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ABSTRACT Shewanella oneidensis strain MR-1 is a versatile bacterium capable of re-
spiring extracellular, insoluble ferric oxide minerals under anaerobic conditions. The
respiration of iron minerals results in the production of soluble ferrous ions, which
at high concentrations are toxic to living organisms. It is not fully understood how
Fe2� is toxic to cells anaerobically, nor is it fully understood how S. oneidensis is
able to resist high levels of Fe2�. Here we describe the results of a transposon mu-
tant screen and subsequent deletion of the genes clpX and clpP in S. oneidensis,
which demonstrate that the protease ClpXP is required for anaerobic Fe2� resis-
tance. Many cellular processes are known to be regulated by ClpXP, including entry
into stationary phase, envelope stress response, and turnover of stalled ribosomes.
However, none of these processes appears to be responsible for mediating anaero-
bic Fe2� resistance in S. oneidensis. Protein trapping studies were performed to iden-
tify ClpXP targets in S. oneidensis under Fe2� stress, implicating a wide variety of
protein targets. Escherichia coli strains lacking clpX or clpP also display increased sen-
sitivity to Fe2� anaerobically, indicating Fe2� resistance may be a conserved role for
the ClpXP protease system. Hypotheses regarding the potential role(s) of ClpXP dur-
ing periods of high Fe2� are discussed. We speculate that metal-containing proteins
are misfolded under conditions of high Fe2� and that the ClpXP protease system is
necessary for their turnover.

IMPORTANCE Prior to the evolution of cyanobacteria and oxygenic photosynthesis,
life arose and flourished in iron-rich oceans. Today, aqueous iron-rich environments
are less common, constrained to low-pH conditions and anaerobic systems such as
stratified lakes and seas, digestive tracts, subsurface environments, and sediments. The
latter two ecosystems often favor dissimilatory metal reduction, a process that
produces soluble Fe2� from iron oxide minerals. Dissimilatory metal-reducing
bacteria must therefore have mechanisms to tolerate anaerobic Fe2� stress, and
studying resistance in these organisms may help elucidate the basis of toxicity. She-
wanella oneidensis is a model dissimilatory metal-reducing bacterium isolated
from metal-rich sediments. Here we demonstrate a role for ClpXP, a protease
system widely conserved in bacteria, in anaerobic Fe2� resistance in both S. one-
idensis and Escherichia coli.

KEYWORDS Shewanella, iron reduction, iron toxicity, proteases

The bacterium Shewanella oneidensis MR-1 is a member of the gammaproteobacteria
that resides in the oxic-anoxic transition zones of water columns and aquatic

sediments (1–3). S. oneidensis is a facultative anaerobe able to utilize numerous
compounds as terminal electron acceptors in the absence of oxygen, including nitrate,
sulfite, trimethylamine N-oxide, fumarate (1, 4, 5), and metals such as iron and man-
ganese (hydr)oxide minerals (1, 6), which are frequently abundant in aquatic sediments
(7). The respiration and consequent change in oxidation state of a metal can influence
its solubility. For example, ferric iron (Fe3�) is often found in sediments as insoluble iron
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oxides (8), but upon reduction, these minerals can dissolve and release soluble ferrous
iron (Fe2�) (8, 9).

Like many transition metals, iron is required for numerous biological functions (10),
but at higher concentrations, it becomes toxic to organisms (11–13). Fe2� toxicity in
aerobic conditions is believed to be due to oxidative stress resulting from the produc-
tion of hydroxyl radicals (12, 14, 15), but the mechanism of anaerobic Fe2� toxicity is
not known. S. oneidensis is capable of tolerating millimolar levels of Fe2� anaerobically
(6), higher than many other bacterial species (13, 16, 17), consistent with an adaptation
to metal-rich environments. S. oneidensis is able to limit the buildup of intracellular iron
via the activities of the iron uptake regulator Fur, which suppresses the production of
siderophores and iron import systems under iron-replete conditions (18–20). The inner
membrane efflux protein FeoE removes excess Fe2� from the cytoplasm produced
during Fe3� respiration and lowers Fe2� sensitivity (21). To discover other Fe2�

resistance mechanisms encoded in the S. oneidensis genome and to uncover mecha-
nisms of anoxic Fe2� toxicity, we performed a transposon screen under excess-Fe2�

conditions. Here we present analysis of two genes that, upon inactivation, conferred a
fitness defect in the presence of excess Fe2�: clpP and clpX.

clpP and clpX encode the AAA� (ATPases associated with diverse cellular activities)
cytoplasmic protease ClpXP. The ATP-dependent unfoldase ClpX recognizes substrate
proteins (22) and feeds them into the serine protease ClpP, which degrades the
unfolded target proteins into small peptides (23, 24). ClpA, a second unfoldase able to
complex with ClpP in place of ClpX (24), targets a different but overlapping set of
proteins for degradation by ClpP in Escherichia coli (22, 25). ClpXP is one of five AAA�

proteases encoded in the S. oneidensis genome, the other four being ClpAP, Lon, HslVU,
and FtsH (26–30). ClpXP has several established roles in bacteria, including regulation
of entry into stationary phase via degradation of the stress response regulator �S,
degradation of cell division proteins, promoting release of the envelope stress response
regulator �E, and turning over ribosomes by degrading proteins stalled during trans-
lation (25, 31–36). We demonstrate that the role of ClpXP in mediating resistance to
anaerobic Fe2� stress is independent of these previously established roles. A role for
ClpXP in Fe2� tolerance may extend beyond S. oneidensis, as clpPX genes from E. coli
complement the Fe2� toxicity phenotype of S. oneidensis clpPX mutants and E. coli
strains defective in either clpX or clpP exhibit enhanced sensitivity to Fe2� under
anaerobic conditions.

