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Abstract

Hydrogen peroxide (HP) or cyanide (CN) are bacteriostatic at low-millimolar concentrations for
growing Escherichia coli, whereas CN+HP mixture is strongly bactericidal. We show that this
synergistic toxicity is associated with catastrophic chromosomal fragmentation. Since CN-alone
does not kill at any concentration, while HP-alone kills at 20 mM, CN must potentiate HP
poisoning. The CN+HP killing is blocked by iron chelators, suggesting Fenton’s reaction. Indeed,
we show that CN enhances plasmid DNA relaxation due to Fenton’s reaction in vitro. However,
mutants with elevated iron or HP pools are not acutely sensitive to HP-alone treatment, suggesting
that, in addition, in vivo CN recruits iron from intracellular depots. We found that part of the CN-
recruited iron pool is managed by ferritin and Dps: ferritin releases iron on cue from CN, while
Dps sequesters it, quelling Fenton’s reaction. We propose that disrupting intracellular iron
trafficking is a common strategy employed by the immune system to kill microbes.
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Introduction

Hydrogen peroxide (HP, H,05) is an uncharged stable molecule in which oxygen is reduced
halfway between the ground state molecular oxygen O, and the fully reduced oxygen of
water H,O. Due to its uncharged character and generally low reactivity with organic
compounds, HP moves freely from outside to inside the cell. However, the cell tries to keep
intracellular concentrations of HP, as well as superoxide O,— (a reactive oxygen species
halfway between O, and H,0, and easily reducible to HP) as low as possible, because
intracellular iron makes HP extremely toxic (Imlay, 2008).

For E. coli, HP saturates cellular defenses at low millimolar concentrations (1-10 mM),
becoming bacteriostatic during short treatments (Imlay & Linn, 1986, Imlay & Linn, 1987),
while bactericidal and clastogenic (degrading chromosomal DNA) upon prolonged
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exposures (Brudzynski et al., 2011). HP shows rapid toxicity in E. coli at concentrations
higher than 20-30 mM (Imlay & Linn, 1986, Imlay & Linn, 1987). In fact, the famous 3%
hydrogen peroxide first aid antiseptic (~1 M concentration) Kills any kind of bacteria within
a few minutes (Dittmar et al., 1930, Rutala et al., 2008).

The extreme intracellular HP toxicity is attributed to its catalytic cycle with free cytoplasmic
iron that produces hydroxyl radicals (first used in the famous Fenton’s reagent (Fenton,
1894, Koppenol, 1993)) (Fig. 1A, right): Fe2* + H,0, — Fe3* + OH- + OH- (Fe(lll) is then
returned to Fe(ll) by metabolites like free flavins). The generated hydroxyl radicals react
with organic compounds at diffusion rates (Buxton et al., 1988). Because of this amplified
reactivity in the presence of free cytoplasmic iron, HP and superoxide are classified as
“reactive oxygen species”, even though they themselves do not show reactivity with typical
organic biomolecules.

The cell minimizes Fenton’s reaction by actively reducing intracellular concentrations of
HP, superoxide and free iron. The efficiency of HP scavenging is demonstrated by the fact
that cells completely deficient in it cannot grow once the endogenous HP reaches ~0.5 uM
(Park et al., 2005), while the wild type (WT) cells can still grow even in the presence of 1
mM exogenous HP (Brudzynski et al., 2011). In E. coli, HP is efficiently degraded by a two-
step enzyme system. At concentrations up to 20 UM in E. coli, HP is mostly degraded by the
copious alklyperoxidase AhpCF (Imlay, 2008), while higher HP concentrations are
scavenged by induction of two catalases, encoded by katE and katG genes in E. coli (Fig.
1A, left) (Goerlich et al., 1989). At the same time, cytoplasmic superoxide is efficiently
removed by two superoxide dismutases, SodA and SodB (Imlay, 2008). Finally, the amount
of free cytoplasmic iron is tightly controlled by the ferric uptake regulator Fur (Hantke,
2001). Because of low availability of soluble iron (Fe(ll)) in the oxidizing environment, the
cells have to secrete various iron-(Fe(l11))-chelating molecules, called siderophores, and
then collect their iron-loaded forms back, retrieving the iron for internal use (Wandersman
& Delepelaire, 2004). Since iron is expensive to procure, and frequently limited in the
environment, surplus cytoplasmic iron is not excreted into the environment, but is stored in
association with the specialized proteins of the ferritin superfamily (Smith, 2004). Typical
ferritins function as iron distribution centers, taking in or releasing iron according to
metabolic needs of the cell, while the mini-ferritin Dps is induced in response to HP-stress
and in the stationary cells, to sequester “reactive” iron from iron-HP complexes.

A peculiar phenomenon is potentiation of HP toxicity by some simple substances, which by
themselves do not kill, and some of them are not even bacteriostatic. For example,
aminoacids cysteine and histidine in high, but still physiological, concentrations potentiate
the effect of bacteriostatic HP concentrations, killing the cells (Berglin & Carlsson, 1985).
Ascorbic acid has also been long known to potentiate HP toxicity (Miller, 1969). Nitric
oxide (NO) is by itself bacteriostatic in high enough concentrations (Spek et al., 2001), but
addition of NO to otherwise bacteriostatic concentrations of HP makes it strongly
bactericidal (Klebanoff, 1993). In fact, synergistic toxicity of NO+HP is used by our
immune cells to kill invading microbes (Brunelli et al., 1995, Pacelli et al., 1995), but the
mechanisms behind the microbial death are not entirely clear (Woodmansee & Imlay, 2003).
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Synergistic toxicity of HP with cyanide (CN) was also noted before (Imlay et al., 1988) and
explored by Woodmansee and Imlay, who proposed that CN-block of respiration leads to an
increase in Fe(l11)-reduction potential of the major siderophore reductase Fre, resulting in
faster Fe(l11)—Fe(ll) cycling, thereby accelerating Fenton’s reaction (Woodmansee &
Imlay, 2002). The proposed mechanism was later confirmed for a similar case of NO+HP
co-toxicity (Woodmansee & Imlay, 2003). Even though CN may seem like an artificial
potentiator, it is in fact produced by many plants, most fungi and even by some microbes
(Knowles, 1976), in addition to being generated by our activated immune cells (But et al.,
2002, Furtmdller et al., 1998, Stelmaszynska, 1985, Thomas & Fishman, 1986).

We encountered the co-toxicity with HP while characterizing the surprising killing potential
of old hydroxyurea solutions, that turned out to be due to a mixture of NO, CN and HP
(Kuong & Kuzminov, 2009). Here we are reporting our investigation on the nature of the
CN+HP co-toxicity, of its potential targets and of its chromosomal effects. Theoretically,
there are two possible explanations of a co-toxicity. The most obvious one is “redundancy”;
according to the redundancy explanation, both CN and HP are toxic, and both toxicities are
counteracted by the same mechanism. Therefore, adding them together inactivates an
essential cellular function or saturates anti-toxicity mechanisms, killing the cell. For
example, both CN (Jurtshuk et al., 1975) and HP (Bickar et al., 1982) are known to bind
cytochrome oxidase enzymes, so it is possible that this inactivation could be the cause of
death by the CN+HP double treatment.

The second explanation of co-toxicity is “potentiation”, according to which only one of the
two chemicals is toxic, but normally there are efficient mechanisms to prevent or neutralize
its toxicity, while the second chemical targets these anti-toxicity mechanisms without being
toxic itself. Since HP is known to be toxic in high concentrations (Imlay & Linn, 1986,
Imlay & Linn, 1987), its toxicity at low concentrations could be potentiated by CN, for
example, by inactivating catalases, which are heme-containing enzymes (heme iron is a
well-known intracellular CN target). One of the initial objectives of this work was to
distinguish between these two explanations for CN+HP co-toxicity. The second objective
was to identify targets of CN and HP poisoning. The third objective was to explore
chromosomal aspects of CN+HP toxicity.

