatic conversion of HU into nitric
oxide in the organism 31 positions HU as a class III agent, via generation of a known vasodilator
(NO) 23. Finally, our finding of hydrogen cyanide in HU solutions suggest that HU can also
act as a class IV agent.

Human body readily detoxifies small amounts of cyanide by converting it into an essentially
inert thiocyanate with the help of rhodanese enzyme of liver (reviewed in 82; 83). Although the
effect of thiocyanate on sickle-cell anemia was never addressed systematically, anecdotal
evidence indicates that thiocyanate has a dramatic anti-sickling effect in patients 84 and a
pronounced ameliorating effect on the sickle erythrocytes in vitro 85; 86. There is also a
compelling evidence of much lower incidents of development of the sickle cell anemia and a
decreased severity of the disease in parts of Africa where people maintain a traditional African
diet rich in thyiocyanate-generating nitrilosides 87–89 (although see 90). Finally, a chemically
related compound, cyanate, was at one time a promising treatment for sickle cell anemia 91;
92, because the resulting carbamylation of sickle hemoglobin prevents its polymerization 93.
Importantly, chronic sublethal dietary ingestion of cyanide increases both the levels of serum
thiocyanate and carbamylated hemoglobin in the animal model 94. All this allows us to
speculate that HU, via cyanide and thiocyanate, modifies the sickle hemoglobin directly. If HU
indeed covalently modifies sickle hemoglobin, better agents for this reaction (for example,
thiocyanate) should be tested.

Concluding remarks
Returning to the original question that initiated this project, our results made the previous
studies of TLD using HU inconclusive, since one cannot be sure now that the only effect of
HU is direct DNA synthesis inhibition via block to DNA precursor synthesis. First, it is likely
that the 30% rate of DNA synthesis during HU inhibition is still enough for DNA damage via
replication to occur during TLD. Moreover, in contrast to common belief, our study indicates
that even fresh HU directly damages DNA, while aged HU induces additional double-strand
DNA breaks. Both DNA lesions cause cellular responses that may interfere with thymine
starvation. In summary, it is too early to conclude that DNA replication does not play a role in
thymineless death. Separately, it is important to consider the elusive yet potent toxicants in HU
solutions during therapeutic use.

Materials and Methods
Strains

All E. coli strains are K-12 and are derivatives of AB1157 (Table 1). Alleles were moved
between strains by P1 transduction 95; 96. Precise deletion-replacement alleles of selected genes
were created by the Datsenko and Wanner method 97 and confirmed by PCR and phenotypic
tests. The deo mutants were confirmed by their sensitivity to 5-fluorodeoxyuridine 98. The
recA and recBCD mutants were confirmed by their characteristic sensitivity to UV irradiation
and to tert-butyl-hydroperoxide. The xth nfo double mutants were confirmed by their sensitivity
to H2O2 and tert-butyl-hydroperoxide 46. The tdk mutants were confirmed by their inability to
incorporate exogenous thymidine 99.

Growth conditions
All strains were kept on LB plates with appropriate antibiotics, supplemented with 10 μg/ml
thymidine if strains were thyA mutants. LB broth per 1 L contains: 10 g tryptone, 5 g Yeast
extract, 5 g NaCl, pH 7.4 with 250 μl 4M NaOH; LB agar contained 15 g agar per 1 liter of
LB broth; M9CAA medium contain 1xM9 salts (Difco), 2 mM MgSO4, 0.1 mM CaCl2, 10
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mg/l thiamine (B1), 0.2 % glucose and 0.2 % Casamino acids (Difco). Davis minimal medium
per 1 L contained: 1 g glucose, 7 g Dipotassium Phosphate, 2 g Monopotassium Phosphate,
0.5 g Sodium Citrate, 0.1 g Magnesium Sulfate, 1 g Ammonium Sulfate, supplemented with
0.2 % Casamino acids (Difco). MOPS-minimal phosphate medium was according to 100.
Antibiotics were used in the following concentrations: kanamycin – 50 μg/ml, ampicillin – 100
μg/ml, tetracycline – 10 μg/ml, chloramphenicol – 12.5 μg/ml.