RESULTS
Tn-Seq reveals genes required for anaerobic Fe2� toxicity response. To find

genes involved in surviving high concentrations of Fe2� anaerobically, transposon
sequencing (Tn-Seq) was performed on wild-type and ΔfeoE mutant S. oneidensis
libraries grown in the presence or absence of 0.8 mM FeCl2. Both wild-type and ΔfeoE
strains were used in order to serve as replicates for the experiment while providing a
means to discover genes that, upon deactivation, confer a stronger fitness defect in a
strain with increased Fe2� sensitivity (ΔfeoE mutant) (21). The results of the Tn-Seq
screen are listed in Table S1 in the supplemental material. The fitness costs of genes
required for anaerobic respiration or encoding proteins known to interact with Fe2�

were evaluated as controls to confirm the validity of the Tn-Seq results. Deactivation of
genes encoding the fumarate reductase FccA, pyruvate formate-lyase PflB, and inner
membrane tetraheme cytochrome CymA conferred strong defects for each strain under
both outgrowth conditions (Table S1; see Materials and Methods for an explanation of
fitness effect calculations), confirming that the Tn-Seq screen reflects genes required for
growth under our conditions. Deactivation of feoE, which encodes an Fe2� efflux pump
(21), conferred a significant net fitness defect under high Fe2� (�1.24) (Table S1) in the
wild-type background. No reads were mapped to feoE in any of the ΔfeoE libraries,
indicating that no cross-library contamination had occurred. Deactivation of feoB, which
encodes an Fe2� importer in E. coli (37), conferred a strong apparent net fitness benefit
under high-Fe2� conditions in both the wild-type and ΔfeoE mutant (�3.68 and �1.77,
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respectively) (Table S1). Under low-Fe2� conditions, feoB mutations result in a strong
fitness defect, which is partially rescued in the ΔfeoE background (�4.00 in the wild
type and �2.54 in the ΔfeoE mutant) (Table S1), consistent with their opposing
functions.

Two genes that, upon deactivation, produced some of the strongest net fitness
defects under high Fe2� were clpP (SO_1794) and clpX (SO_1795) (�1.09 and �1.55 in
the wild-type background and �2.05 and �2.73 in the ΔfeoE mutant, respectively)
(Table S1). Of the genes encoding the five AAA� proteases in the S. oneidensis genome,
only deactivation of clpX and clpP conferred a significant defect in the presence of
excess Fe2� in our transposon mutant screen. To confirm the Tn-Seq results for clpP and
clpX, in-frame single and double deletions were made of clpP and clpX from the S.
oneidensis genome. The ΔclpP, ΔclpX, and ΔclpPX mutants had strong growth defects
compared to the wild type when grown anaerobically in LB supplemented with 20 mM
lactate, 40 mM fumarate, and 2 mM FeCl2 but not when FeCl2 was omitted (doubling
times without added Fe2�: ΔclpPX mutant, 1.23 � 0.14 h; wild type, 1.22 � 0.11 h) (Fig.
1A and B). Complementation with pBBR1MCS-2::clpPX restored the growth rate of the
ΔclpPX mutant to that of the wild type (Fig. 1C).

ClpXP role in anaerobic Fe2� resistance is unrelated to known proteolytic
functions. Much of the research into the function and structure of ClpXP has taken
place in E. coli, although as mitochondria and additional bacterial species are analyzed,
the known roles of ClpXP are expanding (reviewed in references 38 to 40). We focused
the investigation of known ClpXP proteolysis targets to those annotated in the S.
oneidensis genome. ClpXP targets the starvation and stationary-phase regulator sigma
factor �S (31) and degrades proteins stalled in translation via recruitment and recog-
nition by SspB, SmpB, and the SsrA transfer-mRNA tag (35, 41, 42). None of the fitness
costs of deactivating any of these genes during growth in high Fe2� met our threshold
for significance in the Tn-Seq data set (rpoS, �0.08; sspB, �0.57; ssrA, �0.19; and smpB,
�0.36 in the wild-type background; �0.77, �0.86, �0.53, and �1.65, respectively, in
the ΔfeoE mutant) (Table S1). While smpB appears to have a significant result in the
ΔfeoE background, the number of reads that mapped to smpB in the ΔfeoE background
was low (50% less than the standard cutoff [Table S1]) and may therefore be an
unreliable estimate of fitness.

A group of E. coli proteins regulated by ClpXP are the cell division proteins FtsZ,
ZapC, FtsA, MinD, and SulA (25, 32, 33). Deactivation of neither zapA, zapB, zapC, ftsA,
minD, nor sulA conferred a significant net fitness defect in high Fe2� in our Tn-Seq data
(�0.34, �0.33, �0.47, �0.85, �0.15, and �0.29, respectively, in the wild-type back-
ground; �0.57, �0.41, �0.53, �0.52, �0.22, and �0.35, respectively, in the ΔfeoE

FIG 1 Growth of ΔclpP, ΔclpX, and ΔclpPX mutants with and without high FeCl2. (A) The rate of growth in anoxic LB supplemented
with 20 mM lactate and 40 mM fumarate was measured for wild-type S. oneidensis (�) and the ΔclpPX mutant (�). (B) The rate of
growth in anoxic LB supplemented with 20 mM lactate, 40 mM fumarate, and 2 mM FeCl2 was measured for wild-type S. oneidensis
(�) and the ΔclpPX (�), ΔclpX (Œ), and ΔclpP (�) mutants. (C) The rate of growth in anoxic LB supplemented with 20 mM lactate, 40
mM fumarate, and 2 mM FeCl2 was measured for wild-type S. oneidensis with empty pBBR1MCS-2 (e), wild-type S. oneidensis with
pBBR1MCS-2::clpPX (�), the ΔclpPX mutant with empty pBBR1MCS-2 (Œ), and the ΔclpPX mutant with pBBR1MCS-2::clpPX (�). Results
are the mean � 1 standard deviation from three biological replicates.
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mutant) (Table S1). ftsZ appears to be an essential gene in S. oneidensis according to our
Tn-Seq data, as no sequencing reads were mapped to the gene in any of the libraries
(Table S1), consistent with previous observations (43).

