SOCIETY FOR

‘Ll amemcan  Journal of
MICROBIOLOGY Bacteriology®

RESEARCH ARTICLE

L)

Check for
updates

During Oxidative Stress the Clp Proteins of Escherichia coli
Ensure that Iron Pools Remain Sufficient To Reactivate

Oxidized Metalloenzymes

Ananya Sen,? Yidan Zhou,? 2 James A. Imlay?
2Department of Microbiology, University of lllinois, Urbana, lllinois, USA

ABSTRACT Hydrogen peroxide (H,0,) is formed in natural environments by both
biotic and abiotic processes. It easily enters the cytoplasms of microorganisms,
where it can disrupt growth by inactivating iron-dependent enzymes. It also reacts
with the intracellular iron pool, generating hydroxyl radicals that can lethally dam-
age DNA. Therefore, virtually all bacteria possess H,0O,-responsive transcription fac-
tors that control defensive regulons. These typically include catalases and peroxi-
dases that scavenge H,O,. Another common component is the miniferritin Dps,
which sequesters loose iron and thereby suppresses hydroxyl-radical formation. In
this study, we determined that Escherichia coli also induces the ClpS and ClpA pro-
teins of the CIpSAP protease complex. Mutants that lack this protease, plus its part-
ner, CIpXP protease, cannot grow when H,O, levels rise. The growth defect was
traced to the inactivity of dehydratases in the pathway of branched-chain amino
acid synthesis. These enzymes rely on a solvent-exposed [4Fe-4S] cluster that H,O,
degrades. In a typical cell the cluster is continuously repaired, but in the c/pSA clpX
mutant the repair process is defective. We determined that this disability is due to
an excessively small iron pool, apparently due to the oversequestration of iron by
Dps. Dps was previously identified as a substrate of both the CIpSAP and ClpXP pro-
teases, and in their absence its levels are unusually high. The implication is that the
stress response to H,0, has evolved to strike a careful balance, diminishing iron
pools enough to protect the DNA but keeping them substantial enough that critical
iron-dependent enzymes can be repaired.

IMPORTANCE Hydrogen peroxide mediates the toxicity of phagocytes, lactic acid
bacteria, redox-cycling antibiotics, and photochemistry. The underlying mechanisms
all involve its reaction with iron atoms, whether in enzymes or on the surface of
DNA. Accordingly, when bacteria perceive toxic H,O,, they activate defensive tactics
that are focused on iron metabolism. In this study, we identify a conundrum: DNA is
best protected by the removal of iron from the cytoplasm, but this action impairs
the ability of the cell to reactivate its iron-dependent enzymes. The actions of the
Clp proteins appear to hedge against the oversequestration of iron by the miniferri-
tin Dps. This buffering effect is important, because E. coli seeks not just to survive
H,0, but to grow in its presence.

KEYWORDS Fenton reaction, OxyR, ferritins, iron-sulfur clusters

ontemporary organisms inherited their biochemical pathways from ancestors that
evolved in an anoxic, iron-rich world (1). Those primordial organisms selected iron
to be an enzyme cofactor because it is facile at both redox and ligand exchange
processes. However, in contemporary oxic environments, this reliance upon iron-based
enzymes makes cells vulnerable to reactive oxygen species (ROS). When intracellular
oxygen collides with redox cofactors, electrons can be adventitiously transferred. If a
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single electron is transferred, superoxide is formed. If two electrons are transferred,
hydrogen peroxide is produced. Both species can disrupt iron-dependent enzymes (2).

The toxicity of these oxidants was first inferred from the chance discoveries that
organisms contain enzymes dedicated to scavenging them (3, 4). The model bacterium
Escherichia coli contains two superoxide dismutases (MnSOD and FeSOD) in its cyto-
plasm and one (CuZnSOD) in its periplasm. The cytoplasm also includes an NADH
peroxidase (AhpCF) and two catalases, KatG and KatE, which degrade H,O,. The
importance of these enzymes was established by genetic studies. Mutants that lack
either superoxide or H,0, scavengers grow at wild-type rates under anoxic conditions,
but in oxic media they struggle to synthesize branched-chain and aromatic amino
acids. They also cannot catabolize any carbon source, such as acetate, that is processed
by the tricarboxylic acid (TCA) cycle (5-8).

Biochemical studies uncovered the molecular bases of these phenotypes. Both O,~
and H,0, bind and univalently oxidize enzymatic iron cofactors that are accessible to
solvent. The branched-chain biosynthetic and TCA cycle defects result when these
oxidants oxidize the [4Fe-4S] clusters of dehydratases to an unstable [4Fe-4S]3™ va-
lence; that species quickly disintegrates to a [3Fe-4S]™ form that lacks the critical
substrate-binding iron atom (9). The aromatic biosynthetic problem ensues when O,~
or H,0, oxidizes the Fe(ll) cofactor of the first enzyme in that pathway, DAHP synthase.
The resultant Fe(lll) atom dissociates, inactivating the enzyme. A variety of other
mononuclear enzymes suffer the same fate (10, 11).

The basal level of scavenging enzymes keeps endogenous O,~ and H,0, levels low
enough that these oxidation events are rare and the enzymes remain functional (2).
However, a problem arises when environmental ROS are present. They are formed in
habitats by a number of mechanisms: in reactions between sulfur and oxygen at
oxic-anoxic interfaces, through H,O, excretion by lactic acid bacteria, and as products
of the oxidative burst of macrophages. Superoxide is an anion and cannot penetrate
membranes (12, 13). However, H,0, is small and uncharged, and it diffuses into cells
(14). When it does so, it can push intracellular H,O, concentrations into the micromolar
range, which is enough to create the metabolic problems described above.

Even more ominously, H,0, can also react with the cytoplasmic pool of loose iron
whose physiological purpose is to metallate nascent metalloenzymes. This iron pool,
functionally defined as the iron that can be quickly captured by the cell-permeable
chelator desferrioxamine, ranges from ~15 to 50 um, depending upon the iron content
of the medium (15-17). The Fenton reaction between Fe(ll) and H,O, generates
hydroxyl radicals that damage DNA and other biomolecules (18). The DNA damage
imperils the survival of the cell. Both excision and recombinational repair pathways are
required for H,0,-stressed cells to remain viable (19, 20).

Because of these threats, most microbes respond to environmental H,O, by acti-
vating a suite of defensive strategies. E. coli senses cytoplasmic H,O, when it creates an
activating disulfide bond in the OxyR transcription factor (21). OxyR is activated by as
little as 0.2 uM cytoplasmic H,O, (14); it then stimulates the expression of an extensive
defensive regulon. Its strong induction of NADH peroxidase (AhpCF) and catalase (KatG)
serves to push down the cytoplasmic H,O, concentration (22). Dps, a miniferritin,
sequesters loose iron (23-26); simultaneously, the induction of the Fur repressor
inhibits the synthesis of iron importers (27, 28). Together, these actions suppress the
rate of DNA damage. As the level of iron falls, the induction of MntH, a manganese
importer, enables Fe(ll)-based mononuclear enzymes to become metallated by man-
ganese instead of iron; because manganese does not react with H,0O,, this shift allows
these enzymes to maintain their activity (11, 29), and induction of the suf operon
(SUfABCDSE) allows the synthesis of an iron-sulfur assembly system that supplants the
housekeeping Isc system (30). The Suf system appears to be more resistant to H,0,, and
it repairs the H,0,-damaged clusters that have fully disintegrated (31).