Cells were grown at 30°C in M9CAA medium until mid-logarithmic phase (OD600 ~ 0.2)
followed by HU treatment and/or thymineless death conditions, unless noted otherwise.
Removal of supplemented thymidine from thyA mutant cultures to induce thymineless death
was performed by collecting cells on nitrocellulose membrane filters (type 0.22 μm GS,
Millipore), washing with two volumes of 1% NaCl, followed by one volume of a pre-warmed
medium without thymidine and resuspending in one volume of the same medium. Viability of
cultures was measured by spotting 10 μl of serial dilutions (in 1% NaCl) of cultures on LB
plates (supplemented with 10 μg/ml thymidine for thy mutants). Colonies formed at each spot
were counted under the stereomicroscope after an overnight incubation of the plates at 22°C.

Chemicals
KCN (Mallinckrodt) was used as a source of CN−; 1 M KCN stocks were prepared immediately
before each experiment. DEA-NONOate (Sigma) is an NO donor with a half-life in water of
2 minutes; because of its short half-life, it was added as crystals directly to the bacterial culture.
Bovine liver catalase (16 mg/ml) and hydrogen peroxide (30%) were also from Sigma; both
were diluted to working stocks freshly for every experiment.

Hydroxyurea preparation and treatment
We used hydroxyurea interchangeably from either Sigma, or Calbiochem, or MP Biomedicals,
because we found no difference between them in our assays. The 1M stocks were prepared by
dissolving HU crystals in sterile deionized water (we also tried HPLC-grade water, with no
difference) and were added to bacterial cultures to achieve the desired HU concentrations.
“Fresh” HU was prepared immediately before use. Preparation of “aged” HU went though
several revisions to minimize inconsistencies (sometimes an “aged” stock would show an effect
and sometimes it would not (compare Fig. 1A versus 1B, stock #1) before the protocol was
established that made it work all the time. Protocol #1: at first, ‘aging” HU stocks were
prepared in regular glass bottles with tightened screw caps, dated and stored at 4°C for weeks
and months. The results were highly inconsistent, suggesting that something was escaping from
the bottles upon their opening. Protocol #2: to trap the suspected gas decomposition products,
we began aging HU stocks in closed microfuge tubes for 1–2 days at 37°C, — this made results
more reproducible. Protocol #3: to further reduce the inconsistency, we switched to aging HU
in standard addition aliquots (80 μl) in glass tubes under a 3 mm layer of mineral oil (Sigma),
adding bacterial cultures directly to such a tube. Mineral oil emulsifies upon shaking and does
not interfere with subsequent culture growth. Protocol #4: alternatively, in cases when no
direct addition to bacterial cultures was necessary (enzymatic reactions, GC-MS) HU aging
was for 1 day at 37°C in a closed 1.5 ml microfuge tube under mineral oil.

Method: measuring the rates of DNA synthesis by 3H-thyminidine incorporation
Cells (KKW59) were grown in M9CAA at 30°C until the exponential phase and treated with
indicated concentrations of fresh HU. At different times, 200 μl aliquots of the cultures being
treated were mixed with an equal volume of M9CAA supplemented with 1 μCi/ml of 3H-
thymidine and were incubated at 37°C for 1 minute. 5 ml of ice-cold 5% TCA was then added
to stop the reaction, and the TCA-killed cells were filtered through a 25 mm Fisher G6 glass
fiber filter, using manifold, to remove the unincorporated label. The filters were washed with
5 ml of 5% TCA, followed by 5 ml of ethanol and drying. 100 μl of 0.1 M KOH were deposited
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on each filter to quench the intrinsic fluorescence during subsequent counting. After drying,
the filters were soaked in a scintillation cocktail overnight, and the counts were determined in
the LS 6500 Beckman scintillation counter. Counts were first normalized to OD600 taken at
each time point, then to the CPM/OD600 of the initial value of each culture.