ClpXP is involved in the release of the stress response sigma factor �E by degrading
the cytoplasmic domain of the anti-sigma factor RseA (34). The proteases DegS and
RseP are also required for degradation of RseA (44, 45), while RseB acts as a secondary
regulator of �E (46). None of the genes encoding proteins involved in regulating �E had
significant net fitness costs upon deactivation under high Fe2� in our Tn-Seq data
(�0.61, �0.42, �0.09, and �0.31 in the wild-type background, respectively; �0.41,
�0.80, �0.65, and �0.64, respectively, in the ΔfeoE mutant) (Table S1). However,
deactivation of rpoE itself, the gene encoding �E, did confer a net fitness defect near our
significance threshold in high Fe2� (�0.92 in the wild-type background, �1.06 in the
ΔfeoE mutant). However, an in-frame rpoE deletion mutant was not significantly im-
paired compared to the wild type in either the presence or absence of excess Fe2�

(doubling times, respectively, of 3.13 � 0.21 and 2.94 � 0.21 h in excess Fe2� and
1.38 � 0.20 and 1.22 � 0.11 h without excess Fe2�) (Fig. 2). Together, these data
suggest that ClpXP plays a role in promoting survival during anaerobic Fe2� stress, but
this role is not related to previously described functions of ClpXP.

ClpXP targets a distinct subset of proteins under high-Fe2� conditions. To
determine the proteolysis targets of ClpXP under high-Fe2� conditions, we set up a
ClpP trapping experiment modified from that of Flynn et al. (25). The catalytic serine in
the active site of ClpP was mutated (S106A) to eliminate proteolytic activity, and a
His6-TEV-Myc3 affinity tag was attached to the C terminus, creating ClpPTrap. An allele
encoding a protein without a mutated active site (S106) was also created, called
ClpPTag, to confirm activity of the tagged protein. ClpPTrap folds correctly and continues
to bind the ATPase subunits ClpA and ClpX (25), which feed protease targets into
ClpPTrap. Substrate proteins are slowly released by ClpXPTrap or ClpAPTrap (47), allowing
for the use of ClpPTrap, in conjunction with protein mass spectrometry, to detect which
proteins are targeted for degradation by ClpXP or ClpAP.

A ΔsmpB ΔclpP background was used for all trapping strains, in order to remove
SsrA-tagged proteins from protein analysis and to prevent degradation of ClpXP targets
by an active ClpP protease (25). clpA and clpX deletions were created in this background
to isolate proteins specifically targeted for degradation by either ClpXP or ClpAP.
Additionally, a ΔclpA ΔclpX mutant was used to identify proteins that nonspecifically
bind to ClpPTrap or the anti-Myc resin without being targeted by ClpX or ClpA. Each
strain was transformed with pBBR1MCS-2::clpPTrap.

FIG 2 Growth of the ΔrpoE mutant with high FeCl2. The rate of growth in anoxic LB supplemented with
20 mM lactate and 40 mM fumarate, with (closed symbols) or without (open symbols) 2.5 mM FeCl2,
was measured for wild-type S. oneidensis (e and �) and the ΔrpoE mutant (Œ and �). Results are the
mean � 1 standard deviation from three biological replicates.
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To confirm that deletion of smpB and clpA did not affect the growth of S. oneidensis
under high-Fe2� conditions, the wild-type and ΔsmpB and ΔclpA mutants were grown
anaerobically in LB supplemented with 20 mM lactate, 40 mM fumarate, and 2 mM
FeCl2. There was no difference in growth rates between the wild type and ΔsmpB and
ΔclpA mutants (doubling times of 2.36 � 0.22, 2.34 � 0.35, and 2.52 � 0.35 h,
respectively) (Fig. 3A). The ΔsmpB ΔclpP ΔclpA mutant with pBBR1MCS-2::clpPTrap had
the same growth defect as the ΔsmpB ΔclpP ΔclpA mutant with empty pBBR1MCS-2
when grown in anaerobic LB supplemented with 20 mM lactate, 40 mM fumarate, and
2 mM FeCl2 (Fig. 3B), confirming that the S106A mutation mimics the phenotype of a
clpP null mutant. The ΔsmpB ΔclpP ΔclpA mutant with pBBR1MCS-2::clpPTag had a
higher growth rate than the ΔsmpB ΔclpP ΔclpA mutant with pBBR1MCS-2::clpPTrap (Fig.
3B), suggesting that removal of the propeptide sequence from and addition of the
purification tag to ClpP did not interfere with its proper folding.

The three ClpP-trapping strains were grown anaerobically in LB supplemented with
20 mM lactate and fumarate; the ClpX-only strain was also grown in anaerobic LB
supplemented with 20 mM lactate, 40 mM fumarate, and 1.1 mM FeCl2. ClpP-trapped
proteins were identified using mass spectrometry. The proteins listed in Table 1 were
detected at least twice as frequently in the Fe2� culture as in any of the others in at
least two of three mass spectrometry runs. Proteins trapped by ClpXP that were
enriched under high-Fe2� conditions have disparate functions but frequently (10 of 11
proteins trapped) contain metal binding sites (Table 1; see Table S3 in the supplemental
material), a higher proportion than the proteins trapped with ClpXP under lower-Fe2�

conditions (12 of 19), ClpAP (1 of 3), either ClpAP or ClpXP (17 of 36), or ClpP with no
ATPase adapter (1 of 2). Additionally, a higher proportion of proteins (7 of 11 [Table 1;
Table S3]) trapped with ClpXP in high Fe2� utilize nucleotide-derived cofactors than
those trapped by ClpXP under lower Fe2� (8 of 19).

Mg2� concentration affects the growth of S. oneidensis in high Fe2�. The
protein trapping results indicated that a high intracellular ratio of Fe2� to other metals
might interfere with proper insertion of noniron metals into metalloproteins. To
determine the effect of low Mg2� concentration during growth in high Fe2�, wild-type
S. oneidensis was grown in Shewanella basal medium (SBM) with either 475 or 119 �M
MgSO4 (100% and 25% of the MgSO4 concentrations in SBM, respectively) and with or
without 0.8 mM FeCl2. The lower concentration of Mg2� did not affect the growth rate
of S. oneidensis in the absence of Fe2�; however, the growth rate was lower in the
combination of high Fe� and low Mg2� than in high Fe2� alone (Fig. 4).