In this study, we pursued the observation that the c/pSA operon is also induced
during H,0, stress. OxyR was confirmed to be its activator. We found that, in the face
of iron restriction by Dps and Fur, the CIpSAP and ClpXP complexes provide a
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FIG 1 OxyR transcription factor drives expression of c/pSA during H,0, stress. (A) Genomic context of c/pSA
in E. coli (19.9 centisomes). RNA-Seq data, analyzed by Rockhopper, indicated that c/pSA is an operon. (B)
Induction of the cIpS’-lacZ transcriptional fusion in Hpx~ cells (ASE155) after aeration began at time zero.
(C) Expression of the clpS’-lacZ fusion in WT (ASE149) and Hpx~ (ASE155) cultures grown for at least 4
generations in anoxic (—0,) or oxic (+0,) medium. In this and other figures, error bars represent the
standard errors of the means. (D, left) Aeration (2 h) does not induce fusion in an Hpx~ strain that lacks
OxyR. (Right) The fusion is induced in wild-type cells if they express a constitutively activated form of OxyR
(oxyR-A233V). Strains: ASE157, ASE173, and ASE175.

countervailing effect that helps maintain a fine balance between too much and too
little intracellular iron. By doing so, they ensure that iron pools remain large enough to
reactivate the damaged iron-sulfur clusters of key enzymes.

RESULTS

During H,0, stress, OxyR induces the cI[pSA operon. Our laboratory has per-
formed transcriptomic analysis of Hpx~ (catalase/peroxidase-deficient) strains (32) to
identify the genes that are important when the cell experiences H,O, stress. When
these cells are aerated, the intracellular level of H,O, rises to about 1 um. This
concentration can induce members of the OxyR, Fur, and IscR regulons. For context, the
set point for OxyR activation appears to be about 0.2 um cytoplasmic H,0,, and 0.5 um
is sufficient to impair some cell processes (2). Thus, this dose comprises a real stress to
the cell.

The data set shows 4-fold increases in the levels of clpS and clpA mRNA in the
aerated Hpx~ mutants compared to those of wild-type cells. These two genes form an
operon (Fig. 1A) and encode the adaptor proteins that facilitate protein degradation by
the CIpSAP protease (33). We inserted a clpS’-lacZ fusion into the A attachment site of
the Hpx~ strain and observed an approximately 10-fold induction when the bacterium
was aerated (Fig. 1B). No induction occurred in the scavenger-proficient strain, con-
firming that the trigger was endogenous H,O, (Fig. 1C).

The same induction occurred in Hpx~ Afur and Hpx ™ AiscR strains (see Fig. S1 in the
supplemental material), showing that these transcription factors did not mediate the
effect. In contrast, no induction occurred in Hpx~ AoxyR mutants (Fig. 1D). Further,
the fusion was induced even in unstressed (scavenger-proficient) cells if they were
transformed with a plasmid that encodes a constitutively active OxyR protein. Together,
these results show that OxyR is both necessary and sufficient for H,0,-driven induction
of cIpSA.
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FIG 2 c/xPX operon does not respond to H,O, stress. (A) Genomic context of clpPX in E. coli (9.84
centisomes). RNA-Seq data indicated that c/pPX is an operon. (B) Expression of the clpPX’'-lacZ fusion in
WT (ASE252) and Hpx~ (ASE254) strains grown in anoxic (—0,) or oxic (+0,) medium.

The cIpPX operon is not induced during H,0, stress. The Clp complexes consist
of a barrel-shaped heptamer of ClpP that is capped by hexamers of the AAA+ proteins
ClpX or CIpSA (34). The latter hexamers bind distinct recognition motifs in their
substrate proteins and, in an ATP-driven process, denature those proteins and thread
them into the protease core, where they are degraded. ClpSA and ClpX are also
regarded as chaperones, because when they are dissociated from ClpP they can unfold
and refold the same substrates (33, 35-39). Because the best-characterized role of
ClpSA is to feed substrates to ClpP, we anticipated that during H,O, stress OxyR might
also induce clpP. ClpP is encoded by the c/pPX operon, which is unlinked to cIpSA (Fig.
2A). However, our transcriptome sequencing (RNA-Seq) data indicated that in the Hpx™
strain the c/pP and clpX mRNAs both remained at constitutive levels. A clpPX’'-lacZ
transcriptional fusion confirmed the absence of induction (Fig. 2B).

In an older microarray study, Zheng et al. reported an 11-fold induction of c/pS (then
denoted yljA) when 1 mM H,0, was added to cultures of wild-type cells (40). Compu-
tational analysis predicted an OxyR binding site immediately upstream of the clpS
promoter (41). Those data are congruent with ours. However, they also observed a
5-fold induction of clpS in a AoxyR strain. Further, moderate induction of clpA, clpX, and
clpP transcripts also occurred in both the wild-type cell and the AoxyR mutant. A key
difference between our experiments and theirs may be the dose that they used. One
millimolar H,O, easily saturates NADH peroxidase (AhpCF), the primary scavenger in
the cell (14), and, thus, releases 1 mM H,0, to the cytoplasm, about 1,000 times the
dose that pertained to our Hpx~ experiment. Millimolar H,O, is enough to cause direct
protein damage through sulfhydryl oxidation (42). In that situation, it is plausible that
protein quality control mechanisms trigger unknown, OxyR-independent mechanisms
of cIpSA and clpPX induction. In pilot experiments, we did not observe induction of
clpS'-lacZ (<1.5-fold) when 1 mM H,O, was added to the oxyR mutant. We did not
pursue this issue further, as in natural environments, even in phagocytes, it is unlikely
that H,0, concentrations exceed 10 um (43, 44).

The cIpSA and cIpPX operons are both important in enabling E. coli to grow
during H,0, stress. The fact that OxyR induces c/pSA implies that these proteins serve
a purpose in resisting H,O, stress. Since CIpSA and ClpX might have overlapping
functions, we deleted both members of the protease family and tested the growth of
AclpSA AclpPX cells in wild-type and Hpx~ backgrounds. Because complex media can
obscure blocks in catabolic and biosynthetic pathways, most of the growth defects
associated with H,0, stress have been discovered in minimal media. In minimal glucose
medium, the scavenger-proficient AclpSA AclpPX (unstressed) cells did not exhibit a
significant growth defect (Fig. 3A). However, when scavenger-deficient Hpx~ AclpSA
AclpPX cells were diluted from anoxic to oxic media, their growth rate diminished, and
when low-micromolar H,0, was added, they struggled to grow at all (Fig. 3B). Thus, this
phenotype emerges only when the cytoplasm experiences H,O, stress.
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FIG 3 AclpSA AclpPX mutant is very sensitive to H,0,. (A) Growth of Clp* and AclpSA AclpPX strains in
an unstressed Hpx* background. Strains: MG1655 and ASE217. (B) Growth of Clp* and AclpSA AclpPX
strains in an Hpx~ background with 4 uM H,O,. Anaerobically grown exponential-phase cultures were
diluted into aerobic medium containing H,O, at time zero. Curves are representative of at least 3
experiments.