CN+HP treatment causes catastrophic chromosomal fragmentation

The CN(3)+HP(2) toxicity in our standard conditions (3 mM CN, 2 mM HP) is at least four
orders of magnitude within one hour, in line with the previous report (Woodmansee &
Imlay, 2002) (Fig. 1BC). At the same time, CN(3)-alone or HP(2)-alone treatments are
bacteriostatic (Fig. 1BC). The CN(3)+HP(2) toxicity is robust, as demonstrated by step-wise
lowering concentrations of one reagent, while keeping the other one constant: the extent of
the killing is significantly reduced only by 10-fold reduction of either reagent (Fig. S1). In
fact, the killing of the wild type strain used in these experiments can be stopped immediately
by diluting the treated culture 10-fold, a useful stopping technique during a short time
course.
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Woodmansee and Imlay detected significant DNA damage in CN(3)+HP(2.5)-treated cells
by quantitative PCR (Woodmansee & Imlay, 2002), whereas we have earlier reported
detectable chromosomal fragmentation caused by unspecified low levels of CN+(NO+)HP
(Kuong & Kuzminov, 2009). Therefore, we expected to observe comparatively higher levels
of chromosomal fragmentation after our standard CN(3) +HP(2) treatment. Nevertheless, we
were still surprised to find that CN+HP Killing in our conditions is associated with
extraordinary levels of chromosomal fragmentation, detected by pulsed-field gel
electrophoresis (Fig. 1DE). We use the term “catastrophic fragmentation” to represents the
violent, rapid and complete chromosome demise that CN+HP treatment induces. Since
massive fragmentation is already observed after only one minute of treatment (see below), it
is likely the cause, rather than the consequence, of death. As a negative control, we found no
chromosomal fragmentation after treatment with lethal concentrations of transcription
inhibitor rifampicin or translation inhibitor kanamycin (Fig. 1DE), — this also contradicts
the reports of massive oxidative damage associated with various mechanisms of antibiotic-
caused bacterial cell death (Kohanski et al., 2010).

After reaching a maximum of 65% (signal over background) around 15 minutes, the
apparent level of CN+HP-caused fragmentation goes down at the later time point (Fig. 1E).
Since the average molecular weight of the chromosomal fragments continues to decrease
with time of the treatment (Fig. 1D), the observed decrease in fragmentation must be an
artifact of the smallest DNA fragments migrating out of the gel. We conclude that, over the
period of 45 minutes, CN+HP treatment kills E. coli cells continuously by inducing double-
strand breaks in the chromosomal DNA. Moreover, since in other experimental systems,
strong lethality is already observed with chromosomal fragmentation levels of 15-20% (see
the Discussion), the catastrophic fragmentation induced by CN+HP treatment should leave
cells no chance of survival, — an expectation supported by the 10,000-fold drop in the
viable counts (Fig. 1BC).

The nature of the co-toxicity

One could distinguish between the two explanations for CN+HP co-toxicity (redundancy vs
potentiation) by checking whether CN-alone or HP-alone would kill at higher
concentrations. If both single treatments are toxic at high concentrations, then the
redundancy explanation would be possible (potentiated toxicity is always a possibility).
However, if only one of the single treatments is toxic at high concentrations, then the
corresponding substance is the poison, while the other one acts as a potentiator, by enabling
the poisoning mechanism or by disabling a resistance mechanism.

We found that CN-alone, even at very high concentration of 300 mM, neither kills, nor
causes any chromosomal fragmentation (Fig. 1FG). In contrast, HP-alone kills at
concentrations of 15 mM (HP(15)) or higher, by inducing catastrophic chromosomal
fragmentation (Fig. 1FG). Remarkably, HP(10) does not kill or cause chromosomal
fragmentation (Fig. 1H), whereas HP(20) already shows significant killing/fragmentation
potential. In other words, transition HP(10)—HP(20) does not translate into a simple 2-fold
increase in DNA damage; rather, it brings about a qualitative shift, as if a potentiator like
CN has been added. Apparently, at high concentrations, HP functions as a self-potentiator,
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— for example, by partially converting into a substance that acts like CN. The kinetics of
killing by HP(20) is similar to the one by the standard CN(3)+HP(2) co-treatment (compare
Fig. 11 versus 1C) and is accompanied by a similar magnitude of catastrophic chromosomal
fragmentation (Fig. 1J). Therefore, we conclude that 1) HP kills by causing catastrophic
chromosomal fragmentation, while CN potentiates this killing by increasing the effective
intracellular HP concentrations at least 10-fold; 2) at high concentrations, HP may self-
potentiate its own poisoning; 3) the killing target of HP is the chromosomal DNA, while CN
targets are unclear.

Genetic analysis of CN potentiation of the HP killing: the expected phenotypes and their
interpretation

To identify the targets of CN potentiation, as well as CN-potentiation-counteracting
processes, if any, we quantified HP-alone and CN+HP sensitivity of select mutants.
Formally, the original phenotypes of WT cells are: “HP-alone” treatment is bacteriostatic,
while CN+HP treatment is strongly bactericidal (Fig. 1C and 2A). Four distinct changes
from these WT effects are possible in mutants, with specific interpretations (Fig. 2B-E)

The first (perhaps the most intuitive) mutant phenotype is similarly increased sensitivity to
both HP-alone and CN+HP (Fig. 2B). Interpretation: the corresponding protein counteracts
HP toxicity without affecting CN potentiation of it. In other words, such a mutant identifies
an independent branch of HP-toxicity that acts in parallel with the CN-potentiated branch.

Another mutant phenotype is a similar sensitivity to both HP-alone and CN+HP (that is, HP-
alone sensitivity drops to the level of CN+HP sensitivity) (Fig. 2C). Interpretation: the
corresponding protein counteracts HP toxicity and is a target of CN potentiation.
Identification of such targets is the primary objective of our mutant search.

A third expected mutant phenotype is no HP-alone sensitivity (like in WT), but a deeper CN
+HP sensitivity (Fig. 2D). Interpretation: the corresponding protein counteracts CN
potentiation without affecting HP toxicity.

Finally, the fourth effect is again no sensitivity to HP-alone (like in WT), but this time a
shallower sensitivity to CN+HP (Fig. 2E). Interpretation: the corresponding protein
promotes CN potentiation of HP-toxicity.

HP-removing enzymes counteract CN-potentiation

Consideration of the scheme of HP toxicity/detoxification (Fig. 1A) for possible targets of
CN potentiation leads to a perplexing possibility that tight CN binding to the heme iron
inhibits both sides of the process, resulting in a larger intracellular HP pool on the one hand,
yet a less efficient hydroxyl radical production on the other. Indeed, the CN-vulnerability of
the hydroxy-radical-generating side of the scheme (Fig. 1A right) is due to the fact that CN
blocks the electron transport chain, via binding to hemes of cytochrome oxidases (Jurtshuk
etal., 1975), and at the same time via complexing highly reactive free iron into mildly
reactive ferrocyanide. However, the “catalase” side of the scheme (Fig. 1A left) should be
equally CN-vulnerable, as both E. coli catalases are also heme-containing enzymes
(Chelikani et al., 2004), making them ideal targets for CN-potentiation of HP toxicity.
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There is a disagreement over whether inactivation of catalases sensitizes cells to HP-alone
treatment in E. coli: Pueyo and colleagues report that the double katEG mutant is extremely
sensitive to 20" treatments with HP (Prieto-Alamo et al., 1993), while Imlay and colleagues
claim their double catalase mutant is not generally sensitive to HP (~10-fold deeper viability
loss compared to WT after 15’ treatment) (Imlay & Linn, 1987). In our hands, the AkatEG
mutant is killed by CN+HP faster and deeper than WT cells (Fig. 2F), but it is the unusual
kinetics of HP-alone sensitivity, which fails to plateau within 45 minutes of treatment, that
makes the overall pattern of the double catalase deletion mutant complex. Indeed, at 15
minutes it corresponds best to Fig. 2B, but then matches Fig. 2C pattern at 45 minutes. If we
are to ignore the earliest time point, catalases counteract HP toxicity (as they should),
without affecting CN potentiation at first, but then they gradually become targets of CN
inhibition. Still, the dramatic difference between the first 15 minutes of CN+HP versus the
HP-alone sensitivity curves excludes catalases from being the potential targets of immediate
CN inhibition.