ClpXP is required for Fe2� resistance in E. coli. To determine whether ClpXP is
involved in Fe2� resistance beyond S. oneidensis, we grew S. oneidensis ΔclpX and ΔclpP
mutants complemented with E. coli clpX and clpP genes, respectively, in anaerobic LB
supplemented with 20 mM lactate, 40 mM fumarate, and 2.5 mM FeCl2. The clpX and

FIG 3 Growth of proteomic analysis strains. (A) The rate of growth in anoxic LB supplemented with 20
mM lactate, 40 mM fumarate, and 2 mM FeCl2 was measured for wild-type S. oneidensis (�) and the
ΔsmpB (Œ) and ΔclpA (Δ) mutants. (B) The rate of growth in anoxic LB supplemented with 20 mM lactate,
40 mM fumarate, and 2.5 mM FeCl2 was measured for wild-type S. oneidensis with empty pBBR1MCS-2
(e), the ΔsmpB ΔclpA ΔclpP mutant with empty pBBR1MCS-2 (Œ), the ΔsmpB ΔclpA ΔclpP mutant with
pBBR1MCS-2::clpPTag (�), and the ΔsmpB ΔclpA ΔclpP mutant with pBBR1MCS-2::clpPTrap (�). Results are
the mean � 1 standard deviation from three biological replicates.
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clpP genes from E. coli complemented the Fe2� sensitivity phenotype of ΔclpX and
ΔclpP S. oneidensis strains (Fig. 5A). E. coli strains with deletions of either clpX or clpP
were grown in anaerobic LB supplemented with 20 mM lactate and 40 mM fumarate,
with or without 6 mM FeCl2. This Fe2� concentration was required to see impairment
in the growth rate of E. coli in LB. While the ΔclpX and ΔclpP mutants grew at the same
rate as the wild type without added Fe2�, both strains displayed a growth defect in the
presence of excess Fe2� (Fig. 5B).

DISCUSSION

AAA� proteases have been implicated in numerous cellular processes in various
bacterial species. Here we have provided evidence for a new function of the AAA�

protease ClpXP: resistance to Fe2� toxicity. The loss of either clpP or clpX was shown to
be detrimental to both S. oneidensis and E. coli growing under high-Fe2� conditions but
not at low Fe2� concentrations (Fig. 1B and 5B; see Table S1 in the supplemental
material). The loss of clpA, which encodes another ATP-dependent chaperone that
complexes with ClpP (24), or clpS, which encodes an adaptor to the ClpAP complex (48),
had no effect on the sensitivity of S. oneidensis to high Fe2� concentrations (Fig. 3A;
Table S1), indicating that the proteins specifically targeted by ClpX but not ClpA for
degradation by ClpP are involved in Fe2� sensitivity.

ClpXP regulates a number of cytoplasmic proteins and facilitates the turnover of
stalled ribosomes (25, 31–34). None of these processes, however, appears to be

TABLE 1 Proteins differentially trapped by ClpXP in high or low Fe2�

Protein Locus Predicted function
Predicted features(s) or
ligand(s)a

Trapped in high Fe2�

RecA SO_3430 Recombinase A ATP, Mg2�

DeaD SO_4034 ATP-dependent RNA helicase DEAD, ATP, Mg2�

NrdA SO_2415 Aerobic ribonucleoside-diphosphate reductase alpha subunit Tyrosyl radical, rNTP, ATP, Fe3�

NrdD SO_2834 Anaerobic ribonucleoside-triphosphate reductase Glycyl radical, rNTP, ATP, Zn2�

GapA SO_2345 Glyceraldehyde-3-phosphate dehydrogenase G3P, NAD(P)
TnpB_MuSo2 SO_2655 Mu phage transposase OrfB ATPase, DNA, ATP, Mg2�

CydA SO_3286 Cytochrome d ubiquinol oxidase subunit I TM, UQ, heme
MgtE-1 SO_1145 Divalent metal transporter TM, CBS, MgtE-N, Mg2�, Ca2�

SO_0520 Heavy metal efflux pump permease component CzcA family TM, Cu2�

SO_1383 ATP-dependent RNA helicase DEAD box family DEAD, ATP, Mg2�

LepB SO_1347 Signal peptidase I TM, S26, Mg2�, K�

Trapped in low Fe2�

AtpA SO_4749 ATP synthase subunit alpha Mg2�, ADP, ATP
SecA SO_4211 Protein translocase subunit Zn2�, ATP
ThrS SO_2299 Threonine-tRNA ligase Zn2�, ATP, Thr, anticodon binding
GlyS SO_0014 Glycine-tRNA ligase beta subunit ATP, Gly, anticodon binding
Fba SO_0933 Fructose-bisphosphate aldolase class II Zn2�, Na�, DAP

SO_3743 Transcriptional regulator TetR family HTH
DmsA SO_1429 Extracellular dimethyl sulfoxide/manganese oxide reductase

molybdopterin-binding subunit A
Fe-S, MopB

AdhB SO_1490 Alcohol dehydrogenase II Fe3�

SO_0988 Molybdopterin-binding oxidoreductase Fe-S, Mo5�

DeoD2 SO_1221 Purine nucleoside phosphorylase DeoD-type 2 Purine nucleoside, phosphate
ZapC SO_2591 Cell division protein Z-ring binding
Ppc SO_0274 Phosphoenolpyruvate carboxylase Mg2�

HemB SO_2587 Delta-aminolevulinic acid dehydratase Zn2�, Mg2�, Schiff base
SO_3363 Transcriptional regulator LysR family PBP, HTH

NuoG SO_1016 NADH-quinone oxidoreductase subunit G Fe-S, NADH, UQ
SO_1117 Cytoplasmic leucyl metal-dependent aminopeptidase Zn2�/Mn2�

NadB SO_1341 L-Aspartate oxidase FAD, SQO
FdhD SO_0107 Sulfurtransferase Mo-bisPGD