These experiments were repeated with Hpx™ mutants lacking the specific protease
components. Upon aeration into medium containing micromolar H,0,, the Hpx~
AclpSA, Hpx~ AclpX, and Hpx~ AclpP strains each grew more poorly than Hpx~ cells
(Fig. 4). The transient phenotype of the Hpx™ c/pSA mutant is statistically robust (Fig.
S2). We realized that the experimental design did not enable us to observe the impact
of cIpSA induction prior to acute H,0, exposure. To address this shortcoming, cells were
aerated and grown for four generations before the addition of exogenous H,0,, an
arrangement that allowed the induction of the OxyR regulon before the greater stress
was imposed. Under these conditions, the Hpx— AclpSA cells showed a severe growth
defect but the Hpx~ AclpX strain did not (Fig. 5). Together, the data suggest that when
cells first encounter H,0,, the ClpX protein plays an important defensive role, but it is
usurped by ClpSA during protracted stress.

Li et al. determined the whole-cell ribosomal profile of log-phase E. coli in analogous
minimal glucose medium (45). Their data reported the copies of various Clp proteins
per cell: ClpS (514 copies/cell), ClpA (989), ClpP (5,854), and ClpX (6,334). Therefore, the
5- to 10-fold induction of ClpS and ClpA during H,0, stress would cause these two
proteins to become competitive with ClpX for binding ClpP. In principle, that effect
could help the ClpSA adapters to lessen the activity of CIpXP protease, or it could
enable CIpSA to provide a ClpP-independent (un)foldase function.

We found that Hpx~ AclpSA AclpX cells exhibited a more severe growth phenotype
than the Hpx~ Ac/pX mutants, indicating that the value of c/pSA induction is not simply
to deactivate the CIpXP protease (Fig. 6). Strikingly, Hpx™ AclpP cells grow substantially

0.1+
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8 UM H,0, Clp
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0.001 . ; ; ; ,
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FIG 4 CIpSA, ClpX, and ClpP each are important during H,O, stress. Anaerobically grown cultures of
Hpx~ strains were diluted into aerobic medium containing H,O, at time zero. Strains: LC106, ASE11,
ASE7, and ASE67. Curves are representative of at least 3 experiments. The transient phenotype of the
Hpx~ cIpSA mutant is statistically robust (Fig. S2).
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FIG 5 When Hpx~ strains are aerated prior to H,0, addition, CIpSA but not ClpX is important for
continued growth. Cultures were grown in aerated medium from an OD,, of 0.005 to 0.1. They were

then (time zero) diluted into fresh medium, and 8 uM H,0, was added. The superior growth of the AclpX
strain is consistently observed. Strains: LC106, ASE11, and ASE7.

better than do Hpx~ AclpSA AclpPX mutants, implying that ClpSA and/or ClpX do
indeed supply protective functions in the absence of ClpP. However, the defect of the
clpP mutant cannot be restored by a clpX-expressing plasmid, which suggests that ClpP
also provides some authentic protection (Fig. S3). These comparative phenotypes were
reproducible, recurring in rebuilt strains no matter the order in which mutations were
introduced. In sum, ClpSA and ClpX seem to provide both ClpP protease-dependent
and -independent benefits to H,0,-stressed cells.

Clp proteins facilitate the repair of damaged iron-sulfur clusters. To simplify our
analysis, we decided to focus on the behavior of cells when they were first stressed with
H,O, upon aeration. While H,0, can damage DNA, the poisoned Hpx~ AclpSA AclpX
cells did not suffer any loss in cell viability (Fig. S4). Their failure to grow, then, most
closely resembled the growth defects that occur when H,O, inactivates enzymes in
biosynthetic pathways. Indeed, although the Hpx~ AcIpSA AclpX strain grew poorly in
H,0,-supplemented minimal medium, it could still grow in a rich medium, which
provides biosynthetic end products (Fig. S5). Specific additions revealed that the
growth defect was largely suppressed when the medium was supplemented with
isoleucine, leucine, and valine (Fig. 7). This pathway is hypersensitive to H,0,, which
can damage the catalytic [4Fe-4S] clusters in dehydratases (8). Branched-chain synthesis
requires the function of two of these enzymes, isopropylmalate isomerase (IPMI) and
dihydroxyacid dehydratase (DHAD). When Hpx~ cells are exposed to excess H,0,,
dehydratase activities dwindle. The OxyR response helps to alleviate this problem by
inducing the Suf machinery (30, 31). The Suf system replaces damaged iron-sulfur
clusters.

We initially considered the possibility that Clp protease activities enable amino acids
to be harvested from dispensable proteins. Such a stop-gap measure would enable the
induction of OxyR-driven proteins, such as Suf, during an emergency in which
branched-chain amino acid synthesis was blocked. However, we did not find any

14 Hpx +
2 uM H,0.

puvi 0, Clp*
AclpSA

0.1 AC/pX

AclpSA
/,4}——‘”‘__{' AclpX

0.001 T
0

2 04 & & 10 1

FIG 6 ClpSA and ClpX provide additive effects. Anaerobic cultures were diluted into aerobic medium
containing 2 uM H,0, at time zero. Strains: LC106, ASE11, ASE7, and ASE21.
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FIG 7 Branched-chain amino acids suppress the H,O, sensitivity of AclpSA AclpX cells. Anaerobic cultures
were aerated at time zero in medium containing 8 uM H,O,. Where indicated, 0.5 mM lle, Leu, and Val
were supplied. Strains: LC106 and ASE21.

evidence that ClpSA and ClpX help wild-type (Hpx™) cells to tolerate abrupt nutritional
downshifts from rich to minimal media, which can create a similar biosynthetic crisis
(Fig. S6). Further, in Hpx~ cells the AclpSA AclpPX defect occurred independently of the
Suf system, showing that the benefit of the Clp proteins was not simply to enable Suf
induction or to assist its activity (Fig. S7).

The key observation was that in Hpx~ Clp* cells the activity of IPMI rebounded over
the course of protracted H,O, stress, whereas the activity remained low in the Hpx~
AclpSA AclpPX mutant (Fig. 8A). Thus, the Clp proteins somehow help to restore the
enzyme activity. We also confirmed that the IPMI activity of the Hpx~ AclpSA AclpPX
double mutant is lower than that of the Hpx~ AclpSA and Hpx~ AclpX single mutants,
indicating that both sets of adapter proteins are important in maintaining the activity
of IPMI (Fig. 8B). This pattern matches that of the overall growth defect.

