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Zinc excess increases cellular demand for iron and decreases
tolerance to copper in Escherichia coli
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Transition metals serve as an important class of micronutri-
ents that are indispensable for bacterial physiology but are cyto-
toxic when they are in excess. Bacteria have developed exquisite
homeostatic systems to control the uptake, storage, and efflux of
each of biological metals and maintain a thermodynamically
balanced metal quota. However, whether the pathways that con-
trol the homeostasis of different biological metals cross-talk
and render cross-resistance or sensitivity in the host-pathogen
interface remains largely unknown. Here, we report that zinc
(Zn) excess perturbs iron (Fe) and copper (Cu) homeostasis in
Escherichia coli, resulting in increased Fe and decreased Cu lev-
els in the cell. Gene expression analysis revealed that Zn excess
transiently up-regulates Fe-uptake genes and down-regulates
Fe-storage genes and thereby increases the cellular Fe quota. In
vitro and in vivo protein-DNA binding assays revealed that the
elevated intracellular Fe poisons the primary Cu detoxification
transcription regulator CueR, resulting in dysregulation of its
target genes copA and cueO and activation of the secondary Cu
detoxification system CusSR-cusCFBA. Supplementation with
the Fe chelator 2,2'-dipyridyl (DIP) or with the reducing agent
GSH abolished the induction of cusCFBA during Zn excess.
Consistent with the importance of this metal homeostatic net-
work in cell physiology, combined metal treatment, including
simultaneously overloading cells with both Zn (0.25 mMm) and Cu
(0.25 mm) and sequestering Fe with DIP (50 um), substantially
inhibited E. coli growth. These results advance our understand-
ing of bacterial metallobiology and may inform the development
of metal-based antimicrobial regimens to manage infectious
diseases.

Transition metal ions are indispensable for bacterial physiol-
ogy due to the key roles they play in multiple biological pro-
cesses, such as protein structure stabilization, enzyme catalysis,
signal transduction, etc. (1). However, excessive metals are
cytotoxic due to mismetallation of enzyme active sites, thiol
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damage, redox stress, etc. (2-5). Thus, intracellular levels of
transition metals in bacteria must be tightly regulated within a
narrow range to ensure optimal growth and survival (6).
Owing to both the essentiality and cytotoxicity of transition
metals to bacterial pathogens, human and other mammalian
hosts have developed metal-based defending strategies against
bacterial invaders by both limiting (nutritional immunity) and
overloading selective transition metals at the host-pathogen
interface (7, 8). For instance, iron (Fe) is the most abundant
transition metal in bacteria and plays essential roles in multiple
physiological processes, such as DNA replication, transcrip-
tion, and central metabolism (1). Restriction of Fe availability
by the production of Fe-chelating proteins, such as lactoferrin,
is a common strategy of host innate immune defense against
bacterial infections (9). On the other hand, copper (Cu) is a
trace element important for aerobic respiration and is esti-
mated to exist only at attomolar range in the cytosol of bacteria
(10). Instead of sequestration, host macrophages overload Cu
within phagolysosomes to defend Mycobacterium tuberculosis
infections (11, 12). Zinc (Zn) is the second most abundant tran-
sition metal in bacteria with functional importance in enzyme
catalysis and protein structures. In the mammalian host, Zn
concentrations are reported to range from 5 uM in the naso-
pharynx to ~300 uM in the lung tissues (13). Both Zn seques-
tration by the calprotectin protein and Zn poisoning in
phagolysosomes (up to 0.46 mm Zn) have been reported to be
employed by the host to combat bacterial infections (14—17).
On the other hand, bacteria have evolved sophisticated metal
homeostatic systems as their virulence factors to compete for
the metals in deficiency or expel those in excess to maintain
optimal cellular metal contents for their physiology and sur-
vival (18). Although homeostatic pathways for each of the indi-
vidual biological metals are relatively well-understood (10),
whether the different metal homeostatic pathways cross-talk
and render cross-resistance or sensitivity at the host-pathogen
interface remains largely elusive. Several previous studies
reported that excessive Zn interferes the metallation of various
non-Zn metalloenzymes and proteins. For instance, in Strepto-
coccus pneumoniae, Zn was demonstrated to bind pneumococ-
cal surface adhesin A (PsaA) and block Mn uptake (19). In
Bacillus subtilis, Zn was reported to cause dysregulation of the
PerR regulon and cause heme toxicity (20). In the Gram-nega-
tive bacterium Escherichia coli, Zn was shown to cause mismet-
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Figure 1.Zn excess leads to alteration of intracellular Cu and Fe contents. A, intracellular content of physiologically relevant metals in E. coli MG1655 cells
in the absence and presence of excessive Zn (0.1 mm). B, intracellular Cu(l) content measured using the Cu(l) probe N4HMF in the indicated strains and
conditions. 0.5 um bathocuproine (BC) was used. C, intracellular Fe(ll) content measured using the Fe(ll) probe HMRhoNox-M. 50 um 2, 2'-dipyridyl (DIP) was
used. Error bars, S.D. *, p < 0.05; **, p < 0.01 versus no metal treatment (based on Student’s t test).