While catalases are responsible for defending cells against millimolar concentrations of
exogenous HP, E. coli employs alkylperoxidase AhpCF to remove micromolar
concentrations of endogenous HP (Imlay, 2008). Alkylperoxidase does not have any metal
that cyanide could complex and is too weak to counter 2 mM HP of our treatment anyway,
so the ahpC mutant was expected to be killed similar to the WT with the CN+HP treatment.
Surprisingly, we observed increased CN+HP sensitivity in the ahpC mutant with no increase
in HP-alone sensitivity (Fig. 2G). Thus, unexpectedly, if the first 5 minutes of the two
treatments are considered, both ahpC and katEG results are generally consistent with the
“Fig. 2D” scenario, suggesting that both enzymes somehow counteract CN-potentiation of
HP-toxicity, with either no or delayed effect on HP-alone toxicity. Since the existence of a
specific intracellular pool of HP that is preferentially used for CN potentiation of Fenton’s
reagent is unlikely (uncharged and small HP molecules diffuse freely), the unexpected
phenotype of the katEG and ahpC mutants suggest tight trafficking of iron inside the cell
and, perhaps, even physical proximity of HP-removing enzymes to the iron hubs.

The electron transport connection

Interestingly, Woodmansee and Imlay have already reported a major target of CN
potentiation of HP toxicity, working in the “electron transport” area in the Fig. 1A scheme
(expanded in Fig. 3A) (Woodmansee & Imlay, 2002). Nicotinamide adenine dinucleotide
(phosphate) (NAD(P)H) is the main reducing power of E. coli cells grown aerobically in
rich medium, its electrons being funneled into the aerobic respiratory chain by two NADH
dehydrogenase (NDH) enzymes (one coded by the nuo gene cluster, the other by the ndh
gene) through quinones to the three terminal cytochrome oxidases, bo, bd-1 and bd-I1 (Fig.
3A) (Borisov et al., 2011). Woodmansee and Imlay confirmed an earlier report (Imlay et al.,
1988) that the ndh mutants are sensitive to HP-alone treatment, and this sensitivity is not
further increased by CN (Woodmansee & Imlay, 2002). At the same time, the nuo mutants
behaved like WT in these assays. The equal and high sensitivity of ndh mutants to both HP-
alone and CN+HP (“Fig. 2C” pattern) was a clear genetic indication that the electron
transport chain is a target of cyanide potentiation of the HP killing (Woodmansee & Imlay,
2002).
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Woodmansee and Imlay also reported that the fre defect in the flavin mononucleotide
(FMN) reductase has an opposite effect, by mostly preventing CN-potentiation of the HP
killing (“Fig. 2E” pattern) (Woodmansee & Imlay, 2002). The FMN reductase Fre reduces
free flavins using excess of NAD(P)H (Fieschi et al., 1995). Interestingly, it is the major
ferrisiderophore reductase activity in E. coli, reducing ferric citrate or other iron-
siderophores so that they release ferrous iron (Coves & Fontecave, 1993). Woodmansee and
Imlay proposed that Ndh action prevents buildup of excess of NAD(P)H that would
otherwise be used by Fre to reduce ferric iron (Fe3* = Fe2*), thereby promoting Fenton’s
reaction (Fig. 3A) (Woodmansee & Imlay, 2002).

We have confirmed that the fre mutant has a reduced sensitivity to CN+HP treatment,
whereas Fre overproduction dramatically increases this sensitivity (Fig. 3B). Thus, Fre is
indeed partially responsible for fueling Fenton’s reagent in E. cali cells, probably via
reduction of insoluble Fe(l1l) to soluble Fe(ll). We have also confirmed the WT behavior of
the nuo mutant (Fig. 3C). However, using ndh alleles both from Imlay’s collection and from
the E. coli Genetic Stock Center, we failed to observe the expected sensitivity of ndh
mutants to HP-alone (Fig. 3C). Even more surprisingly, while being resistant to HP-alone,
the ndh mutants in our hands turned out to be hyper-sensitive to CN+HP (Fig. 3C). This
opposite effect of ndh inactivation, compared to the effect of fre inactivation, leads to faster
chromosomal fragmentation in the ndh mutants and slower fragmentation in the fre mutants
(Fig. 3D). Remarkably, the fact that Ndh, like HP-targeting enzymes above, counteracts CN-
potentiation without affecting HP-toxicity (“Fig. 2D” pattern) means that Ndh counteracts
CN-potentiation directly, rather than through the elevated NADH concentration boost to the
overall Fenton’s reaction — otherwise the ndh mutants would have increased sensitivity to
both HP-alone and CN+HP treatments (Fig. 2B). The general idea of tight intracellular iron
control and its possible disruption by CN is consistent with this overall interpretation.

The possibility of NADH-independent nature of the ndh mutant effect was further supported
by the phenotypes of the cyo, cyd and app mutants, deficient in the three cytochrome
oxidases that catalyze the final step in electron transport from NADH to O5 in aerobic
respiration (Borisov et al., 2011). According to the scheme (Fig. 3A), inactivation of these
enzymes should lead to accumulation of NADH, elevating sensitivity to both HP-alone and
CN+HP. Looking at it from a different perspective: since all cytochrome oxidases have
heme as a critical cofactor that binds CN tightly, they should be targets of CN potentiation,
meaning that all three mutants should be equally sensitive to HP-alone or CN+HP (“Fig.
2C” pattern). However, contrary to this strong prediction, all three cytochrome oxidase
mutants showed the phenotype of the fre mutant: no HP-alone sensitivity and at the same
time a shallower CN+HP sensitivity (Fig. 3E), as if CN utilizes the cytochrome oxidase
molecules themselves to promote HP toxicity.

The disagreement among these results within the confines of the NADH-centered scheme
(Fig. 3A) suggests that the overall aerobic respiratory chain has no direct role in CN-
potentiation of HP toxicity, even though individual activities of (or around) this chain do
contribute to the phenomenon. Specifically, if cyanide potentiates formation of Fenton’s
reagent in vivo at low HP concentrations, NADH dehydrogenase 11 (Ndh) counteracts this
potentiation, while flavin reductase and cytochrome oxidases promote this potentiation.

Mol Microbiol. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mahaseth and Kuzminov Page 8

The role of DNA and iron in CN+HP toxicity

Our simplistic in vitro modeling of CN-potentiation of HP toxicity, by measuring the effect
of cyanide on the standard in vitro Fenton’s reaction (Imlay et al., 1988), expectedly
revealed a complete block, the stoichiometry of inhibition suggesting formation of Fe(CN)g
as the inert species (Fig. 4A). The iron-cyanide complexes Fe(CN)g are known to be
significantly less reactive than free iron, and this inhibition of Fenton’s reaction in vitro
emphasizes the paradoxical phenomenon of the CN+HP toxicity in vivo (Fig. 1), indicating
complicated nature of the underlying mechanisms. At face value, the complete shutdown of
Fenton’s reaction by CN in vitro predicts that complexing of iron by CN in vivo should
similarly prevent production of hydroxyl radicals and should save the cells from HP toxicity.
To make sure that CN+HP killing is due to Fenton’s reaction in vivo, we have confirmed the
previous report (Woodmansee & Imlay, 2002) that the presence of in vivo iron chelators,
either deferoxamine or dipyridyl, completely blocks CN+HP killing (Fig. 4B). The two iron
chelators also block chromosomal fragmentation (Fig. 4C). The dramatic effect of iron
chelators implies that, in contrast to the formation on inert iron-cyanide complexes in vitro,
the intracellular iron is somehow recruited by CN to promote Fenton’s reaction.