We characterized the status of the unrepaired clusters to discover which step of the
repair process is deficient in AclpSA AclpPX mutants. When H,O, reacts with the
catalytic iron atom of the [4Fe-4S]2 cluster in IPMI, the cluster is quickly converted to
a [3Fe-4S]* form (8). This form can be repaired by the addition of an electron and an
Fe(ll) atom; this process occurs in vivo on a scale of minutes. Occasionally, the [3Fe-4S]+
IPMI cluster disintegrates further, leaving behind an apoenzyme. Apoenzymes are
repaired by the Suf system, which transfers to them a [4Fe-4S]>* cluster that it first

A B 8 C
8 -0 m Initial activity
0.25 B Hpx N+0, (4 hrs) O with Fe+DTT
g [] Hpx AclpSA AclpPX 035 * k% 04 - 8 with Fe+DTT+Cys+lscS
z ot | [ g
£ = =| =
3 €025 | = £ 03
= > =i =z
Z 3 02 | =i 3
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) i § ]
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FIG 8 Clp proteins preserve the activity of isopropylmalate isomerase during H,O, stress by enabling the repair of its
oxidized iron-sulfur cluster. (A) The activity of IPMI was tracked after aeration of Hpx~ and Hpx~ AclpSA AclpX strains. (B)
The IPMI activities of the various Hpx~ mutants were determined under anaerobic conditions and after 4 h of aeration.
Both ClpSA and ClpX can support enzyme activity. (C) Extracts were prepared from Hpx~ Clp* and Hpx~ AclpSA AclpX
strains under anaerobic conditions and after 4 h of aeration. Where indicated, extracts were treated with iron-dithiothreitol
or iron-dithiothreitol-IscS-cysteine prior to assay. Successful reactivation by Fe/DTT indicates the clusters of the inactive

enzymes were in the [3Fe-4S]+ state. Strains: LC106, ASE7, ASE11, and ASE125.
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constructs on a scaffold protein. For any repair to occur, the damaged protein itself
must be stable rather than aggregating or being degraded by general proteases.

The status of IPMI was tested by reactivating the enzyme in vitro. In cell extracts, the
[3Fe-4S] form can be restored to the active [4Fe-4S]2™* state by simple incubation with
ferrous iron and dithiothreitol (DTT). In contrast, reactivation of the apoenzyme form
requires the addition of ferrous iron, cysteine, and IscS protein, which extracts sulfur
atoms from cysteine and transfers them to the nascent cluster. We prepared cell
extracts of Hpx™ and Hpx~ AcIpSA AclpPX cells after they had been aerated for 4 h.
Hpx~ cell extracts exhibited approximately as much activity as did extracts from anoxic
cells, and the activity did not increase upon incubation with either iron-dithiothreitol or
iron-dithiothreitol-IscS-cysteine. These data indicate that in Clp-proficient cells, virtually
all IPMI was present as a functional holoenzyme (Fig. 8C). Strikingly, the low IPMI
activity of Hpx— AclpSA AclpPX extracts could be fully restored to the level of unstressed
cells by the addition of iron/dithiothreitol. IscS-cysteine provided no further benefit. We
conclude that the very low IPMI activity in this mutant is due to the accumulation of its
cluster in the [3Fe-4S]* state. The implication is that the Clp complexes somehow
enable the reduction and/or remetallation of this partial cluster. The Clp proteins were
evidently uninvolved in the stabilization or Suf-mediated reactivation of apoprotein.

Clp proteins increase intracellular free iron pools. Calculations suggest that in
wild-type cells, endogenous superoxide and H,O, oxidize dehydratase cluster with a
half time of about 30 min (2). Therefore, the reactivation of [3Fe-4S]™ clusters is
expected to be a routine event for dehydratases, and their steady-state activities
represent the dynamic equilibrium between damage and repair. Despite extensive
effort, the research community has not identified any proteins that are involved in the
repair process. By analogy with cluster reconstruction in extracts, it is possible that
repair in vivo is solely a chemical process that relies upon intracellular Fe(ll) pools and
reductants.

Fortuitously, another project in our laboratory presented a clue as to the role of the
Clp proteins. It is known that cysteine-rich cells are extremely vulnerable to H,0,. The
lethal effects of H,0, result from its reaction with the intracellular pool of loose iron;
this Fenton reaction generates hydroxyl radicals that damage DNA according to the
following reactions:

Fe(II) + H,O, — Fe(Ill) + OH~ + HO'
HO' + DNA — lesions

When cysteine is available, it quickly recycles the Fe(lll) back to Fe(ll) according to the
following reaction:

cysteine + Fe(III) > 1/2 cystine + Fe(II)

(46). In this way each iron atom turns over many times, and the amount of DNA damage
is amplified.

We performed transposon mutagenesis, and from 10,000 mutants we isolated ones
that were unusually resistant to H,O, exposure. Our intent was to identify mutations
that affected the cysteine pools, but instead we recovered strains with insertions in clpX
and clpP. The phenotype was reproduced by precise deletions in these genes (Fig. 9A).
Relief from H,0, lethality was also observed under conditions in which cysteine was not
involved in the killing process (Fig. S8). We inferred that mutations in c/pX and clpP are
likely to diminish the intracellular pool of loose iron, thereby minimizing the yield of
hydroxyl radicals.

The diminution of the iron pool could also be detected by monitoring the expres-
sion of the Fur regulon, which is repressed when intracellular iron pools are adequate.
This regulon is largely turned off when wild-type cells grow in our glucose medium.
Slight derepression occurs in Hpx~ cells, but this effect becomes quite large if clpX is
additionally deleted (Fig. 9C). Thus, the iron pool falls off enough that the cell perceives
itself as being iron deficient.
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FIG 9 Clp proteins sustain the intracellular pools of free iron during H,0, stress. (A) The ClpX protein increases the
vulnerability of cells to oxidative DNA damage. Cells were aerated for 2 h and then exposed to cysteine and 2.5 mM H,0,.
After 2 min of H,0,, cell survival was determined by colony formation. The combination of cysteine and millimolar H,O,
triggers the production of hydroxyl radicals by cellular pools of loose iron. The dashed line represents 100% survival. (B)
The Clp proteins increase the intracellular pool of free iron that can be detected by EPR. Hpx~ cells were aerated for 2 h
before measurements. (C) The expression of the Fur:Fe(ll)-repressed iucC-lacZ fusion was determined after 2 h of aeration.
Elevated expression indicates that the intracellular loose-iron pools are inadequate for full protein metallation. Strains:
LC106, ASE7, ASE11, ASE21, ASE67, ASE119, ASE125, MS100, ASE412, MS103, and ASE425.

To precisely quantify the iron pool, we compared the electron paramagnetic resonance
(EPR) signals of Hpx~ and Hpx~ AclpSA AclpPX cells. This method visualizes the intracellular
iron atoms that can be quickly captured by desferrioxamine, a cell-permeable iron chelator
(17). Desferrioxamine does not extract iron from enzymes, so the signal is a measure of the
loose iron pool. The EPR signal was 3-fold higher in Hpx~ cells than in the isogenic Ac/pSA
AclpPX strain. This result confirms that the Clp proteins ensure that intracellular iron pools
remain large during periods of H,O, stress (Fig. 9B). Thus, the diminished pool in the
mutant strain has the effect of lowering the rate of DNA damage, but it also decreases the
ability of the cell to remetallate its [3Fe-4S]* dehydratase clusters.