allation of mononuclear iron enzymes and damage [Fe-S]
cluster— containing dehydratases, resulting in metabolic arrest
and cell death (21). However, a systematic investigation of the
interplay of Zn homeostasis with the homeostasis of other
physiological transition metals is lacking.

In the present study, we undertake to investigate this physi-
ological process and show that Zn excess perturbs the Fe and
Cu homeostasis in E. coli, resulting in an increased demand for
Fe supply and a decreased tolerance to Cu toxicity. These find-
ings demonstrated the complexity of metallobiology at the
host-pathogen interface and provided implications for the
development of metal-based antimicrobial treatment.

Results

Zn excess leads to alteration of intracellular Cu and Fe
contents in E. coli

To investigate whether Zn stress perturbs the homeostasis of
other transition metals in E. coli, we set out to measure intra-
cellular contents of the physiologically relevant transition met-
als Zn, Fe, Cu, Mn, and nickel (Ni) in E. coli MG1655 cells cul-
tured to ODy,,” of 0.4 under Zn stress. Because macrophages
infected with M. tuberculosis were reported to overload up to
0.46 mM Zn to combat the pathogen (14), and previous studies
applied 0.1-0.5 mmM Zn to generate moderate to severe Zn
stress in various bacterial species (5, 20, 22—-24), we first chose
0.1 mMm Zn, which elicits a moderate Zn stress but did not sig-
nificantly inhibit the growth of E. coli in our investigations.
Inductively coupled plasma-mass spectrometry (ICP-MS) anal-
ysis showed that in addition to an obvious elevation of Zn con-
tent in these cells, a decreased Cu content and an increased Fe
content was observed (Fig. 14), whereas the contents of Mn and
Niremained unchanged. These results suggested that Zn stress
perturbed Cu and Fe homeostasis in E. coli cells. To verify the
altered Cu and Fe content in E. coli cells under Zn stress, we

2The abbreviations used are: OD, optical density; BC, bathocuproine; BCS,
bathocuproine disulfonate; DIP, 2, 2'-dipyridyl; EMSA, electrophoretic
mobility shift assay; ICP-MS, inductively coupled plasma-mass spectrome-
try; gPCR, quantitative PCR; CouA, L-(7-hydroxycoumarin-4-yl) ethylgly-
cine; ppb, parts per billion; LB, lysogeny broth; ROS, reactive oxygen spe-
cies; FRET, forster resonance energy transfer.
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used fluorescent Cu(I) probe NAHMF (25) and Fe(II) probe
HMRhoNox-M (26) to detect the intracellular labile Cu(I)
and Fe(II) contents, respectively. Consistent with the ICP-MS
result, a decreased intracellular Cu(I) content and an increased
Fe(II) content were observed in E. coli cells cultured under Zn
stress (0.1 mm) compared with that without Zn excess (Fig. 1, B
and C), confirming that Zn excess altered Cu and Fe homeosta-
sis in E. coli.