This surprising discrepancy could be explained if, instead of iron, another common
transition metal in the cell is responsible for CN-potentiation of Fenton’s reaction. The result
with iron chelators would still be consistent with this idea, as both deferoxamine and
dipyridyl are known to chelate other transition metals (Cini & Orioli, 1981, Keberle, 1964).
To test the involvement of other transition metals in CN-potentiation of in vivo Fenton’s
reagent, we assembled standard Fenton’s reactions in vitro with 2 mM HP and 250 pM of
the following transition metals: chromium, manganese, (iron as a positive control), cobalt,
nickel, copper and zinc. We found that some of the metals did promote weaker Fenton-like
reactions, but these reactions were all inhibited by addition of 3 mM CN, just like the iron-
promoted Fenton’s reaction (Fig. 4D), making contribution of other transition metals to CN-
potentiation of HP toxicity unlikely.

Since iron was the best transition metal to promote Fenton’s reaction in vitro and apparently
in vivo, we tested the possibility that CN-stimulation of Fenton’s reaction in vivo was
specific to our readout, which was (chromosomal) DNA. Plasmid relaxation is a convenient
and sensitive DNA-based readout for Fenton’s reaction in vitro (Kang, 2010, Park & Imlay,
2003, Surguladze et al., 2004). Remarkably, in contrast to CN-inhibition of the classic in
vitro Fenton’s reaction (Fig. 4A), we have observed a robust CN-stimulation of Fe+HP-
promoted plasmid relaxation in vitro (Fig. 4EF). Since DNA readily binds both Fe(ll) and
Fe(I1l) iron (Ouameur et al., 2005), DNA-iron complexes can act as a self-targeting
Fenton’s reagent (Luo et al., 1994) (“self-targeting” in the sense that DNA, by binding iron
readily, serves not only as a platform for Fenton’s reagent, but also as a proximal target for
the generated hydroxyl radicals). Remarkably, when cyanide joins this DNA-iron complex,
it further potentiates Fenton’s reaction, instead of inhibiting it.

Mutants with increased “free” cytoplasmic iron

With this better understanding of iron’s role in the DNA-self-targeted Fenton’s reaction in
vivo, we tested the effect of increased free intracellular iron in certain mutants on the CN-
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potentiation of HP toxicity. The Fur protein is a ferric ion uptake regulator that functions as
either a repressor or activator (or sometimes both) for a number of genes (Hantke, 2001). In
aerobically-growing fur mutant cells, the amount of free cytoplasmic iron is elevated ~7-fold
(Keyer & Imlay, 1996). We found that the fur mutant shows delayed, yet significant
sensitivity to HP and a matching additional sensitivity to CN+HP (Fig. 4G). In other words,
potentiation of HP-alone toxicity by fur inactivation is independent of CN potentiation of the
same toxicity. Thus, the Fur regulator is not a target of CN potentiation, but counteracts HP
toxicity directly (“Fig. 2B” pattern). Apparently, the extra free cytoplasmic iron in fur
mutants neither contributes to CN potentiation of HP killing, nor is “neutralized” by CN,
like it is invitro (Fig. 4A). In other words, there appear to be at least two subpopulations of
iron in the cell: the one that can be recruited by CN for potentiation of HP toxicity, and the
other that is neither “recruitable”, nor “neutralizable” by CN, yet fuels its own Fenton’s
reagent.

Besides fur, a similar ~8-fold increase in pool of free intracellular iron in E. coli is detected
in the double sodAB mutant lacking cytoplasmic superoxide dismutases (Keyer & Imlay,
1996, McCormick et al., 1998). Surprisingly, in contrast to the fur mutant behavior (Fig.
4G), the sodAB mutant showed only a slight sensitivity to HP-alone treatment and at the
same time a greatly-reduced sensitivity to CN+HP (Fig. 4H), as if the “increased free iron”
in this mutant is not only poorly-recruited by CN to fuel Fenton’s reagent, but also is not
accessible to HP-alone for the same purpose. At a minimum, these unexpected effects in
mutants with increased free cytoplasmic iron argue against the existence of a significant
pool of DNA-accessible cytoplasmic iron outside the control of the iron-trafficking system
(Fig. 41, top). Instead, the bulk of cytoplasmic iron must be distributed among specific
depots (Fig. 41, bottom), with CN apparently recruiting it from a subset of these depots.

The role of iron-depository Dps

Therefore, we tested the idea that CN recruits iron for Fenton’s reagent from two major
intracellular depots of the bound iron. One of such iron depository is Dps, a major nucleoid-
organizing protein of stationary cells. Its dodecamers form ball-like structures that bind
DNA non-specifically and organize it in a paracrystalline form for preservation during non-
growth state (Frenkiel-Krispin et al., 2004), as well as offering long-term storage of iron by
converting it into oxidized form within the balls (Chiancone & Ceci, 2010) (Fig. 5A).
Although accumulated in massive humbers only in stationary cells, Dps is also present in
5-10-times fewer copies in exponentially-growing cells (Ali Azam et al., 1999), while its
synthesis is induced in growing cells by oxidative damage or starvation (Altuvia et al.,
1994). We found that exponential cultures of dps mutants are not different from WT in their
lack of sensitivity to HP-alone (suggesting no general increase in free iron), but they are
killed deeper by CN+HP (Fig. 5B), showing that Dps counters CN-potentiation in
exponential cells (“Fig. 2D” pattern), perhaps by sequestering the CN-recruited iron.

Since the major role of Dps is during the stationary phase, we next tested the sensitivity to
the two treatments of wild type cultures sampled at different densities from rapid growth all
the way to complete saturation. We found that, as cells enter stationary phase, their
sensitivity to CN+HP treatment completely disappears (Fig. 5C, the green curve), in parallel
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with disappearance of chromosomal fragmentation (Fig. 5C, the purple curve and Fig. 5D),
suggesting that CN+HP-induced chromosomal fragmentation requires active metabolism.
Similarly, starving the exponentially growing cultures for two hours in M9 salts protects
them against the killing (Fig. S2). In contrast, stationary dps cultures, while still resistant to
HP, remain fully sensitive to CN+HP (Fig. 5EF), while CN+HP still induces catastrophic
chromosomal fragmentation in dps mutants in early stationary phase (Fig. 5G), further
stressing the link between chromosomal fragmentation and the loss of viability. At first, we
detected no CN+HP-induced fragmentation in the fully stationary dps mutant cells (Fig. 5G
and Fig. S3 and S4), even though they were killed by CN+HP just like exponential dps
mutant cells (Fig. 5E), suggesting a major discrepancy between the two readouts. However,
diluting fully-stationary cultures 10-fold into a fresh medium just before the treatment
makes Adps mutants again susceptible to CN+HP-induced fragmentation (wild type
stationary cells continue to be resistant) (Fig. 5HI), suggesting an activation step. Since the
energy production is blocked by CN in these cells, we are not sure about the nature of this
activation, but the chromosomal fragmentation is blocked by iron chelator deferoxamine
(Fig. S4), suggesting participation of free iron. Diluting stationary cultures 10-fold into a
“conditioned” medium failed to revive fragmentation in the Adps mutant (Fig. S5), ruling
out cell density as the fragmentation-inhibiting factor. We conclude that the resistance of
stationary WT cells to CN+HP is due to Dps organizing the chromosome and/or
sequestering CN-mobilizable iron, but even in exponentially-growing cells, Dps already
offers considerable protection against CN+HP treatment.