Measuring the rate of DNA synthesis by 32P-orthophosphate incorporation
Cells were grown in MOPS-minimal phosphate medium 100 to ensure robust 32P-
orthophosphate incorporation. Kinetics and extent of TLD is not changed in the MOPS-
minimal phosphate medium compared to M9 (not shown). Overnight cultures were diluted
100x and grown at 30°C to about OD600 = 0.1, then either thymidine was removed (from
thyA mutants) by filtering and resuspending in thymidine-free medium (for TLD) or HU was
added to thyA+ cells. All of the cultures from the same experiment were made to start with
approximately the same OD600 so that the amount of cells at the beginning of each treatment
was the same. After addition of 40 μCi of 32P-orthophosphate to each culture, they were
continued shaking at 30°C. At indicated times, 150 μl aliquots were taken into microcentrifuge
tubes, the cells were washed by pelleting and resuspending in 150 μl of TE, and were finally
resuspended in 60 μl of TE buffer and kept at 37°C. Cells were converted into agarose plugs
by adding 2.5 μl of 20 mg/ml proteinase K (NEB), 65 μl of molten 1.5% agarose in 0.2x lysis
buffer (1% sarcosine, 50 mM Tris HCl pH 8.0, 25 mM EDTA), and transferring the mixture
into a plug mold. Plugs were incubated with 1x lysis buffer overnight at 60°C, and then with
alkaline electrophoresis loading buffer (50 mM NaOH, 1 mM EDTA) at room temperature
with shaking for 2 hours, then inserted into the well of the 1.1% alkaline agarose gel (made on
30 mM NaOH, 1 mM EDTA) which was run for 900 minutes (15 hours) at 1.5 V/cm. The gel
was then washed with 1M Tris-HCl pH 7.8 for 30 mins, vacuum-dried onto a piece of
chromatography paper (Fisher) for 2 hours at 80°C and exposed to a PhosphorImager screen
overnight for quantification.

Since the top band at the gel origin does not disappear upon DNase treatment, only the
chromosomal DNA band was used for quantification. The “current interval” incorporation was
calculated by subtracting cumulative incorporation until the previous time point from the
cumulative incorporation at this time point. Then it was divided by the interval length (in hours)
and, finally, normalized to the incorporation in the untreated control during the first 30 minutes,
to obtain the relative rate of DNA synthesis.

Detection of chromosomal fragmentation by Pulsed-Field Gel Electrophoresis
Pulsed-field gel electrophoresis was run as before 39; 101 with some minor modifications: all
strains were grown in M9CAA; overnight cultures were diluted 100x and were grown with 10
μCi of 32P-orthophosphoric acid for 3 hours at 30°C; OD600 was taken to determine the volume
of aliquots to be used so that, within the experiment, the cell mass per lane was the same for
all samples; 2.5 μl of proteinase K (20 mg/ml) and 65 μl of 1.2% agarose in lysis buffer were
added and mixed by pipetting before casting the suspension in the plug molds.

Measuring mutation rates in HU treated cells
Independent cultures were shaken in M9CAA at 30°C till OD600 = 0.2. HU was added to 80
mM, and shaking at 30°C continued for 2 hours, after which the cultures were spun down and
resuspended in the same medium without HU. Cultures were then allowed to outgrow overnight
to saturation. Cultures were serially diluted in 1% NaCl for spotting on LB to obtain titer and
were spread on LB + 100 μg/ml Rifampicin plates to select for mutants. Colonies were scored
after 4 days of incubation at 22°C. Untreated controls received the same handling except that
water was added instead of HU. To calculate mutation rates, the Lea and Coulson method of
the medians, as explained by Rosche and Foster 102, was used. The mutation rate = m/
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(1.44Nt) where m is the number of mutations per culture and Nt is the final number of cells in
a culture.

GC-MS Analysis
Gas chromatography was performed on Agilent 6890 gas chromatographer equipped with an
Agilent 5973 mass selective detector and Agilent 7683B autosampler. Specific columns used
are identified in figure legends. Perfluorotributylamine (PFTBA) was used to autotune the
system daily. Operation of the MSD was in the electronimpact (EI) mode at 70 eV. While the
injection temperature varied between 200°C and 300°C depending on the specifics of the run,
the interface temperature was always set to 250°C, and the ion source temperature was always
adjusted to 230°C. The helium carrier gas (99.995% purity) was set at a constant flow rate
between 1.3 and 3.5 ml min−1, depending on the specifics of the run. Mass spectra were
evaluated using the HP Chemstation (Agilent, Palo Alto, CA) and AMDIS (NIST,
Gaithersburg, MD) programs.