The Cu efflux operon cusCFBA is induced during Zn excess by
the Cus system regulator CusRS

Because a previous microarray analysis by Lee et al. showed
that Cu/silver (Ag) efflux genes cusCFBA (Fig. 2A) were up-reg-
ulated during Zn excess in E. coli (27), we next examined
whether the decreased Cu content observed during Zn excess
was caused by overproduction of the CusCFBA efflux pump.
B-gal activity assay of the P, -lacZ transcription fusion
showed that transcription of the cusCFBA operon was indeed
significantly induced in the presence of 0.1 or 0.2 mm Zn (Fig.
2B), and the induction was continuous and achieved the maxi-
mal level in the late exponential phase (Fig. S1, A and B). Mea-
suring the RNA level of cusC and the production of chromo-
somal CusC-FLAG confirmed the significant induction of the
efflux system during Zn excess (Fig. 2C and Fig. S1C). Deletion
of the cusCFBA operon led to an elevation of Cu content in
E. coli cells both with and without excess Zn, but applying Zn
stress no longer led to the decrease of Cu content in this strain
background (Fig. 1, A and B). These results indicated that the
reduced intracellular Cu content during Zn excess was caused
by the overproduction of the Cu efflux system CusCFBA.

Expression of the cusCFBA operon is known to be regulated
by the Cus (Cu-sensing locus) system regulator, the two-com-
ponent system CusRS (Fig. 2A4) (28, 29). To investigate whether
induction of the cusCFBA operon during Zn excess was depen-
dent on CusRS, we deleted cusRS and found that transcription
of P, ,c-lacZ and production of the chromosomal CusC-FLAG
was completely abolished in the mutant during Zn excess (Fig.
2, B and C), demonstrating that up-regulation of the Cu efflux
system cusCFBA during Zn excess was dependent on CusRS,
which senses Cu(I) species (30). To investigate the Cu(I) sources
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Figure 2. cusCFBA system is induced by intracellular Cu in a CusRS-dependent manner during Zn excess. A, schematic diagram of the primary and secondary
Cu homeostatic systems in E. coli. OM, outer membrane; IM, inner membrane. Band D, 3-gal activities of P, ~lacZ transcriptional fusion during Zn excess in WT E. coli
cellsand AcusRS mutant (B) and in the presence of Cu chelators BCand BCS, respectively (D). Cand E, production of chromosomal CusC-FLAG in WT and AcusRS mutant

during Zn excess (C) and that in the presence of Cu chelators (E). Error bars, S.D. *

that activated CusRS, we supplemented membrane-permeable
Cu(I)-specific chelator bathocuproine (BC) or membrane-imper-
meable Cu(I) chelator bathocuproine disulfonate (BCS) (31) and
examined their effect on the expression of cusCFBA during Zn
stress. We found that while BC completely abolished the tran-
scription of P, -lacZ and production of chromosomal CusC-
FLAG during Zn stress, BCS had no effect on cusC expression
under this condition (Fig. 2, D and E), demonstrating that the
endogenously originated Cu(I) induced the up-regulation of
cusCFBA. Together, these results confirmed that reduction of Cu
content during Zn excess was due to the activation of the Cu efflux
system CusCFBA by the Cus system regulator CusSR.

Zn excess leads to inactivation of the primary Cu
detoxification system

CusCFBA is known to be capable of exporting both Cu(I) and
Ag(I) ions upon induction. To further confirm the induction of
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,p < 0.05; **, p < 0.01 versus no Zn treatment (based on Student’s t test).