The role of iron-depot ferritin

In fact, Dps is a member of the ferritin family of proteins, present in all organisms from
bacteria to mammals. All ferritins have a highly-conserved structure of thick-walled spheres
accumulating insoluble ferric iron. Besides Dps, there are two more ferritins in E. coli: the
ferritin proper (homologous to all ferritins from other kingdoms) and bacterioferritin (a
heme-containing ferritin found only in bacteria) (Smith, 2004). In contrast to the smaller 12-
mer Dps spheres, which hold up to 500 iron atoms, the larger 24-mer ferritin spheres can
hold up to 4,500 iron atoms (Smith, 2004). Another important difference from Dps, which
functions as a long-term iron depository, is that ferritins act as dynamic iron distribution
centers, both accumulating and releasing iron (Fig. 6A), prompted by interactions with iron-
containing proteins or by some simple chemical cues (Reif, 1992). Although CN was never
reported to release iron from ferritin, we decided to use ferritin mutants to test if CN could
be one of those “iron-release” cues.

The bfr mutant lacking bacterioferritin shows essentially the wild type behavior in HP or CN
+HP treatments (Fig. S5A), but the ftnA mutant lacking regular ferritin shows the “Fig. 2E”
pattern of reduced sensitivity to CN+HP (Fig. 6B), suggesting that ferritin does participate in
CN-potentiation of HP toxicity, perhaps by releasing its iron upon CN cue. The ftnA bfr
double mutant shows an intermediate phenotype of some CN+HP resistance (Fig. S5B).
Although no difference is seen in the level of CN+HP-induced fragmentation at 5 or 15
minutes of treatment (see above), the level of chromosomal fragmentation at 1 or 2 minutes
of the treatment in all the mutants showing resistance to CN+HP (ftnA, fre, sodAB) is only
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half of the level in wild type cells (Fig. 6CD), corroborating our earlier conclusion that the
early fragmentation is the cause of death.

In order to use the plasmid relaxation assay to monitor ferritin-driven Fenton’s reaction in
vitro, we introduced EDTA in the reaction buffer to block the background reaction with free
iron (Fig. 6EFG). We found that iron-loaded (horse spleen) ferritin does not promote
Fenton’s reaction with HP-alone, but does promote it with CN+HP (Fig. 6EF). Apoferritin
(the same protein shell, but supposedly lacking iron) is much less active in this nicking
reaction (Fig. 6EF). Moreover, addition of iron chelators completely eliminate this residual
activity of apoferritin (Fig. 6G), indicating that this activity is due to traces of iron still
present in apoferritin preparations. Not only Fenton’s reagent is not formed by free iron
under these reaction conditions, but also it is not stimulated by CN (Fig. 6EG). Thus, the in
vitro evidence with horse spleen ferritin is consistent with the genetic evidence that CN
recruits iron from ferritin to fuel Fenton’s reagent.

The partial resistance of the ftnA mutants to CN+HP is not further increased by additional
fre defect (Fig. 6H), suggesting that ferritin and flavin reductase work together in CN-
mobilization of reduced iron. On the other hand, the double ftnA dps mutant is as sensitive to
CN+HP as the single dps mutant (Fig. 61), suggesting that, in the absence of the iron
depository Dps, CN-recruited iron from sources other than ferritin could still kill. We
conclude that CN potentiation of HP toxicity is in part due to iron recruitment from ferritins
by CN, perhaps even with direct delivery of the recruited iron to DNA. The CN-recruited
iron then either fuels the DNA-self-targeting Fenton’s reagent or is removed from DNA by
Dps, the long-term iron depository of E. coli.

Discussion

Our investigation into the spectacular co-toxicity of cyanide and hydrogen peroxide, which
by themselves are bacteriostatic at the corresponding concentrations, yielded the following
original findings: 1) rapid exponential cell death is accompanied by catastrophic
chromosomal fragmentation; 2) CN potentiates HP killing, but does not kill by itself in any
concentration, while HP kills in 10-fold higher concentrations, apparently via self-
potentiation; 3) in vitro CN blocks non-DNA Fenton’s reaction, but promotes DNA-self-
targeting Fenton’s reaction, while iron chelators block CN+HP-induced chromosomal
fragmentation in vivo, suggesting importance of iron-DNA complexes in CN+HP toxicity;
4) the weak/no sensitivity to HP-alone of mutants that cannot remove HP (katEG, ahpC) or
that elevate “free” cytoplasmic iron (fur, sodAB) suggests a strict system of iron distribution
inside the cell, while frequent hyper-sensitivity of these mutants to CN+HP suggests that CN
targets the iron-distribution system; 5) the iron depository Dps partially protects against CN
+HP killing during growth and offers absolute protection during stationary phase, indicating
that Dps neutralizes the CN-recruited iron; 6) at the same time, the iron depot ferritin may be
one source of CN-recruited iron that works together with flavin reductase to fuel Fenton’s
reagent in vivo.

Our overall results are surprising not only in what we have found, but also in what we failed
to find. One of the original objectives of this study was to find targets of CN-inhibition that
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would explain CN-potentiation of HP toxicity. Such targets would be identified by mutants
that would show a characteristic pattern of similar toxicities of HP-alone treatment versus
CN+HP treatment (Fig. 2C). Remarkably, we failed to find a single example of Fig. 2C
pattern, instead encountering several examples of Fig. 2D pattern (Figs. 2F (5 minute time
point), 2G, 3C, 5B). This means that CN-potentiation does not increase the intracellular
concentrations of the two components of Fenton’s reagent, HP and iron (Fig. 7A, 11), but
stimulates Fenton’s reaction directly (Fig. 7A, 1V). This stimulation could be either at the
level of hydroxyl radical formation, or at the level of bringing these radicals to DNA, or
both. In fact, CN potentiation could accomplish both by promoting formation of iron-DNA
complexes.

With this clarification in mind and on the basis of our new findings, we propose that CN
potentiates HP toxicity by fueling Fentons’ reagent in at least two ways: 1) by recruiting iron
from depots like ferritin directly to DNA,; 2) by further activating iron-DNA complexes for
DNA-self-targeting Fenton’s reaction. At least two activities, NADH dehydrogenase Il and
the iron depository Dps, counteract this CN potentiation, the former probably indirectly, via
decreasing the pool of reduced flavins, the latter apparently by sequestering CN-recruited
iron. The proposed hypothetical interplay of ferritin and Dps in iron sequestration and CN-
recruitment vis-a-vis chromosome fragmentation is schematically presented in Fig. 7B. We
will discuss our specific findings below.

Iron distribution inside the cell and its subversion by CN

One general conclusion from our results is that distribution of iron is tightly controlled
inside the cell. The pool of free cytoplasmic iron in the cell that mixes with freely-diffusing
HP and forms hydroxy| radicals throughout the cytoplasm must be limited by iron
sequestration in depots (Fig. 41, bottom). At the least the pool of free cytoplasmic iron is
limited in the vicinity of DNA. This conclusion mostly follows from our frequent finding
that a particular mutant, expected to be sensitive to HP-alone treatment, either due to higher
intracellular HP concentrations or increased free cytoplasmic iron, failed to show increased
sensitivity in at least the first 10 minutes of HP treatment (Fig. 2FG, 3C, 4GH and 5B).
Since most of these mutants show increased sensitivity to CN+HP, the interpretation is that
CN disrupts the overall distribution of iron or the restrictions on iron movement around
DNA, allowing Fenton’s reaction to happen in the vicinity of DNA.