Derivatization of HU for GC-MS
50 μl of 1 M stocks of HU and HA were prepared in water, then dried in a vacuum centrifuge.
The 1:1 ratio of MSTFA (Fluka) and pyridine were then added to the reaction and incubated
at 40°C for 1 hour. Samples were stored at − 80°C until injection.

H2O2 detection
The procedure followed the protocol of Seaver and Imlay 103, with modifications. In the
presence of H2O2, horseradish peroxidase (HRP) (type II, from Sigma) oxidizes amplex red
(AR) (Molecular Probes) to the fluorescent product resorufin. HU- or H2O2-treated bacterial
cultures (KKW 59) were collected by centrifugation after 40 mins of treatment at 30°C, and
the supernatant was recovered for the assay. One milligram of AR was dissolved in 0.78 ml of
DMSO, and 0.75 ml of this solution was then diluted into 18 ml of 50 mM potassium phosphate
(pH 7.8) to generate a 200 μM stock solution. The bottle with this solution was wrapped in foil
to shield it from light. HRP was dissolved in 50 mM potassium phosphate (pH 7.8) to 0.02 mg/
ml. To measure H2O2, 0.45 ml of a sample (HU stocks or supernatant from cultures) was mixed
with 0.25 ml of AR and 0.25 ml of HRP stocks. Fluorescence was then measured in a Shimadzu
RF Mini-150 fluorometer and converted to H2O2 concentration using a calibration curve
obtained from standard H2O2 serial dilutions after accounting for the background (value
obtained from the reaction with water only was set to zero).