Investigating the connection between Clp proteins and the loose-iron pool.
When H,0, activates the OxyR transcription factor, the dps gene is induced (23). In our
RNA-seq data, the dps mRNA is elevated 9-fold above that of unstressed cells (32). Dps
is a miniferritin that sequesters loose iron in a ferric hydroxide crystal; it uses H,0, as
an oxidant so that Fe(ll) can be stored (47). This action greatly diminishes the amount
of hydroxyl radicals that are made in H,0,-stressed cells, thereby minimizing covalent
damage to DNA and to proteins (26, 48, 49).

Stephani et al. demonstrated that ClpXP proteolyzes Dps in exponentially growing
cells (50). The level of Dps is high in c/[pPX mutants. This relationship suggested that the
elevated levels of Dps in clpPX mutants explains the unusually small loose-iron pool and
the resultant deficiency in cluster repair. To probe further, we tested the sensitivity of
dps mutants to H,0, killing. These mutants were far more sensitive than wild-type cells,
suggesting an enlarged iron pool during the period of H,0, exposure (Fig. 10). In this
background, the mutation of clpX had only a small impact on H,O, sensitivity, in
contrast to the large effect that is observed in Dps-proficient cells. These data suggest
that an important action of ClpX during protracted stress is to ensure that Dps does not
too completely sequester iron. One would then predict that the cluster repair defects
of Hpx™ AclpSA AclpPX cells would be suppressed by the addition of a mutation in dps.
Unfortunately, this experiment is not possible, as dps null mutations block the growth
of Hpx™ strains due to profuse DNA damage (26).

We also tested whether the pace of Fenton chemistry is suppressed by ferritin or
bacterioferritin, the other two iron storage proteins of E. coli. We did not see any difference
in cell killing in these mutants compared to that of their Hpx~ parent (Fig. S9).

The Hpx— AcIpSA AclpPX mutant is hypersensitive to manganese toxicity.
During H,0, stress the OxyR transcription factor strongly induces the synthesis of
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FIG 10 ClpX apparently affects iron pools through interactions with Dps. Cells were aerated for 2 h and
then exposed to cysteine and 2.5 mM H,0,, as shown in Fig. 9A. A defect in iron sequestration by Dps

elevates sensitivity to DNA damage. A c/pX mutation suppresses the killing rate by 95% in a Dps* strain
but only marginally (25%) in a dps mutant. Strains: LC106, ASE7, SP66, and ASE117.

MntH, the sole manganese importer of E. coli (29). In Hpx~ strains the transcription of
mntH rises sharply, and the intracellular level of manganese increases 10-fold (49). The
combination of manganese import and iron sequestration allows manganese to replace
iron in mononuclear enzymes, thereby ensuring their continued activity. However,
manganese can compete with iron for other processes that require iron, including
heme synthesis and potentially iron-sulfur cluster assembly; therefore, an excessively
high manganese-to-iron ratio can inhibit growth (51). MntH-dependent manganese
import was limited in our standard medium, which contains only ~0.3 um manganese.
The addition of 4 wm manganese to the medium improved the growth of Hpx~ Clp™
cells, as expected, but it created a growth defect in Hpx~ AcIpSA AclpPX cells (Fig. 11).
Growth was restored when the medium was supplemented with branched-chain amino
acids. These data suggest that when the iron pool is abnormally low, as it is in Hpx™
Clp~ cells, the loss of metal balance causes imported manganese to interfere with the
repair of the damaged clusters in this pathway.

DISCUSSION

Intracellular iron pools pose a dilemma during H,0, stress. Oxidative stress is a
pathology of iron metabolism, driven by the ability of ROS to bind and oxidize ferrous iron.
When H,0, inactivates iron-sulfur and mononuclear iron enzymes, it causes multiple
pathway failures; when it reacts with DNA-bound iron, it generates mutagenic and even
lethal DNA lesions. Air-tolerant bacteria contain enough scavenging activity that endoge-

Hpx AclpSA AclpPX
5 +4 uM Mn + 1LV

8+ N
(no addition)

N

+4 uM Mn

FIG 11 Clp proteins are needed to avoid manganese toxicity during H,O, stress. Anaerobic cultures were
diluted into aerobic medium at time zero, and 4 uM manganese was added. The addition of branched-
chain amino acids (ILV) suppressed the manganese-dependent growth defect. Growth inhibition by
manganese was not observed in Hpx* or Clp* strains (Fig. S10). Strain: ASE125.
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FIG 12 Model that integrates ClpX and CIpSA into the response to H,O, stress. (A) Iron pools are a focus of how
OxyR equips E. coli to cope with H,0, stress. Oxidative enzyme damage releases iron, which catalyzes DNA
oxidation. Proteins in blue are induced by OxyR. Dps, YaaA, and Fur collaborate to lower iron levels. MntH, Suf, and
HemH ensure the continued activation of mononuclear, iron-sulfur, and heme enzymes when iron is scant. Clp
proteins moderate iron sequestration by Dps so that damaged iron-sulfur clusters can be repaired. (B) Possible
mechanism by which ClpX(P) and CIpSA(P) ensure Fe sufficiency during H,O, stress. Proteins in blue are induced
by OxyR. Nascent Dps is processed by protein deformylase (PDF) and methionine amino peptidase (MAP) and more
slowly by an unknown protease. Using H,0, as a coreactant, Dps stores iron. ClpX disassembles and/or degrades
the longer form of Dps while CIpSA acts on the shorter form, thereby limiting iron sequestration. Loose iron is
essential for the synthesis and repair of enzymatic cofactors. PDF and MAP are mononuclear Fe(ll) enzymes that are
inactivated by H,O, but later reactivated by thioredoxin (Trx) and manganese imported by MntH. We speculate that
fMet-Dps accumulates when PDF and MAP are damaged; this form does not present a recognition tag for ClpX or
ClpSA. PDF and MAP activities are restored by thiol reduction and manganese insertion.

nous ROS are kept at low steady-state levels, but they are still vulnerable if H,O, accumu-
lates in the environment and diffuses into the cell. As little as 0.2 uM extracellular H,O,
creates an influx rate that exceeds the rate of endogenous H,O, production, and 3 uM
extracellular H,O, generates enough stress that E. coli activates its OxyR response (52).

The greatest threat is that incoming H,O, will create enough DNA damage that the
cell dies. The amount of DNA damage depends directly upon the amount of loose iron
inside the cell, and, unfortunately, stress threatens to further enlarge this pool in two
ways. When oxidants damage iron enzymes, enough iron is released that the pool
swells severalfold (15). Further, H,O, oxidizes the Fe(ll) cofactor of Fur, thereby deac-
tivating this repressor and causing the inappropriate synthesis of iron-import systems
(28). Thus, the OxyR system has evolved to shrink the iron pool in several ways. It
induces the synthesis of the Fur protein itself, which, by sheer quantity, helps to restore
repression of its regulon. It turns on the synthesis of YaaA, a protein whose molecular
mechanism is unknown but which somehow diminishes the iron pool (Fig. 12B) (16).
Most importantly, OxyR induces the synthesis of the specialized miniferritin Dps. Dps
and its homologs, such as MrgA, in Gram-positive bacteria, seem to be universal
members of H,0, response systems (53). Dps sequesters enough iron that bacteria
remain viable even if tens of micromolar H,0, perfuse the E. coli cytoplasm. Without it,
even 1 uM is lethal (26). This amount is very small; less, in fact, than what is contained
in standard LB medium, which is why oxyR and dps mutants cannot form isolated
colonies on conventional plates (52, 54).