One specific mechanism we propose is direct iron recruitment to DNA from ferritin depots
that are themselves in the physical proximity to DNA. Direct iron-DNA interactions are
important for DNA damage during in vivo Fenton’s reaction (Luo et al., 1994), but is there
any evidence that ferritins are close to DNA inside the cell? It is not a widely-appreciated
fact that ferritin readily binds DNA, both in vivo (Thompson et al., 2002) and in vitro
(Surguladze et al., 2004). Moreover, in vitro in the presence of ferritin, a supercoiled
plasmid DNA is gradually nicked, this nicking being dependent on the internal iron, because
it is blocked by iron chelators (Surguladze et al., 2004). Interestingly, reduced flavin
mononucleotides facilitate iron release from ferritin in vitro (Funk et al., 1985, Melman et
al., 2013), consistent with our (indirect) conclusion about the role of FMN reductase in the
ferritin-mediated fueling of Fenton’s reagent in vivo.
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Catastrophic chromosomal fragmentation

Chromosomal fragmentation does not have to be dramatic to kill. In fact, a single unrepaired
double-strand break kills organisms of various levels of complexity, from phages and
bacteria to lower and higher eukaryotes (Bonura & Smith, 1975, Dahm-Daphi et al., 2000,
Freifelder, 1965, lliakis, 1991, Kouzminova & Kuzminov, 2012, Resnick, 1976).
Interestingly, one break per chromosome in growing bacterial cultures, where chromosome
replicates continuously, will not be even detectable by our physical analysis. Indeed, the
chromosome fragmentation detectable in growing bacterial cells (cultures) by pulsed-field
gels as a smear below the compression zone reflects far more than a single break, because
the detected sub-chromosomal fragments must have no branches to be able to enter the gel.
In other words, in order for random double-strand breaks to generate detectable sub-
chromosomal fragments in a theta-replicating chromosome, more than one break needs to
happen in the same chromosomal arc. Therefore, quantifying chromosome fragmentation
from the smear within pulsed-field gels seriously underappreciates the true density of
double-strand breaks in the chromosome. In support of this argument, we reported before
that even a 5% level of spontaneous fragmentation corresponds to severe growth inhibition
in strains that experience it (Kouzminova et al., 2004), with 10% spontaneous fragmentation
usually meaning complete block of growth (Budke & Kuzminov, 2010, Kouzminova et al.,
2004, Rotman et al., 2014). In fact, the maximal levels of spontaneous fragmentation of
~15% in the ligA recBC mutants (Kouzminova & Kuzminov, 2012) and ~20% in the dut
recBC mutants (Kouzminova & Kuzminov, 2006, Kouzminova et al., 2004) are associated
with deep lethality.

Even higher levels of fragmentation can be achieved in E. coli cells after DNA damaging
treatments — up to 25% fragmentation during thymineless death (Kuong & Kuzminov,
2010), up to 30% fragmentation after UV irradiation (Khan & Kuzminov, 2012), up to 40%
fragmentation after phleomycin treatment (Khan & Kuzminov, 2013). In all cases, cells
were excision-repair-proficient, and there were essentially no survivors. Finally, the
maximum level of induced fragmentation approaching 50% was observed in repair-defective
pol A mutants after UV (Khan & Kuzminov, 2013). But never before have we encountered
such a swift and utter chromosome demise as in the case of CN+HP treatment, which we
therefore termed “catastrophic chromosomal fragmentation”. The actual fragmentation over
the background peaks around 70% in this case, but only because some chromosomal DNA is
chopped to pieces small enough to migrate out of the gel, while ~10% of the total
orthophosphate label in the well is a non-DNA species (probably fragments of the cell wall)
(Kuong & Kuzminov, 2009). Such a local catastrophic chromosome fragmentation within an
eukaryotic nucleus could be the initial event behind chromothripsis, which is a complete
randomization of a particular chromosome or one of its arms, observed with some frequency
in certain cancers (Jones & Jallepalli, 2012).

There are currently more questions than answers about the possible mechanisms behind this
catastrophic fragmentation. Is it dependent on DNA replication, transcription or translation?
Does it happen randomly over the chromosome or is concentrated around the origin, for

example? Is it associated with Bayer’s patches (chromosome’s attachments to the envelope)
or with the proteinaceous core of the nucleoid (its central part)? Does the nucleoid structure
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collapse or does it mostly survive during fragmentation? Are double-strand breaks direct or
are they preceded by primary (one-strand) DNA lesions? Are these primary DNA lesions
repaired by excision repair? Are the double-strand breaks repaired by recombinational
repair? Finally, why do fragmentation levels in various mutants poorly correlate with
differential survival of these mutants? We would be addressing these questions in our future
studies.

Potentiated toxicity

Conclusion

Potentiated toxicity is a useful practical concept, because it allows an organism to reduce
dangers associated with generation and handling of immediately toxic concentrations of a
poisonous substance, like HP. The transition from bacteriostatic (10 mM) to strongly
bactericidal (20 mM) concentrations of HP in our experiments is quite abrupt (Fig. 1FG),
immediately justifying development of ways to potentiate this toxicity as a strategy to keep
the working concentrations of the poison, HP, in the static range for the organism that
produces it. As mentioned in the introduction, one well-studied example of how HP toxicity
is potentiated in real life is offered by immune cells, that use nitric oxide to potentiate killing
of pathogenic bacteria with HP (Brunelli et al., 1995, Pacelli et al., 1995). The proposed
mechanism of this potentiated toxicity is similar to the one proposed before for CN+HP
toxicity: block of respiration increases NADH pools, accelerating Fe(l11) — Fe(Il) reduction
by Fre (Woodmansee & Imlay, 2003). In the light of this work, it would be interesting to test
if NO potentiates HP-induced catastrophic chromosomal fragmentation by the same kind of
iron recruitment from intracellular depots, especially since NO is known to cause iron
release from ferritins (Reif, 1992).

Another potentiator of HP toxicity is the amino acid cysteine, the only redox-active amino
acid. Cysteine is always present in the cell, but its normal levels are not enough to cause
problems in combination with low millimolar HP treatment. However, when cells are forced
to take in too much cysteine from the environment, they become transiently sensitive to low
mM HP concentrations (Park & Imlay, 2003). Cysteine directly stimulates Fenton’s reaction
invitro (Park & Imlay, 2003), but the in vivo effectors of cysteine potentiation may also
include hydrogen sulfide (Berglin & Carlsson, 1985). Interestingly, sulfide is known to
release iron from mammalian ferritins (Cassanelli & Moulis, 2001). Besides cysteine,
another amino acid that potentiates HP toxicity is histidine (Berglin & Carlsson, 1985).
Finally, the fact that 10 mM HP is bacteriostatic, while 20 mM is already strongly
bactericidal, suggests that HP self-potentiates at higher concentrations. However, our
preliminary experiments show that 20 mM HP still kills wild-type cells in the presence of
iron-chelator deferoxamine, suggesting a distinct, iron-unrelated mechanism in this case.

Concentrations of HP in excess of 20 mM efficiently Kkill by causing catastrophic
chromosomal fragmentation, yet it is metabolically hard and physiologically dangerous to
produce high concentrations of HP as a bio-weapon. Potentiation with an unrelated
substance, like CN described in this work, allows organisms to kill their enemies using
physiologically-achievable concentrations of HP, which may be indeed quite modest inside
the cells (Imlay, 2009, Slauch, 2011, Winterbourn et al., 2006). Cells of our immune system
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use NO as such a potentiator, but bacteria scavenge NO with several dedicated enzymes
(Stern & Zhu, 2014), decreasing efficiency of this potentiation route. At the same time, CN
is readily generated from serum thiocyanate by myeloperoxidase of our immune cells (But et
al., 2002, Furtmdiller et al., 1998, Stelmaszynska, 1985, Thomas & Fishman, 1986), and
bacteria typically have no capacity to degrade CN. Therefore, as we have argued before, our
immune cells may also use CN as another or co-potentiator of HP toxicity (Kuong &
Kuzminov, 2009). This makes CN+HP, NO+HP and similar mixtures the binary bio-
weapons. We propose that the iron depot ferritin plays a dual role in CN-potentiation: first,
ferritin releases small amount of iron on CN cue; second, since ferritin is a DNA-associated
protein, the released iron is instantly complexed by DNA, which allows CN to potentiate
DNA-self-targeting Fenton’s reaction. The overall validity and the details of this
complicated potentiation scheme will have to be addressed in future studies.