the CusCFBA and examine its physiological effect during Zn
excess, we pretreated E. coli cells with Zn stress (0.1 mm) and
subjected the cells to Cu and Ag sensitivity assay. Consistent
with the overproduction of the CusCFBA efflux pump during
Zn treatment, E. coli cells pretreated with Zn displayed higher
tolerance to Ag(I) than the untreated cells (Fig. 34). Unexpect-
edly, these cells displayed reduced Cu tolerance compared with
the untreated cells (Fig. 3A4). Similar results were also observed
in a clinical isolate of uropathogenic E. coli UTI-1 (Fig. 3A).
These results implied the presence of Cu detoxification
defects in E. coli cells challenged with Zn stress that could not
be compensated by the induction of CusCFBA. In addition to
the CusCFBA efflux system, it is known that E. coli contains
the primary detoxification system Cue, which includes the Cu-
translocating P-type ATPase CopA and the periplasmic multi-
copper oxidase CueO under the control of the transcriptional
regulator CueR (Fig. 24) (32, 33). CopA functions to export
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cytoplasmic Cu(I) to the periplasmic space, and CueO oxidizes
Cu(I) to the less toxic Cu(II) species (34—36). We then mea-
sured the expression levels of both cueO and copA genes under
Zn stress by B-gal activity assays (Fig. 3B) and RT-quantitative
PCR (qPCR) (Fig. S2), and found that expression of both genes
was significantly reduced under this condition, verifying the
defect of the primary Cu detoxification system during Zn stress.
Transcription of the cusCFBA operon during Zn excess was
found to be similar to that in the AcopA AcueO double deletion
E. coli cells without Zn excess (Fig. 3C), suggesting that the
induction of the CusCFBA during Zn stress was likely due to the
interference of Cu homeostasis caused by inactivation of both
copA and AcueO. Consistent with this notion, in the AcopA
AcueO cells, Zn stress no longer led to significant induction of
the cusCFBA operon (Fig. 3D), and the cells became insensitive
to Zn challenge, as reflected by the unaltered growth curve of
the cells with or without Zn stress (0.25 mwm) (Fig. 3D). More-
over, ectopic overexpression of copA or cueO significantly abol-
ished the induction of the cusCFBA operon during Zn excess
(Fig. 3E) and partially restored the Cu tolerance of E. coli cells
pretreated with excessive Zn (Fig. S3). Together, these results
indicated that Zn stress caused damage of the primary Cu
detoxification system CopA and CueO, resulting in a defect of
Cu homeostasis in E. coli cells, which triggered the induction of
the secondary Cu detoxification system CusCFBA.

Because expression of copA and cueO is regulated by the
transcription regulator CueR in E. coli (Fig. 2A4) (32), we next
investigated whether expression defect of copA and cueO dur-
ing Zn excess was caused by dysregulation of CueR. Indeed, in
AcueR cells, Zn excess no longer caused decrease of the expres-
sion of copA and cueO (Fig. 3B), and ectopic overexpression of
cueR completely restored the Cu tolerance of E. coli cells pre-
treated with 0.1 mm Zn to the level of untreated cells (Fig. 34).
Together, these results indicated that Zn excess led to dysregu-
lation of CueR and the defect of Cu detoxification, which was
not fully compensated by the induction of CusCFBA.

Perturbation of Cu homeostasis during Zn excess is mediated
by intracellular Fe accumulation

Next, we sought to identify the molecular mechanism of
CueR dysregulation during Zn excess. One possibility is that Zn
may cause mismetallation of CueR and inhibit its activation of
the target copA and cueO promoters. To test this, we performed
electrophoretic mobility shift assay (EMSA) to examine
whether Zn abolishes the binding of CueR to the copA and cxzeO
promoter DNA. However, we found that supplement of Zn (0.2
mwm) did not lead to dissociation of CueR from the two promot-
ers (Fig. 4A). Interestingly, when we supplemented Fe (0.2 mm),
the content of which was increased in E. coli cells during Zn
excess (Fig. 1, A and C), we observed that the oxidized form
Fe(III), but not the reduced form Fe(II), led to dissociation of
CueR from the CueR-P,,,, and CueR-P,,., complexes (Fig.
4A). This result suggested that CueR dysregulation might be
caused by the elevated Fe under this condition. To investigate
this process in vivo, we examined the interaction of CueR with
its target promoters using a FRET-based in vivo protein-DNA