The goal of the OxyR system is to enable E. coli not just to survive H,O, but to grow
in its presence. Indeed, OxyR even induces a periplasmic cytochrome c peroxidase that
allows the cell to employ extracellular H,O, as a terminal oxidant for respiration (55).
However, if the cell is to grow, it must be able to metallate its ca. 200 iron-requiring
enzymes (56), a task that would become difficult as Dps, Fur, and YaaA decrease the size
of the loose-iron pool. Accordingly, several members of the OxyR regulon help to solve
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this problem. The induction of the MntH manganese importer allows manganese to
supplant iron in mononuclear enzymes (11). The induced Suf system is better than the
housekeeping Isc system at building iron-sulfur clusters when iron pools are very low
(57), and the induction of ferrochelatase boosts the ability of the cell to insert scarce
iron into porphyrins and thereby ensure continued heme synthesis (32). Thus, the OxyR
response includes secondary adjustments, which allow the cell to continue charging
nascent enzymes with the three basic types of iron cofactors.

The present work shows that these adaptations still fall short of addressing one
special problem, the repair of damaged iron-sulfur clusters. The dehydratases that rely
on these clusters are involved in key pathways, the TCA cycle, the catabolism of
preferred carbon sources like serine and gluconate, and the synthesis of branched-
chain amino acids; thus, it is crucial that repair occurs if the cell is to continue to grow
in H,0,-containing habitats. When oxidized, these clusters accumulate in the [3Fe-4S]
form and, therefore, are not substrates for the Suf and Isc systems, which assemble
clusters de novo and transfer them to apoproteins. The rate of enzyme repair is limited
by the size of the iron pool (58). We now see that the CIpXP and CIpSAP systems are
important in ensuring that during H,O, stress, the iron-sequestering systems do not
drive iron levels so low that repair is impossible.

How do the Clp proteins sustain the iron pools? Bacteria employ special AAA+
proteases to continuously turn over proteins whose persistence may have adverse con-
sequences. SulA, which postpones cell septation as cells recover from DNA damage, and
UmuD’, which is an error-prone polymerase that bypasses unfixed DNA lesions, are
examples of protease substrates whose quick degradation allows the cell to return to
normal behavior once the stress has ended (59, 60). Another example is SoxS, an inducible
transcription factor that elaborates emergency responses to redox-cycling antibiotics (61).

ClpSAP and ClpXP belong to this protease class. ClpX and ClpS confer specificity, as
they bind distinctive short N-terminal recognition motifs in their substrate proteins.
Fishing methods have enabled workers to identify a few dozen proteins in E. coli that
are substrates for them (62, 63). Three of them belong to the OxyR regulon: catalase G,
which is a substrate of CIpSA; the cluster-assembly proteins SufS and SufU, which are
also recognized by CIpSA; and Dps, which is uniquely bound by both ClpX and CIpSA.
Our data show that the impact of Clp proteins on free-iron levels is independent of
catalase G and the Suf system, but it does appear to depend on the presence of Dps.
The simplest explanation, then, is that it is through their control of Dps activity that the
Clp proteins ensure an adequate level of intracellular iron during H,0, stress.

Figure 12B depicts the events involved in the posttranslational processing of Dps
and how Clp proteases may integrate into our larger view of oxidative stress. In the
absence of stress, Dps is expressed at a significant level, as indicated by its ability to
defend the cell from a sudden bolus of H,0, even if chloramphenicol is first added to
block further induction. Upon synthesis, the formyl-methionine of the translated prod-
uct is deformylated, and the terminal methionine is then removed to reveal an
N-terminal sequence that is recognized by ClpX (62). Stephani et al. determined that in
unstressed, log-phase cells the half-life of Dps was 10 min, but it was 4-fold longer in
clpX and clpP mutants (50). Notably, some Dps is truncated by an unknown protease
that removes the next five amino acid residues, including the recognition motif for ClpX
binding. However, the new N-terminal sequence of this short form is recognized by
ClpS (63). Thus, it is apparent how both ClpX and ClpSA can influence the cytoplasmic
iron level. In growing cells, Dps.,_;¢7 is 4-fold more abundant than Dpsg_;s5 (64).
However, we suspect that this ratio will shift when H,O, slows protein synthesis, and
the average Dps protein is older, which may explain why ClpX initially has the larger
phenotype but ClpSA is more influential after protracted stress.

When H,0, levels rise, activated OxyR induces dps transcription by an order of
magnitude. The quality of Dps that sets it apart from ferritin and bacterioferritin is that
it uses H,0, rather than oxygen as a coreactant when it transfers free ferrous iron to its
internal ferric hydroxide crystal (47). This arrangement may ensure that Dps sequesters
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iron only during H,0, stress; when the H,0, level drops, Dps may stop storing it. CIpSA
and ClpX can manifest chaperone activities without the involvement of ClpP, and this
has prompted workers to speculate that they disassemble Dps dodecamers even
without attendant proteolysis (65). We observed, in fact, that during H,O, stress the
phenotypes of clpX and clpSA exceeded that of clpP. In principle, Dps disassembly could
elevate iron levels either by releasing stored iron directly or else simply by diminishing
the number of Dps complexes that are actively sequestering iron. More work will be
required to test the details of these ideas.

An intriguing wrinkle is that the maturation of Dps requires the actions of
deformylase- and methionine-removing enzymes that both belong to the mononuclear
Fe(ll) family (11, 66). The deformylase is inactivated by as little as 1 uM intracellular
H,0,; H,0, directly oxidizes the iron atom to the Fe(lll) form, which dissociates (11).
This reaction includes the concurrent oxidation of a coordinating cysteine residue to a
disulfide form, which cannot rebind metal. If these two enzymes stall, the newly induced
Dps would accumulate in its full-length Dps,_,¢, form, which is not a substrate for either
Clp complex (64). A potential upshot is that Dps will be stabilized. The retention of the Met
residue is unlikely to impede the assembly of Dps into its active dodecamer structure, as the
N-terminal thread is positioned outside the complex. The situation would persist until an
influx of manganese reactivates the deformylase and peptidase.

If true, the scheme shows a notable parallel to the Dps (MrgA) control in Bacillus
subtilis. In that bacterium, the stress response to H,O, is controlled by the PerR
repressor (53, 67). In normal iron-rich/manganese-poor cells, PerR is activated by Fe(ll),
and in this form it represses the synthesis of Dps. When H,O, levels rise, the iron
cofactor is oxidized, PerR loses activity, and the regulon is induced. However, in
manganese-rich cells, Mn(ll) occupies the metal-binding site of PerR, and the regulon,
including Dps, remains repressed even if H,0, stress is imposed. This arrangement
between the metalation state of PerR and the synthesis of Dps has been interpreted as
a design to ensure that H,0,-stressed cells are manganese rich. The scheme shown in
Fig. 12A would achieve the same end in E. coli.