Experimental procedures

Strains and Plasmids

Escherichia coli strains used are all K-12 BW25117 derivatives (Baba et al., 2006). Alleles
were moved between strains by P1 transduction (Miller, 1972). The mutants were all
deletions from the Keio collection (Baba et al., 2006), purchased from the E. coli Genetic
Stock Center, and were verified by PCR (and, whenever possible, phenotypically). For
double mutants construction, the resident kanamycin-resistance cassette was first removed
by transforming the strain with pCP20 plasmid (Datsenko & Wanner, 2000). The plasmid
pMTL20 (Chambers et al., 1988) was used for all in vitro plasmid relaxation assays.

Enzymes and Reagents

Ferritin and apoferritin from equine spleen, catalase from bovine liver, hydrogen peroxide,
deferoxamine mesylate, 2,2’-Bipyridyl and N,N-Dimethyl-4-nitrosoaniline (p-
nitrosodimethylaniline) were purchased from Sigma. Potassium Cyanide was purchased
from Fisher-Scientific. Yeast chromosome pulsed-field gel electrophoresis markers were
from New England Biolabs.

Growth conditions and Viability assay

To generate killing kinetics, fresh overnight cultures were diluted 500-fold into LB medium
(10 g of tryptone, 5 g of yeast extract, 5 g of NaCl, 250 ul of 4 M NaOH per liter (Miller,
1972)) and were shaken at 37°C for about two and a half hours or until they reached
exponential phase (ODgqg approximately 0.3). At this point, the cultures were made 3 mM
for CN and/or 2 mM for HP (or the indicated treatment) and the shaking at 37°C was
continued. Viability of cultures was measured at the indicated time points by spotting 10 uL
of serial dilutions in 1% NaCl on LB plates (LB medium supplemented with 15 g of agar per
liter). The plates were developed overnight at 28 °C, the next morning colonies in each spot
were counted under the stereomicroscope. All titers have been normalized to the titer at time
0 (before addition of the treatment).
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Measuring chromosomal fragmentation by pulsed-field gel electrophoresis

This generally follows our previous protocols (Khan & Kuzminov, 2013, Kouzminova et al.,
2004). All strains were grown in LB medium; overnight cultures were diluted 500-fold and
grown with 1-10 pCi of 32P-orthophosphoric acid per ml of culture for 2.5 h at 37 °C
(ODggg approximately 0.3) before addition of 3 mM CN + 2 mM HP (or the indicated
treatment). The reactions were stopped by addition of 315 g of catalase, and aliquots of the
culture were taken at the indicated times to make plugs. Cells of the aliquot were spun
down, resuspended in 60 ul of TE buffer and put at 37°C. 2.5 pl of proteinase K (5 mg/ml)
was added, immediately followed by 63 pl of molten 1.2% agarose in the lysis buffer (1%
sarcosine, 50 mM Tris-HCI, and 25 mM EDTA) held at 70°C. The mixture was pipetted a
couple of times before being poured into a plug mold and let solidify for 2 minutes at room
temperature. The plugs were then pushed out of the molds and incubated overnight at 60°C
in 1 ml of the lysis buffer. Half plugs were loaded into a 1.0% agarose gel in 0.5x Tris-
borate-EDTA buffer and run at 6.0 V/cm with the initial and the final switch times of 60 and
120 s, respectively, at 12°C in a Bio-Rad CHEF-DR Il PFGE system for 20-22 hours. The
gel was vacuum-dried at 80°C and then exposed to a Phosphorlmager screen overnight. The
resulting signals were measured with a Phosphorlmager (Fuji Film FLA-3000).

In vitro non-DNA Fenton’s reaction

The reaction containing 40 pM N,N-Dimethyl-4-nitrosoaniline, 2 mM HP and/or 3 mM CN
in 2 ml water (Imlay et al., 1988) was supplemented with various concentrations of up to 1
mM of stable salts of the indicated transition metals. The reaction was followed
spectrophotometrically by measuring absorbance at 440 nm.

Plasmid relaxation assay

About 100-200 ng of plasmid (1-2 pl) was incubated with 5 uM of either ferritin or
apoferritin with 3 mM CN and 2 mM HP in 1x TAE buffer (40 mM Tris-HCI, 20 mM acetic
acid, 1 mM EDTA, pH 8) at 37°C. At specified times, aliquots were removed and the
reaction was stopped by adding 45 pg of catalase. Since apoferritin was in 50% glycerol (an
inhibitor of Fenton’s reagent), both apoferritn and ferritin preparations were first changed
into 1% NaCl solution by using 100K Amicon ultra-0.5 ml centrifugal filter and spin column
units.

When using iron instead of enzymes, the plasmid was incubated for only 2 minutes at room
temperature before addition of catalase. These samples were then run on a 1.1% Agarose gel
at 3 VV/cm before being transferred to a nylon membrane and hybridized with pMTL20-
specific radioactive probe to calculate the percentage of the relaxed plasmid form in the total
plasmid.

Southern hybridization

The agarose gels were washed with 0.25 M HCI, followed by 0.5 M NaOH and, finally, with
1 M Tris HCI pH 8.0. Each wash was 40 minute long. The treated gels were then placed on
Amersham Hybond N+ (GE Healthcare) nylon membrane, covered with Saran wrap, and
DNA was transferred by vacuum for 1-2 hours. After that the DNA was UV-crosslinked to
the membranes and probed with 32P-labelled pMTL20-specific probe. Hybridization was
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carried out overnight at 63°C in a 0.5M Sodium Phosphate (pH 7.4) and 5% SDS
hybridization buffer. In the morning, the membranes were washed thrice with 1%
hybridization buffer and rinsed with water just before covering them with Saran wrap and
exposing to a Phosphorimager screen. The resulting signals were measured with a
Phosphorlimager (Fuji Film FLA-3000).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. CN+HP toxicity isdueto CN-potentiation of HP-promoted catastr ophic chromosome

fragmentation

A. A scheme of in vivo HP toxicity and detoxification. Big balls in shades of blue, oxygen
atoms (the lighter the shade, the more reactive the compound), small yellow or orange balls,
hydrogen atoms. B. Spotting of serial dilutions (10 ul) of treated WT cultures to demonstrate
a representative kinetics. Time is in minutes. Here and everywhere: unless indicated
otherwise, “CN” means 3 mM KCN, while “HP”” means 2 mM hydrogen peroxide. C.
Kinetics of CN+HP killing (and HP-only stasis) of exponential WT cultures. Here and for
the rest of the paper, the values are means of 3 or more independent measurements = SEM.
D. Catastrophic chromosome fragmentation triggered by CN+HP treatment, as detected by
pulsed-field gels. Left, ethidium bromide-stained gel (reversed image) to show the size
distribution of the fragmentation smear (M, the yeast chromosome markers with their length
indicated in kbp). Lanes are: 0/, 5, 15" time of CN+HP treatment in minutes; K, 50 ug/ml
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kanamycin for 45 minutes (survival 1.5x107°). Center and right, direct radioactivity
scanning of 32P-labeled chromosomal DNA. Time in minutes is duration of CN+HP
treatment (center) or of 100 pg/ml rifampicin treatment (survival 2.8 x 1073) (right). E.
Quantification of CN+HP- or kanamycin- or rifampicin-induced fragmentation from several
gels like in “D-right”. Here and for the rest of the paper, chromosome fragmentation is
quantified within a particular lane by dividing the signal in the gel by the combined signal in
the gel plus well (total signal) and multiplying the product by 100. F. The nature of CN+HP
toxicity revealed by CN-alone or HP-alone dose-dependence of survival. All treatments
were carried out for 45 minutes. Note that the upper X axis (CN-alone) is logarithmic, and
the starting point of it is, actually, “0.1”. G. A representative pulsed-field gel demonstrating
the catastrophic nature of HP-alone-induced chromosome fragmentation. All treatments
were carried out for 45 minutes. Concentrations in parentheses are in mM. H. Quantification
of the dose-dependence of chromosomal fragmentation by HP-alone, from several gels like
in “G”. HP concentrations are in mM. I. Kinetics of killing and of chromosome
fragmentation by HP(20). The latter values are from several gels like in “J”. J. A
representative pulsed-field gel showing kinetics of fragmentation by HP(20).
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Fig. 2. Formal analysis of the expected kinetics of mutant killing by HP or CN+HP treatments,
and the phenotypes of mutantsin HP-neutralizing functions