Inhibition of respiration in cells extracts
The procedure followed the protocol of Imlay and Fridovich 104, with modifications 105.
Respiration rate was monitored spectrophotometrically by the oxidation of NADH by
membrane vesicles that were inverted and could oxidize respiratory substrates and reduce
O2 on the external surface. The vesicles were obtained from 100 ml of wild type cells, grown
in M9CAA and collected at mid-exponential phase, and were centrifuged and resuspend in 3
ml of cold 50 mM phosphate buffer (pH 7.8). Cells were then lysed with a French press and
centrifuged for 20 min at 17,000 x g at 4°C to remove cell debris. Vesicles were resuspended
in 1.5 ml of cold phosphate buffer and kept on ice. Assay was performed at 37°C in 50 mM
phosphate buffer, 5 mM NADH (Sigma), containing the indicated concentrations of KCN and
HU, with 100 μl of isolated vesicles. NADH oxidation was monitored for 15 mins by the
decrease in absorbance of NADH at 340 nm in the presence of KCN or HU using a Beckman
DU 640 Spectrophotometer. The kinetics of NADH oxidation reflects the activity of the
terminal oxidases in the respiratory chain; the rate of respiration was obtained by the slope of
the decreasing curve. The rate of respiration calculated from untreated vesicles was set to be
100% active, and the levels of respiration in all other samples were normalized accordingly.
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Differential Interference Contrast (DIC) microscopy
The procedure followed the protocol of Gut et al. 106, with modifications. The 20 μl aliquots
were removed from indicated cultures and fixed with 4% formaldehyde (Sigma) for 30 min at
37 °C followed by mounting on glass slides in 20% glycerol (Sigma). Differential Interference
Contrast (DIC) microscopy images were collected using an Applied Precision assembled
DeltaVision EpiFluorescence microscope containing an Olympus Plan Apo 100x oil objective
with NA 1.42 and a working distance of 0.15 mm. The images were processed using SoftWoRX
Explorer Suite (Issaquah, WA).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Aged versus fresh HU in killing and protection against TLD
A. Changes in the titer of the thyA mutant (KKW 58) incubated without thymidine in the
M9CAA medium. Thymidine was removed at time 0 and, where indicated, HU was added to
80 mM from HU stock solutions. Stock #1 (3.3 M in water) was 5 months old, stock #2 (2.2
M in water) was 3 months old, while stock #3 (1 M in M9CAA medium) was 48 hours old.
B. Changes in the titer of the wild type control (KKW 59). Cells were processed exactly as in
“A”, but on a different day.
C. Freshly prepared HU offers minimal protection against TLD, but does not immediately kill
either. Method as in “A”. Thy+, KKW 59; thyA, KKW 58.
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D. The effect of fresh HU on TLD in Morganroth and Hanawalt (2006) conditions. Cells were grown
in Davis minimal medium at 37°C. Fresh hydroxyurea was used in the final concentrations
indicated.
E. Microscopic images of cells, treated with either fresh or aged 80 mM HU, for either one
hour or overnight. The scale bar is 5 μM.
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Fig. 2. Inhibition of DNA synthesis by fresh versus aged HU in ThyA+ cells and during TLD in
thyA mutants
A. Inhibition of DNA synthesis by fresh HU, measured by thymidine incorporation. The data
points are averages of two independent measurements. The tdk mutant (KKW23), unable to
utilize thymidine for DNA incorporation (the negative control) showed no incorporation over
the background (not shown).
B. Alkaline agarose gel to measure DNA synthesis in cultures growing in the presence of
various preparations of HU by 30 minute 32P-orthophosphate incorporation. The combined
signal from the DNA band plus origin is quantified by PhosphorImager.
C. 30 minute 32P-orthophosphate incorporation into the chromosomal DNA, detected as in
“B”, in thymidine-starved thyA mutant (KKW 58) or in its Thy+ counterpart (KKW59),
normalized to untreated or unstarved cultures. The data points are averages of two-to-seven
independent measurements ± SE.
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Fig. 3. DNA damage by 80 mM hydroxyurea
Wild type, KKW59; ΔrecA, KKW60, ΔrecBCD, KKW62, xthA nfo, RPC 501.
A. Time course of the sensitivity of DNA repair mutants to fresh HU. The values are averages
of three independent measurements conducted on different days.
B. Sensitivity of wild type cells and DNA repair mutants to fresh versus aged HU. The method
was essentially as in “A”, but the time of treatment was fixed at 1 hour. The values are averages
of five independent measurements conducted on different days ± SE.
C. Chromosomal fragmentation in untreated and HU-treated cells, as measured by pulsed-field
gel electrophoresis. The data are averages of two independent measurements.
D. Mutation rate to Rifampicin-resistance in untreated and HU-treated cells (KKW59). The
rate was determined from the median mutant numbers from 11-culture sets.
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Fig. 4. The concentration- and time-dependence of killing by HU and kinetics of HU aging
A. Concentration-dependence of HU-killing. The titer of growing cultures of the indicated
genotype was determined by serial dilution of aliquots with 1 % NaCl and plating on LB, and
then the cultures were continued being incubated with aeration at 30°C, with various
concentrations of fresh HU or without the drug, for 1 hour, after which the titer was again
measured, as above, and normalized to the original titer.
B. Time course of killing by aged HU. After taking an aliquot for titer at time 0 hour, HU from
“aged” 1 M stock was added into the culture so that the final HU concentration was 80 mM.
Aged HU was prepared in water as 1 M stock (protocol #1) and was 3 months aged at the time
of experiment. Cultures were then kept at 30°C with aeration, and at the indicated times 30
μl of cultures were aliquotted and kept on ice until plating. Titer counts were normalized to
the initial count at time 0 hour (right before HU were added).
C. Kinetics of HU aging under oil. HU was aged for the indicated amount of time at 37°C in
loosely-capped tubes under oil, and aliquots of the same bacterial culture of wild type cells
(KKW59) were mixed with these HU stocks of various age to give the final concentration of
80 mM and shaken at 30°C for 20 minutes. The titer of the treated cultures was then normalized
to the untreated control. The values are averages of two or three independent measurements.
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Fig. 5. Detection of hydrogen cyanide (HCN) and nitric oxide (NO) in aged HU by GC-MS with the
gas-specific column
A. Total ion profile from the gas-specific column reveals HCN. The first three peaks, both in
fresh and in aged HU, from left to right are: 1) air (the smallest one), 2) carbon dioxide, for
which the m/z spectrum is shown on the lower right, 3) water (the dominant peak). The HCN
peak is present only in aged HU (the m/z spectrum on the upper right).
B. Aged HU inhibits respiration. Respiration was monitored as oxidation of NADH by
membrane vesicles. As a positive control for respiration inhibition, various concentrations of
KCN were also used in the same assay.
C. Traces of NO (m/z=30) in the air peak. Parameters were exactly like in “A”.
D. Separation of NO peak from the air peak by a gas-specific column. HU was prepared as a
1M stock and aged under oil for 1 day at 37°C.
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Fig. 6. The effect of HCN and/or NO on bacteria, and detection of H2O2 in aged HU
A. Influence of NO or KCN on TLD. The indicated concentrations of fresh HU, KCN or DEA-
NONOate were added to the thyA mutant cells incubated in the growth medium without
thymidine.
B. CN, NO or their mixture do not kill. Incubation was for 1 hour. Concentrations used: HU,
80 mM; CN (KCN), 10 mM; NO (DEA-NONOate), 10 mM.
C. CN or NO kill in the presence of H2O2. As in “B”, but H2O2 concentration was 2 mM, and
~290 units of catalase (cat) was added where indicated. Shown in the same scale as “B” to
facilitate comparison.
D. Measurement of the peroxide concentration by the HRP/AR assay, either in HU stocks, or
in supernatants of bacterial cultures, treated for 40 minutes.
E. The effect of the order of addition of DEA-NONOate, KCN and H2O2 to the bacterial culture
on the cell survival. The method was as in “B”, except that the three substances were aliquotted
into individual glass tubes, and then bacterial cultures were added to them consecutively and
transferred from tube to tube in the indicated order.
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Fig. 7. A possible explanation for the synergistic killing of bacteria by CN + H2O2 + NO mixture
Hydrogen peroxide kills (thin arrow) by generating hydroxyl radicals (HO·) via interaction
with reduced iron (Fe2+). Inhibition of respiration is proposed to stimulate formation of
Fe2+ 56; 57. Either nitric oxide (NO) or hydrogen cyanide (HCN) inhibit respiration, but only
partially (NO — due to our fully aerobic conditions, while inhibition by HCN is generally
inefficient 47; 48). Thus, enhanced killing by hydrogen peroxide (thicker arrow in the middle).
However, together NO + HCN inhibit respiration synergistically 47, which, we propose, causes
the synergistic killing of bacteria in the tri-component mixture with hydrogen peroxide (the
thick arrow).
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Table 1
Strains.