SO_3097 Anti-sigma factor TM; DUF3379
aDEAD, DEAD box RNA helicase domain; TM, transmembrane domain; UQ, ubiquinone binding domain; CBS, cystathionine beta-synthase-like ligand binding domain;
MgtE-N, Mg2� transporter intracellular N domain; S26, S26 signal peptidase domain; DAP, dihydroxyacetone phosphate; HTH, helix-turn-helix DNA binding domain;
Fe-S, iron-sulfur cluster; MopB, molybdopterin-binding domain; PBP, periplasmic effector binding pocket; FAD, flavin adenine dinucleotide; SQO, succinate:quinone
oxidoreductase domain; Mo-bisPGD, molybdo-bis pyranopterin guanine dinucleotide.
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involved in the resistance of S. oneidensis to high Fe2� concentrations (Fig. 2 and 3;
Table S1). Previous studies of �E in E. coli have indicated that rpoE is essential and that
mutants can be made only in conjunction with suppressor mutations (49). Suppressor
mutations could explain why we did not see an increase in Fe2� sensitivity for our
ΔrpoE strain; however, we believe that �E is neither essential in S. oneidensis nor critical
for Fe2� stress response. rpoE transposon and deletion mutants were readily generated
(Fig. 2; Table S1), inconsistent with the requirement of a suppressor mutation. Addi-
tionally, we tested multiple ΔrpoE isolates, all of which displayed identical phenotypes
regarding resistance to Fe2� and sensitivity to other stressors (data not shown).
Therefore, the role ClpXP plays in Fe2� resistance does not appear to be mediated
through the promotion of �E release or other previously described ClpXP targets.

As we could not identify the function of ClpXP in response to Fe2� toxicity through
Tn-Seq data or phenotypic tests with deletion mutants, we adapted a ClpP trapping
method (25) to identify ClpXP proteolysis targets in S. oneidensis. While one-fourth to
one-third of cellular proteins are believed to require a metal cofactor (81), nearly all
proteins that were enriched for ClpXP trapping under high-Fe2� conditions are pre-
dicted to contain metal-binding domains (91% [Table 1]), more than for the proteins
trapped by ClpXP in lower Fe2� (57% [Table 1; Table S3]). Additionally, 64% of the

FIG 4 Growth of S. oneidensis with high Fe2� and low Mg2�. The rate of growth in anoxic SBM
supplemented with 20 mM lactate, 40 mM fumarate, and 475 �M MgSO4 and 0 mM FeCl2 (e), 119 �M
MgSO4 and 0 mM FeCl2 (Œ), 475 �M MgSO4 and 0.8 mM FeCl2 (�), or 119 �M MgSO4 and 0.8 mM FeCl2
(�) was measured for wild-type S. oneidensis. Results are the mean � 1 standard deviation from three
biological replicates.

FIG 5 Growth of E. coli and S. oneidensis ΔclpX and ΔclpP mutant strains with and without high FeCl2. (A) The
rate of growth in anoxic LB supplemented with 20 mM lactate, 40 mM fumarate, and with (closed symbols)
or without (open symbols) 6 mM FeCl2 was measured for wild-type E. coli (e and �), the ΔclpX mutant (o
and Œ), and the ΔclpP mutant (Œ and �). (B) The rate of growth in anoxic LB supplemented with 20 mM
lactate, 40 mM fumarate, and 2.5 mM FeCl2 was measured for wild-type S. oneidensis with empty pBBR1MCS-2
(e), the ΔclpPX mutant with empty pBBR1MCS-2 (Œ), the ΔclpPX mutant with pBBR1MCS-2::clpPXMR-1 (�), the
ΔclpPX mutant with pBBR1MCS-2::clpPXE. coli (�), and the ΔclpX mutant with pBBR1MCS-2::clpXE. coli (�). Results
are the mean � 1 standard deviation from three biological replicates.
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proteins enriched for trapping by ClpXP under high Fe2� are predicted to utilize
nucleotides or nucleotide derivatives as cofactors, a higher proportion than with
proteins enriched for ClpXP trapping under lower Fe2� (42% [Table 1; Table S3]). The
mass spectrometry data provided here are meant to be qualitative and can be only
suggestive of relative quantitation; truly quantitative measurements would need to be
performed in future studies. That said, the protein trapping results were largely
repeatable. Given the controls and conditions used here, the proteomics results sug-
gest to us the hypothesis that ClpXP may target metalloproteins and/or proteins with
nucleotide-derived cofactors in S. oneidensis under Fe2� stress.

Fe2� has an affinity for pyrophosphate and nucleotides (51, 52), where it is predicted
that Fe2� complexes with phosphate ester oxygens (52). It may be that free Fe2� binds
to the phosphate groups of nucleotide cofactors in proteins, perhaps forcing a change
in conformation around the cofactor. Alternatively, high soluble Fe2� may cause
inappropriate phosphate hydrolysis and interfere with enzymatic function.

In addition to binding nucleotides, iron and other metals bind readily to hydrophilic
regions within proteins (53). It is notable that many proteins apparently targeted by
ClpPTrap under the high-Fe2� condition bind Mg2� (Table 1; Table S3). The Irving-
Williams series places the order of metal affinity to proteins as Ca2� � Mg2� �

Mn2� � Fe2� � Co2� � Ni2� � Cu2� � Zn2� (54), making Fe2� likelier to bind
proteins than Mg2�, Ca2�, Mn2�, and, under certain conditions, Zn2�. Cells have
delivery systems to direct the insertion of most metals into their proper protein binding
sites (50, 55–61). Proper insertion of metals at the lower end of the Irving-Williams
series, such as Mn2� and Mg2�, on the other hand, frequently simply depends upon
high relative intracellular concentrations of those metals (62, 63).

The intracellular concentration of Mg2� is commonly kept around 1 mM, the highest
concentration of all metals that have been evaluated (64). Not coincidentally, the
intracellular concentration of each metal in the Irving-Williams series is inversely
correlated with its affinity for proteins (64), indicating that cells compensate for low
binding affinity with high relative concentration. It is therefore not surprising that
Mg2�-binding proteins appeared to be more frequently targeted by ClpXP under high
Fe2� in our study: as the concentration of Fe2� rises, it may overwhelm the cells’ iron
storage and/or trafficking capacity and begin outcompeting Mg2� and other metals
less dependent on specific delivery systems for insertion into the correct protein
binding sites.