A. WT Kinetics (cf. Fig. 1C). B. Increased sensitivity to both HP and CN+HP treatments. C.
Increased sensitivity to HP only, approaching the unchanged sensitivity to CN+HP. D.
Increased sensitivity to CN+HP only. E. Decreased sensitivity to CN+HP. F. Kinetics of
killing by the two treatments of the double katEG catalase-deficient mutant, compared to
WT. G. Kinetics of killing by the two treatments of the ahpC mutant in alkylperoxidase,
compared to WT.
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Fig. 3. The effect of mutationsin NADH-users
A. The expanded view of the “electron transport” part of the Fig. 1A scheme. B. Kinetics of

CN+HP killing: the fre mutant shows partial resistance, while Fre overproduction elevates
CN+HP sensitivity of WT cells. The pFre+ plasmid is pES1. C. Kinetics of killing by the
two treatments of ndh and nuo mutants. The nuo mutant behaves like WT, whereas ndh is
hyper-sensitive to CN+HP, but shows no sensitivity to HP-alone. D. Comparison of WT
chromosome fragmentation kinetic pattern to the ones in the ndh and fre mutants. E. The
two treatment survival of the cytochrome oxidase mutants. For clarity, sensitivity is shown
at a single time point of 60 minutes (HP-alone) or 45 minutes (CN+HP).
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Fig. 4. The complex role of iron in CN+HP toxicity
A. CN inhibits the standard Fenton reaction in vitro via formation of Fe(CN)g. The reaction,

which is started by addition of FeSO4 to the indicated concentration to solution containing 2
mM HP, is followed spectrophotometrically (absorbance at 440 nm), by disappearance of a
colored substance, p-nitrosodimethylaniline (p-NDA). When added, CN is at 3 mM. B. Pre-
treatment of the cultures with iron chelators, such as 20 mM deferoxamine or 2 mM
dipyridyl, for five minutes before the treatment blocks CN+HP killing. C. Pre-treatment
with the iron chelators like in “B” similarly blocks CN+HP-induced chromosome
fragmentation. D. CN inhibits Fenton-like in vitro reactions with other transition metals. The
reactions contained 50 uM EDTA and 250 uM of the indicated metal and were ran like in
“A”. The values are means of two independent repetitions. E. CN stimulates in vitro
Fenton’s reaction with free iron in water or a Tris buffer and plasmid relaxation as a readout.
SCD, supercoiled dimer; SCM, supercoiled monomer; RCD, relaxed circular dimer; RCM,
relaxed circular monomer. Concentrations were: 250 pM FeSOyg4, 2 mM HP, 3 mM CN, 40
mM Tris-HCI pH 8.0. F. Quantification of several gels like in “E”. The values are
(RCM/RCM+SCM)x100. G. Kinetics of killing by the two treatments of the fur mutant. H.
Kinetics of killing by the two treatments of the sodAB double mutant. |. Our original idea
about free cytoplasmic iron (top) and its current evolution (bottom). Small green circles,
DNA-accessible Fe(ll); orange and brown hexagons, Fe(l11)-depots.
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Fig. 5. Resistance of stationary cellsto CN+HP isdueto Dps
A. Dodecameric Dps protein forms spheres that bind DNA non-specifically and accumulate

up to 500 iron atoms per sphere. Orange/brown small circles, Dps dodecamers; black line in
the shape of a star, chromosomal (duplex) DNA. B. Kinetics of killing by the two treatments
of Adps mutant. WT curves from Fig. 1C are shown in grey for comparison. C. OD-
dependence of CN+HP killing and fragmentation of wild type cells. Aliquots of the same
culture were challenged with standard CN+HP treatment at various ODs of the culture, and
their normalized survival or fragmentation were plotted as a function of OD. In our growth
conditions, the maximal density (fully stationary cultures) of WT cells does not exceed 4.0.
D. A representative pulsed-field gel of OD-dependence of fragmentation in WT cells after
CN+HP treatment. E. Kinetics of CN+HP killing of exponential vs stationary cultures of
wild type cells and Adps mutant. F. Stationary cultures killing by HP-alone or CN+HP 45
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minute treatment. G. OD-dependence of fragmentation in Adps mutants: a representative
gel, similar to the one in (D). Cultures were treated without prior dilution. H. A
representative pulsed-field gel of CN+HP treatment kinetics to show that Adps stationary
cultures undergo robust chromosomal fragmentation if diluted 10x into a fresh medium right
before the treatment. |. Kinetics of chromosome fragmentation in wild type and Adps cells,
either in growing or stationary/diluted cultures. This is quantification of several independent
runs like in “H”.
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Fig. 6. Ferritin is one sour ce of CN-recruited iron
A. Ferritin spheres function as iron-distribution centers. Small bright-green circles, Fe(lIl)

iron; small orange circle, Fe(lll) iron. B. Kinetics of Killing by the two treatments of the ftnA
mutant. C. Early chromosomal fragmentation is slower in the ftnA, fre and sodAB mutants
— a representative pulsed-field gel of 1’ and 2 CN+HP treatments. D. Quantification of the
early fragmentation from three gels like in “C”. In this case, fragmentation values at 0 time
point are subtracted as a background. E. in vitro Fenton reaction with ferritin as a source of
iron and plasmid relaxation as a readout. The left panel, kinetics of ferritin + CN + HP, with
CN-only and HP-only controls (both at 120 minutes). All reaction have 5 pg of ferritin. The
right panel, the apoferritin (also 5 pg, 120 minutes) and the pure iron (the indicated amount,
2 minutes) controls. Rm, relaxed monomer; scm, supercoiled monomer. F. Qauntitative
plasmid relaxation kinetics from several gels like in “E”. G. The influence of iron chelators
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on the plasmid relaxation by ferritin and apoferritin (120 minutes). DF, deferoxamine; DP,
dipyridyl. Plasmid relaxation by pure iron in the reaction conditions (treatment length is 2
minutes) is also shown. H. Kinetics of killing by the two treatments of the ftnA fre double
mutant. |. Kinetics of killing by the two treatments of the ftnA dps double mutant.
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Fig. 7. Theinterpretation scheme and the chromosome fragmentation scheme
A. Interpretation of genetic results. The intracellular HP, iron and OH- pools are shown by

spheres whose size reflect the relative size of the pools. Stack of straight lines at the bottom,
chromosomal DNA,; broken lines, broken DNA. (I) Our initial HP-only treatment scenario,
in which both HP and iron pools are actively limited by dedicated cellular functions, genX
and genY. (I1) Our initial expectation of a typical CN-potentiation route (inactivation of the
HP- or iron-limiting functions). (I11) The expected phenotypes of the corresponding mutants
(in functions that are CN-targets) in HP-only treatment. (1) An alternative scenario
suggested by the most frequently observed phenotypes of mutants (no HP-only sensitivity,
increased CN+HP sensitivity), according to which CN stimulates Fenton’s reaction near
DNA. B. The proposed role of ferritin-like proteins in CN potentiation of HP poisoning via

catastrophic chromosome fragmentation, based on phenotypes of the corresponding mutants.
Top row: yellow/orange smaller circles, Dps dodecamers; blue/orange bigger circles, ferritin
24-mers; black line in the shape of a star, chromosomal (duplex) DNA. Middle row: small
green circles, released ferrous iron (note a lighter color of the ferritin circles). In the absence
of ferritin, some ferrous iron is still coming from other (unknown) sources. Bottom row:
broken black lines, chromosome fragments. The released iron is taken into Dps spheres
(note their darker color). For clarity, DNA fragments are shown dissociated from ferritin and
Dps.
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