Strain source and name Relevant genotype or description Reference or derivation

AB1157a Rec+ 107

AAM1 ΔthyA71::cat Deletion-replacement

AK4 Δ(srlR-recA)306::Tn10 108; 109

JB1 ΔrecBCD3::kan 96

AK141 Δtdk6::kan 39

RPC501 nfo-1::kan (xthA-pncA)90 46

(s406) ΔrecA635::kan 97

KKW23 Δtdk7 (this work) AK141; kan removed by pCP20

KKW37 ΔthyA72 (this work) AAM1; cat removed by pCP20

KKW47 ΔdeoCABD1::cat (this work) Deletion-replacement

KKW58 ΔthyA72 deoCABD2 (this work) KKW 37 x P1 KKW 58, cat removed by pCP20

KKW59 ΔdeoCABD2 (this work) KKW 57; cat removed by pCP20

KKW60 ΔdeoCABD2 (srlR- recA)306::Tn10 (this work) KKW 59 x P1 AK 4 (supplemented with p-recA+)

KKW62 ΔdeoCABD2 recBCD3::kan (this work) KKW 59 x P1 JB 1 (supplemented with p-recBCD+)
a
AB1157 complete genotype: F- lambda- rac- thi-1 hisG4 Δ(gpt-proA)62 argE3 thr-1 leuB6 kdgK51 rfbD1 araC14 lacY1 galK2 xylA5 mtl-1 tsx-33

supE44(glnV44) rpsL31(strR)
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