Consistent with the hypothesis that high Fe2� concentrations interfere with Mg2�

insertion into metalloproteins, lowering the Mg2� concentration in the presence of
high Fe2� further decreased the growth rate of S. oneidensis beyond that in high Fe2�

alone (Fig. 4). Additionally, inactivation of the corA gene in our Tn-Seq screen caused
a strong net fitness defect in both the wild type and ΔfeoE mutant under high Fe2�

(�1.23 and �1.70, respectively) (Table S1). The stronger defect in the ΔfeoE mutant
indicates that the higher intracellular Fe2� concentration in this mutant exacerbates
the effect of corA mutation. CorA has a high affinity for Mg2� (65, 66) and appears to
be the primary Mg2� importer in bacteria (67). Further lowering the ratio of Mg2� to
Fe2� appears to increase sensitivity to Fe2�, which could be due to mismetallation of
Mg2�-requiring proteins. Based on these results, we suggest that protein mismetalla-
tion may be at least one mechanism of Fe2� toxicity to cells.

While Fe2� is known to be toxic under aerobic conditions due to Fenton chemistry
and the production of reactive oxygen species (12, 14, 15), the mechanism by which
Fe2� is toxic under anaerobic conditions has not been well understood. Previously
published hypotheses about anoxic Fe2� toxicity have included formation of organic
radicals, inhibition of the F-ATPase (13), or reduction of Cu2� to the more toxic Cu�

(68). Based on our findings in this study, we propose that mechanisms by which Fe2�

may be toxic anaerobically may include either binding nucleotide-derived cofactors or,
as we believe to be more likely, overwhelming the normal mechanisms of proper metal
insertion into metalloproteins, with Fe2� replacing the required metal. Either of these
events would interfere with proper enzyme activity, causing a buildup of multiple
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inactive cytoplasmic proteins that could overwhelm the cell if not properly turned over.
This hypothesis is consistent with the growth behavior of the strains lacking ClpX, ClpP,
and ClpXP, where the growth rate is identical to that of the wild type for the first
�6 h before plateauing and beginning to decline (Fig. 1B). The growth pattern here is
similar to that for temperature-sensitive mutations in the major chaperonin GroEL,
which causes the accumulation of unfolded proteins (69). Interestingly, there was less
overlap between our list of ClpXP-trapped proteins and those identified by Flynn et al.
(25) than we expected. It may be that Fe2� stress upends the usual set of ClpXP targets
by making a certain subset of proteins more likely to become unstable or to partially
unfold. If mismetallation of metalloproteins is a major mechanism behind Fe2� toxicity,
it is likely to be a major toxicity mechanism for other metals higher on the Irving-
Williams series. In this case, ClpXP could target proteins with any misincorporated metal
for degradation.

Here we have determined that ClpXP is an important factor in anaerobic Fe2�

resistance in both E. coli and S. oneidensis. Many bacterial species occasionally encoun-
ter high concentrations of metals, and consequently they have developed cellular
mechanisms of metal toxicity resistance. S. oneidensis, for example, requires several
mechanisms to resist the high Fe2� concentrations that occur transiently and locally
during the respiration of iron minerals. While the mechanism of ClpXP in resisting high
Fe2� needs to be confirmed with future work, the work presented here is consistent
with our proposed model in which ClpXP is required to turn over misfolded proteins
when cells experience anaerobic Fe2� stress.

MATERIALS AND METHODS
Bacterial strains and growth conditions. Table 2 lists the bacterial strains and plasmids used in this

work. The chemicals used throughout were the highest purity available through Sigma-Aldrich, unless
otherwise indicated. S. oneidensis MR-1 was isolated from Lake Oneida, NY (1). The E. coli strains for
cloning (UQ950) and mating (WM3064) are described by Saltikov et al. (70). Overnight liquid Luria-Bertani
(LB; BD Difco) cultures, supplemented with 50 �g/ml kanamycin when appropriate, were inoculated with
isolated colonies from freshly streaked �80°C stocks. S. oneidensis and E. coli cultures were grown at 30
and 37°C, respectively. Cultures were grown in LB or Shewanella basal medium (SBM [71]) supplemented
with 5 ml/liter vitamin solution (72), 5 ml/liter trace mineral solution (73), and 0.05% (wt/vol) Casamino
Acids. Anaerobic cultures were sealed with butyl rubber stoppers, flushed with nitrogen gas, and
supplemented with 20 mM sodium lactate and 40 mM sodium fumarate. Liquid cultures, except for 1-liter
cultures prepared for protein purification, were shaken at 250 rpm.

Creation and analysis of Tn-Seq mutant libraries. Transposon library creation and selection were
performed as previously described (43). Briefly, a delivery vector with MmeI restriction sites surrounding
the MiniHimar transposon, which randomly inserts into the chromosome at TA sites (74), was transferred
into wild-type and ΔfeoE mutant S. oneidensis strains via conjugation. Parent transposon libraries were
outgrown for selection in anaerobic SBM with or without 0.8 mM FeCl2. The concentration of 0.8 mM
FeCl2 was chosen to allow for an overall doubling time relatively close to that of unamended cultures
while still inhibiting growth of Fe2�-sensitive mutants. Cultures were harvested and DNA extracted after
approximately five doublings. Parent and outgrown DNA libraries were processed and sequenced as
previously described (75). Adapters and primers used to prepare the DNA for sequencing have been
published previously (76). Briefly, DNA was phenol-chloroform extracted and digested with MmeI.
Adapters containing library-identifying barcodes were ligated to the digested DNA, and the transposon
insertion sites were PCR amplified using primers containing Illumina-specific sequences. Single-read
50-bp sequence analysis was performed on an Illumina HiSeq250 at the University of Minnesota
Genomics Center. Downstream sequence processing was performed using the Galaxy server maintained
by the Minnesota Supercomputing Institute. Between 20 million and 33 million reads were mapped to
the S. oneidensis chromosome and megaplasmid (accession no. NC_004347.2 and NC_004349.1, respec-
tively) for each parent and outgrown library. Reads that did not match the genome sequence 100%, did
not match uniquely to a gene, or fell in the first 1% or last 10% of a coding sequence were omitted from
analysis. The number of reads for each gene was normalized to the total number of reads in each library.