In sum, the data indicate that by sequestering iron during H,O, stress, Dps
protects DNA but potentially inhibits the repair of key iron-sulfur enzymes. The
presence of the Clp complexes is needed to avoid complete iron depletion;
therefore, the OxyR-driven induction of cIpSA is a useful response (Fig. 12A). In the
larger view, this tension between DNA protection and enzyme repair helps explain
why the defensive tactics of the OxyR system are not constitutively expressed.
Nevertheless, after adapting to H,0, stress, E. coli is capable of almost full-speed
growth. Evidently, it can do so only due to the iron-balancing act that is achieved
by a cohort of OxyR-controlled proteins: Dps, YaaA, and Fur on the one hand and
MntH, Suf, HemH, and ClIpSA on the other.

MATERIALS AND METHODS

Bacterial strains. The strains and plasmids used in this study are listed in Table S1 in the
supplemental material. Gene deletions were created by the A Red recombinase method on LB plus
chloramphenicol (20 ug/ml) (68) and were confirmed by PCR analysis. Mutations were introduced into
new strains by P1 transduction (69), selected on LB plus chloramphenicol (20 ug/ml), and verified by PCR
analysis. When necessary, the chloramphenicol marker was removed by transformation with pCP20,
followed by the removal of the temperature-sensitive plasmid. The loss of the marker was confirmed by
PCR. All Hpx~ strains were constructed in an anaerobic chamber to avoid selective pressure for the
outgrowth of suppressors.

Growth conditions. The standard growth medium contained minimal A salts (69) (10.5 g/liter
dipotassium hydrogen phosphate, 4.5 g/liter potassium dihydrogen phosphate, 1 g/liter ammonium
sulfate, and 0.5 g/liter sodium citrate, adjusted to pH 7), 0.2% glucose, 1 mM MgCl,, 5 mg/liter thiamine,
and 0.5 mM histidine, phenylalanine, tryptophan, and tyrosine. Histidine was routinely added to the
medium because the parent strain, MG1655, is a histidine bradytroph under anaerobic conditions;
phenylalanine, tryptophan, and tyrosine were included because H,0, poisons the pathway of aromatic
amino acid synthesis (10). The media were made anoxic by autoclaving the medium components and
moving them while hot into the anaerobic chamber (Coy Laboratory Products, Inc.). Thiamine, which was
filter sterilized, was moved into the chamber and kept there for 2 days before use to ensure that it was
anoxic. Specified L-amino acids were added at 0.5 mM.
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Most experiments investigated the behavior of log-phase cells upon their initial exposure to H,0,.
Exponential growth was first established under anoxic conditions to avoid the exposure and adaptation
to endogenous H,0, that would occur if the cells were aerated. The Hpx~ cells were grown overnight
in anoxic medium. They were then diluted to an optical density at 600 nm (OD,,) of 0.005 in fresh anoxic
media and were grown to an OD,, of ~0.1. These log-phase cells then were diluted into aerobic media
containing specific amounts of H,0,, and their growth was tracked. Other experiments examined the
behavior of Hpx~ cells that had first been cultured under oxic conditions, which establishes low-grade
H.,0, stress (~1 uM) that ensures the induction of the OxyR regulon. The cells were grown as described
above to an ODg,, of 0.1 anaerobically, diluted to an OD,,, of 0.005 in oxic media, grown with robust
shaking to an ODg,, of 0.1, and then diluted again to an ODg, of 0.005 in oxic media to which a specified
concentration of H,0, had been added. Growth was then monitored.

Construction of transcriptional fusions and lacZ assays. Promoter regions of genes were PCR
amplified with primers (Table S2) and inserted into pSJ501 between Kpnl and EcoRl restriction sites. The
plasmid containing the transcriptional fusions were integrated at the attB site (att,) on chromosomal
DNA by pINT™, which is a helper plasmid that carries lambda integration genes (70). Single-copy
integrants were verified by PCR. The transcriptional fusions were introduced into desired strains by P1
transduction. Each fusion strain retained a working wild-type copy of the gene at its normal locus.

Gene expression under anaerobic conditions was measured by culturing the cells from an OD, of
0.005 to an ODg,, of ~0.1 in 20 ml of anoxic growth medium in the anaerobic chamber. Expression under
aerobic conditions was measured by diluting anaerobic log-phase cells to an OD,, of 0.005 in 20 ml of
oxic medium and growing them to an ODg, of ~0.1. To measure their -galactosidase activities, cultures
were then centrifuged at 7,000 X g for 5 min at 4°C, washed with ice-cold 50 mM Tris-HCI (pH 8),
resuspended in 1 ml of the same buffer, and lysed by French press. The B-galactosidase was assayed at
room temperature using Z buffer, 0.67 mg/ml O-nitrophenyl-B-p-galactopyranoside (ONPG) (Sigma) as a
substrate, and 0.125 mg/ml extract (69). The final product, ortho-nitrophenol (ONP*), was detected at
420 nm. The molar extinction coefficient of ONP* is 4,500 M~" cm~'. One unit of activity was defined as
the amount of enzyme that catalyzes the conversion of 1 umol substrate/min. The total protein was
measured using the Coomassie blue reagent from Thermo-Fisher.

IPMI enzyme assay. Anaerobic IPMI activity was measured after culturing cells from an OD,, of
0.005 to an ODg,, of ~0.1 in 100 ml anoxic medium. The activity in aerated cells was measured after
diluting log-phase anaerobic cells to an ODy,, of 0.005 in 100 ml oxic medium and growing them for the
specified time, typically to an OD,, of ~0.1. Note that no H,0, was added, as the phenotype was driven
by endogenous H,O, formation. In both cases, cells were harvested and activities were assayed under
anoxic conditions to ensure that IPMI was not inactivated by oxidants in the lysate. The cultures were
maintained in or returned to the anaerobic chamber, centrifuged at 7,000 X g for 5 min at 4°C, washed
with ice-cold, anoxic 100 mM Tris-Cl (pH 7.6), and resuspended in 0.475 ml of the same cold buffer. Cell
extracts were then prepared by sonication. IPMI activity was measured in the same buffer at room
temperature by incubating the cell extract (protein concentration of 1.5 mg/ml) with 0.4 mM citraconic
acid (Sigma) (71) in capped anoxic cuvettes, which were transferred out of the chamber to a spectro-
photometer. The decrease in absorbance at 235 nm was monitored. Specific activity was calculated in
terms of absorbance change per minute per milligram of protein.

The damaged [3Fe-4S] clusters of IPMI were reactivated in vitro (31) by incubating the cell extract
(final concentration of 0.1 mg/ml) with 0.5 mM Fe(NH,),(SO,), (Sigma) and 5mM dithiothreitol (DTT)
(Sigma) in anoxic 100 mM Tris-Cl (pH 7.6) at room temperature for 20 min. In vitro reconstitution of
apoenzymes was carried out by incubating the cell extract with 0.5mM Fe(NH,),(SO,),, 5mM DTT,
2.5 mM cysteine, and 0.035 ug/ml purified IscS (0.008 U/mg) at room temperature for 2 h.