Fitness effects of each gene under the outgrowth conditions were calculated by taking the natural
log of the normalized number of reads in the outgrowth libraries divided by that in the parent library.
Tn-Seq calculations and results are reported in Table S1 in the supplemental material. To exclude genes
that confer a growth benefit or defect upon deactivation regardless of Fe2� concentration, the net fitness
effect of growing in excess Fe2� for each gene was calculated by subtracting the fitness effect for the
low-Fe2� condition from that under the high-Fe2� condition. A net fitness effect of ��1.0 was
considered significant, a threshold that has been found in our hands to be a good predictor of whether
a specific mutation has a significant effect on fitness. To avoid statistical anomalies, genes with fewer
than 1,000 mapped reads to the parent library were omitted from consideration in this study (see the
“Curated fitness values” tab in Table S1).
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Plasmid and mutant construction. Table 3 lists the primers used for construction of deletion and
expression plasmids. In-frame deletion of genes was performed via homologous recombination as
described in Saltikov et al. (70). Briefly, 1-kb upstream and downstream fragments for each gene were
fused via a restriction site and inserted into the multiple-cloning site of pSMV3, which has kanamycin
resistance and sacB cassettes. Complementation plasmids were created by cloning clpPX from the S.
oneidensis genome and clpPX and clpX from the E. coli MG1655 genome and inserted into the multiple-
cloning site of the constitutive expression vector pBBR1MCS-2 via BamHI and SpeI restriction sites.
Tagged genes for protein purification were ordered as gBlocks from Integrated DNA Technologies and
ligated into the expression vector pBBR1MCS-2 via EcoRI and BamHI restriction sites. Tagged alleles of
clpP were created without the propeptide sequence (missing amino acids 2 to 9), with a C-terminal
affinity (His6-TEV-Myc3) tag codon optimized for S. oneidensis, and with or without a deactivating point
mutation in the active site (S106A), creating clpPTrap and clpPTag, respectively. clpPTag and clpPTrap

sequences are listed in Table S2 in the supplemental material.
Growth curves. Overnight liquid LB cultures were grown from freshly isolated colonies. Cells were

pelleted by centrifugation, washed once, and resuspended in either LB or SBM, depending on the culture
medium to be used. Fe2� cultures were supplemented with 0.8 mM FeCl2 for SBM or either 2 or 2.5 mM
FeCl2 for LB. A higher Fe2� concentration was needed for growth curves in LB than in SBM to visualize

TABLE 2 Bacterial strains and plasmids used in this study

Strain or plasmid Description Source or reference

Strains
JG274 S. oneidensis MR-1, wild type 1
JG2989 JG274 ΔfeoE 21
JG3354 JG274 ΔrpoE This work
JG3355 JG274 ΔclpPX This work
JG3486 JG274 ΔclpP This work
JG3492 JG274 ΔclpX This work
JG3552 JG274 ΔsmpB This work
JG3556 JG274 ΔclpA This work
JG3560 JG274 ΔsmpB ΔclpP ΔclpA This work
JG3565 JG274 ΔsmpB ΔclpPX This work
JG3632 JG274 ΔsmpB ΔclpPX ΔclpA This work
JG168 JG274 with empty pBBR1MCS-2, Kmr 71
JG3488 JG3355 with empty pBBR1MCS-2, Kmr This work
JG3549 JG3486 with empty pBBR1MCS-2, Kmr This work
JG3495 JG3355 with pBBR1MCS-2::clpPXMR-1 This work
JG3667 JG3355 with pBBR1MCS-2::clpPXE. coli This work
JG3668 JG3492 with pBBR1MCS-2::clpXE. coli This work
JG3570 JG3560 with pBBR1MCS-2::clpPTag This work
JG3599 JG3560 with pBBR1MCS-2::clpPTrap This work
JG3600 JG3565 with pBBR1MCS-2::clpPTrap This work
JG3635 JG3632 with pBBR1MCS-2::clpPTrap This work
UQ950 E. coli DH5� �(pir) cloning host; F� Δ(argF-lac)169 �80dlacZ58(ΔM15)

glnV44(AS) rfbD1 gyrA96(NalR) recA1 endA1 spoT1 thi-1 hsdR17 deoR
�pir�

70

WM3064 E. coli conjugation strain; thrB1004 pro thi rpsL hsdS lacZΔM15 RP4–1360
Δ(araBAD)567 ΔdapA1341::[erm pir(wild type)]

70

MG1655 E. coli K-12, wild type Arkady Khodursky, University
of Minnesota

JG3804 MG1655 ΔclpP This study
JG3805 MG1655 ΔclpX This study

Plasmids
pSMV3 Deletion vector, Kmr sacB 79
pSMV3ΔclpP pSMV3 with SO_1794 flanking sequences This work
pSMV3ΔclpX pSMV3 with SO_1795 flanking sequences This work
pSMV3ΔclpPX pSMV3 with SO_1794–5 flanking sequences This work
pSMV3ΔrpoE pSMV3 with SO_1342 flanking sequences This work
pSMV3ΔclpA pSMV3 with SO_2626 flanking sequences This work
pSMV3ΔsmpB pSMV3 with SO_1473 flanking sequences This work
pSMV3ΔclpPEC pSMV3 with b0437 flanking sequences This work
pSMV3ΔclpXEC pSMV3 with b0438 flanking sequences This work
pBBR1MCS-2 Broad-range cloning vector, Kmr 80
pBBR1MCS-2::clpPXMR-1 SO_1794–5 (clpPX), 26 bp upstream, 8 bp downstream This work
pBBR1MCS-2::clpPXE. coli b0437–8 (clpPX), 22 bp upstream, 28 bp downstream This work
pBBR1MCS-2::clpXE. coli b0438 (clpX), 30 bp upstream, 28 bp downstream This work
pBBR1MCS-2::clpPTag SO_1794 (clpP) Δ2–9, downstream HIS6-TEV-MYC3 This work
pBBR1MCS-2::clpPTrap SO_1794 (clpP) Δ2–9, S106A, downstream HIS6-TEV-MYC3 This work
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the growth defects of mutants. Slightly different concentrations of FeCl2 were required in different
batches of media to achieve a toxic effect while allowing for cell growth. Growth was measured by taking
the optical density at 600 nm (OD600). Results are reported as the mean � 1 standard deviation from
three biological replicates. Growth curves were performed in triplicate at least twice; the results reported
here are representative of each experiment.

ClpP trapping and protein purification. A previously described ClpP trapping protocol (25) was
adapted for S. oneidensis. Briefly, the ΔsmpB ΔclpP ΔclpA, and ΔsmpB ΔclpPX mutants and the ΔsmpB
ΔclpPX ΔclpA mutant with pBBR1MCS-2::clpPTrap were grown anaerobically for 12 h in 1 liter anaerobic LB
supplemented with 20 mM lactate and 40 mM fumarate; the ΔsmpB ΔclpP ΔclpA mutant with pBBR1MCS-
2::clpPTrap was also grown for 12 h in in 3 liters anaerobic LB supplemented with 20 mM lactate, 40 mM
fumarate, and 1.1 mM FeCl2. A 1.1 mM concentration of FeCl2 was chosen because clpP mutant strains

TABLE 3 Primer sequences used for mutation and complementation in this work

Primer Sequence
Restriction
site

S. oneidensis
rpoE deletion

1342USF GTACGGATCCCAATGCTTCGGTCAGCAG BamHI
1342USR GTACACTAGTCTCATCCGAGCCGACTTC SpeI
1342DSF GTACACTAGTGCCTTTGCTGGAAGAGTAAATTC SpeI
1342DSR GTACGAGCTCCACCCTGAATATGATTAGAGAGG SacI

clpP deletion
1794USF GTACGGATCCGATGTGGACAGCATGATTG BamHI
1794USR GTACACTAGTGGCGAACTGCTAATCAAGTC SpeI
1794DSF GTACACTAGTGATTTTTACTTTCGACTGGGC SpeI
1794DSR GTACGAGCTCCTCAACTTGAGACAGGGTTTC SacI

clpX deletion
1795USF GTACGGATCCCTCTATGGCTTCTGCTTACG BamHI
1795USR GTACACTAGTGCCCATTAATTACCTCATTTGC SpeI
1795DSF GTACACTAGTGGCGAGCAATAATTGTACAG SpeI
1795DSR GTACGAGCTCCAGACATCGGTGACATCATG SacI

clpA deletion
2626USF GTACGAGCTCCGCTAAACAAGCTATTGATTG SacI
2626USR GTACGAATTCCAGATCTTTGTTCAGCATAAGC EcoRI
2626DSF GTACGAATTCGCTTAACGCCAAGCTAATTTAC EcoRI
2626DSR GCATACTAGTCTATTAGCCATAGGCTTTCG SpeI

smpB deletion
1473USF GTACGAGCTCCTTCATCCTTGGCTTTATCAG SacI
1473USR GTACGAATTCGTTTTTCTTTACCATAGTGGC EcoRI
1473DSF GTACGAATTCGGATAATGAACAAACGATTGAAC EcoRI
1473DSR GTACACTAGTGCAATCTGTGCTTCTCTATG SpeI

clpPX expression
1794F GTACGGATCCGCCATTTTTATTTAGGGAAATG BamHI
1795R GTACACTAGTCTGTACAATTATTGCTCGCC SpeI

E. coli
clpP deletion

b0437USF GTACACTAGTGAAGAATACCACGCAGAAAAC SpeI
b0437USR GTACGCGGCCGCCTGTATGACATTTCCGTCTCC NotI
b0437DSF GTACGCGGCCGCCATCGTAATTGATGCCAGAGG NotI
b0437DSR GTACGAGCTCCGGACTTCGCTTTTACCG SacI

clpX deletion
b0438USF GTACGAGCTCCCGTACCCATAACACAGG SacI
b0438USR GTACGCGGCCGCGCCATCTTTGCGTTTATC NotI
b0438DSF GTACGCGGCCGCGCATCTGGTGAATAATTAACC NotI
b0438DSR GTACACTAGTGCTCGTTCAGATAGTACTCAC SpeI

clpPX and clpX expression
ECb0437F GTACGGATCCCAATTTTATCCAGGAGACGG BamHI
ECb0438F GTACGGATCCGCACAAAGAACAAAGAAGAGG BamHI
ECb0438R GTACACTAGTGGTTAACTAATTGTATGGGAATGG SpeI
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are impaired but still able to grow at this concentration (data not shown). Cells were centrifuged 10 min
at 5,000 rpm, resuspended in 40 ml Tris-buffered saline with 1 mM EDTA and 10 �M phenylmethylsul-
fonyl fluoride (pH 7.5), and centrifuged for 10 min at 5,000 rpm. Cell pellets were resuspended in 40 ml
Tris-buffered saline and 10 �M phenylmethylsulfonyl fluoride (pH 8.0) and lysed by passing through a
French press three times at 1,200 lb/in2. The lysate was centrifuged for 20 min at 10,000 rpm. The lysate
supernatant was incubated with 4 ml anti-c-Myc–agarose (25% slurry; Thermo Scientific) for 5 h on a
rocker at 4°C. The resin was collected on a 10-ml column and washed with 10 ml Tris-buffered saline with
0.5% Tween 20. The resin was eluted with 4 ml 50 mM NaOH, which was concentrated to 100 �l in a
SpeedVac (Thermo Scientific).

Protein analysis. Twenty micrograms of each protein elution was run into a Bio-Rad 8 to 16%
Criterion precast polyacrylamide gel for 22 min at 25 mA. A single band for each sample containing total
trapped protein was excised, digested in-gel with trypsin, and analyzed by liquid chromatography-
tandem mass spectrometry (LC-MS/MS) on Thermo Orbitrap Velos and Orbitrap Fusion mass spectrom-
eters. Detected peptides were mapped to S. oneidensis MR-1 protein and decoy (RefSeq Shewanella
70863) and common laboratory contaminant databases with Scaffold (Proteome Software, Inc.). Proteins
with fewer than two spectra overall or more than one missed cleavage were excluded from analysis. The
protein threshold was set at 99.0% minimum, a protein false-discovery rate (FDR) of 9%, a peptide
threshold of 95.0% minimum, and a peptide FDR of 0.3%. The abundance of proteins trapped by ClpPTrap

for each sample was quantified by evaluating both exclusive spectrum counts and the percentage of
total spectra for each protein. Complete Scaffold results are listed in Table S3. Protein cofactors were
predicted using Uniprot (77) and the Conserved Domain Database (78).

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/JB
.00671-17.

SUPPLEMENTAL FILE 1, XLSX file, 3.1 MB.
SUPPLEMENTAL FILE 2, PDF file, 0.1 MB.
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