The activity of IscS was confirmed by using fumarase A-overexpressing cells (AW100/pFumA), which
accumulate apo-enzyme because the native Isc system does not keep up with the rate of fumarase A
synthesis. The cells were diluted to an ODg, of 0.03 in 30 ml of aerobic minimal A medium containing
glucose, 0.2% Casamino Acids, 0.5 mM tryptophan, and 100 wg/ml ampicillin. The cells were grown to an
ODg,, of 0.5, and 1 mM isopropyl-B-p-thiogalactopyranoside (IPTG) was added, followed by a 3-h
incubation at 37°C. The cultures were transferred to the anaerobic chamber, centrifuged at 7,000 X g for
5 min at 4°C, washed with ice-cold anoxic 50 mM Tris-Cl (pH 7.65), and resuspended in 1 ml of the same
buffer. The cell extracts were prepared by sonication. The activity of fumarase was measured by
incubating the extracts at room temperature in anoxic 50 mM sodium phosphate buffer (pH 7.3)
containing 0.05 M L-malate (Sigma). Specific activity was calculated in terms of absorbance change per
minute per milligram of protein.

Purification of IscS. E. coli BL21(DE3) cells containing plsc-(His); were grown aerobically to an ODg,
of 0.6 in 100 ml LB containing 100 wg/ml ampicillin. IPTG (1 mM) was added, and the culture was
incubated at 37°C. Extracts were prepared and the overexpressed IscS-His, was purified using His
Gravitrap (GE Health Care) as described previously (31).

The desulfurase activity of IscS was assayed by measuring sulfide production under anoxic conditions
(31). Purified IscS was incubated with 2.5 mM cysteine, 5 mM dithiothreitol, and 50 mM Tris-Cl-10 mM
MgCl,, pH 7.65, at 37°C for 15 min. The reaction was stopped by the addition of 20% trichloroacetic acid.
The precipitated proteins were removed by centrifugation, and the supernatant was incubated with
2 mM N,N-dimethyl-p-phenylenediamine (DPD) and 3 mM FeCl, at room temperature for 30 min in the
dark. FeCl; was dissolved using 6 N HCl. The concentration of methylene blue that results from the
reaction of DPD and sulfide was measured at 670 nm. The extinction coefficient is 11.8 mM~'cm~". One
unit of activity creates 1 umol sulfide per min. A standard curve was determined between 0.005 and
0.1 mM sodium sulfide.
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Intracellular free-iron measurements. Cells were grown in 0.5 liter oxic minimal glucose medium
containing His, Phe, Trp, and Tyr to an OD,,, of 0.1 and harvested by centrifugation at 7,000 X g for 5
min at 4°C. The aromatic amino acids were added, because endogenous H,0, levels as low as 0.5 uM had
been shown to poison the aromatic amino acid synthesis pathway (10). The cell pellet was resuspended
in 10 ml minimal glucose medium containing His, Phe, Trp, and Tyr that was prewarmed to 37°C. The
medium also contained 10 mM DETAPAC (diethylentriaminepentaacetic acid, pH 7.0) (Sigma) and 20 mM
desferrioxamine (pH 8.0) (Sigma). DETAPAC blocks the further import of iron, while desferrioxamine
diffuses into cells and binds unincorporated iron in an EPR-visible ferric form (17). The cells were
incubated at 37°C for 15 min in a shaking water bath. The cells were then washed twice with 2 ml of
ice-cold 20 mM Tris-Cl (pH 7.4). Cells were resuspended in 200 ul of ice cold 30% glycerol-20 mM Tris-Cl
(pH 7.4), transferred into an EPR tube, and frozen in dry ice with ethanol. The OD,, of the final cell
suspension was measured after a 1:1,000 dilution. Ferric chloride (Sigma) standards were first dissolved
in water, mixed with desferrioxamine, and prepared in the same Tris buffer containing glycerol. The
spectrometer settings were the following: microwave power, 10 mW; microwave frequency, 9.05 GHz;
modulation amplitude, 12.5 Gauss at 100 KHz; time constant, 0.032; temperature, 15 K.

H,0, killing assay. The Hpx* cells were grown in aerobic minimal A glucose medium containing
0.5 mM tryptophan, phenylalanine, tyrosine, and histidine from an OD,, of 0.005 to an OD,, of 0.1
before being treated with cysteine and H,0, as described below. The Hpx~ cells were precultured
anaerobically in the same medium under anaerobic conditions to an ODg,, of 0.1. The cells were then
aerated for 2 h. The cells were then diluted to an ODg, of 0.025 in the same medium and incubated for
5 min with 0.5 mM cysteine. H,0, (2.5 mM) was then added. At the indicated time points, aliquots were
removed and 660 U/ml catalase (final concentration) was added to end the H,O, stress. After serial
dilution, samples were mixed with LB containing 0.8% agar and spread on LB plates. Numbers of CFU
were determined after aerobic incubation at 37°C for 24 h.

To test the sensitivity to H,O, of recA strains (17), the cells were precultured anaerobically to an ODy,
of 0.1 in the medium described above. They were then diluted to an OD,, of 0.025 in the same oxic
medium, and after 2 min H,0, (2.5 mM) was added. After 3 min of H,0, exposure, catalase was added
to end the H,0, stress. The cells were then plated on anaerobic LB plates.

H,0, assays. Aerobic Hpx~ cells retain trace H,0,-scavenging activity due apparently to the weak
ability of cytochrome oxidases to use H,O, as a growth substrate (55). Experiments showed that c/pSA
clpX mutations had no effect on this residual scavenging activity. Cells were precultured from an ODg,
of 0.005 to an ODg, of 0.1 in anoxic minimal A medium supplemented with 0.5 mM tryptophan, tyrosine,
phenylalanine, and histidine. The cells were then diluted to an ODg,, of 0.005 into aerobic medium of the
same composition containing 8 uM H,0,. At intervals, 1-ml aliquots of the culture were centrifuged at
12,000 X g for 1 min, and the supernatants were transferred to fresh Eppendorf tubes and frozen on dry
ice. The H,0, concentrations of the supernatants were measured by the Amplex Red-horseradish
peroxidase method (72). In the presence of horseradish peroxidase, Amplex Red reacts with hydrogen
peroxide to produce resorufin, a highly fluorescent compound. The accumulation of this complex was
monitored in a Shimadzu RF-Mini150 fluorometer with a 520-nm excitation filter and a 620-nm emission
filter. A standard curve was generated with known amounts of H,0,.

Cell viability assay. Anaerobic overnight cultures of the Hpx~ cells were diluted to an OD4, of 0.005
in anoxic minimal A medium containing 0.5 mM tryptophan, tyrosine, phenylalanine, and histidine. The
cells were grown to an ODg,, of ~0.1 and then diluted to an OD, of 0.005 into aerobic medium of the
same composition containing 8 uM H,0,. Cultures were aerated by vigorous shaking. At the indicated
time points, aliquots were removed to the anaerobic chamber, and 660 U/ml catalase (final concentra-
tion) was added to end the H,O, stress. After serial dilution, samples were mixed with anoxic LB
containing 0.8% agar and spread on anoxic LB plates. Colonies were determined after incubation at 37°C
for 24 h in the anaerobic chamber.
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