16982 J Biol. Chem. (2019) 294(45) 16978 -16991

binding assay developed by us® (Fig. 4B). Structural studies have
demonstrated that CueR binds to its target copA and cueO pro-
moters as a repressor in the absence of the inducing signal Cu
and as an activator in the presence of Cu (37). During the tran-
scription activation, Cu binding triggers an allosteric switch
of the protein-DNA complex, allowing the DNA-binding
domains of the CueR dimer to tightly clamp into the DNA
major grooves and introducing a substantial (22°) DNA under-
twist that favors RNA polymerase recognition (37). To monitor
this conformational change in vivo and examine the effect of
various metal stresses on the regulation process, we inserted a
fluorescent unnatural amino acid L-(7-hydroxycoumarin-4-yl)
ethylglycine (CouA) at the loop region between the a3 and a4
of the DNA-binding domain of CueR using the genetic codon
expansion approach (38) and utilized SYTO9 to label DNA. An
increased FRET efficiency between the CouA donor in CueR to
the SYTO9 acceptor bound to the promoter DNA will indicate
the bending of DNA and subsequent activation of these pro-
moters by CueR (Fig. 4B). As shown in Fig. 4 (C and D), com-
pared with the signal in the absence of Cu, an obvious FRET
effect with a calculated efficiency of 38.9% was observed
between CouA and SYTO9 upon the addition of 0.1 mm Cu.
Interestingly, adding 0.1 mMm Zn abolished this FRET effect to
the level of no metal signal (efficiency 36.3%). Further supple-
menting the Fe(II) chelator 2, 2'-dipyridyl (DIP) (39) restored
the FRET efficiency (efficiency 37.6%). This result confirmed
that activation of its target copA and cueO promoters by CueR
was indeed disrupted by elevated Fe during Zn stress.

Consistent with this notion, supplementing DIP reversed the
expression changes of copA, cueO, and cusC in E. coli cells
caused by Zn stress and restored their expression to their native
levels without Zn stress (Fig. 4E). Furthermore, Cu tolerance in
E. coli MG1655 and UTI-1 cells pretreated with Zn was also
restored by supplementation of DIP (Fig. 4F). These results
demonstrated that perturbation of Cu homeostasis by Zn
excess, including the down-regulation of cue regulon and up-
regulation of cus, was mediated by intracellular accumulation
of Fe under this condition.

Increased Fe uptake and oxidative stress are responsible for
the perturbation of Cu homeostasis during Zn excess

In vitro EMSA suggested that Fe(III), but not Fe(Il), inter-
fered with the binding of CueR to copA and cueO promoters
(Fig. 4A). It is well-known that Fe accumulation can lead to
oxidative stress by Fenton reaction (H,O, + Fe*" — Fe*" +
HO® + OH") (40). To explore whether Zn excess led to
increased oxidative stress in the cell, we first detected the intra-
cellular ROS level using the probe CM-H,DCFDA (41) and
found that intracellular ROS levels increased with increasing
concentration of Zn treatment (Fig. 54). To investigate
whether oxidative stress indeed was necessary to cause CueR
dysregulation during Zn excess, we cultured E. coli cells under
anaerobic conditions and measured the transcription of copA,
cueO, and cusC during Zn excess. Despite the fact that Fe(II)
also accumulated during anaerobic Zn stress (Fig. S4), we found

3Z.Xu,P.Wang, H.Wang, Z.Hang Yu, H. Y. Au-Yeung, T. Hirayama, H. Sun, and
A.Yan, unpublished observations.
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mm Zn(ll), or 0.1 mm Cu(ll) + 0.1 mm Zn(ll) + 0.2 mm DIP. E, B-gal activities of P ,~lacZ, P ,pa-lacZ and P,.o-lacZ transcriptional fusions during Zn excess with
or without the supplement of 50 um Fe(ll) chelator DIP. F, Cu tolerance of E. coli MG1655 and clinical isolate UTI-1 strain subjected to Zn pretreatment or Zn
pretreatment in the presence of 50 um DIP. The bottom row in the top panel is from a different plate. Error bars, S.D. *, p < 0.05; **,p < 0.01; ***, p < 0.001 versus
no Zn (metal) treatment (based on Student'’s t test).

Miller Units

h

that expression of these Cu homeostasis genes was not signifi- was observed when E. coli cells were challenged with an even
cantly altered by Zn stress (Fig. 5B). Furthermore, when the higher concentration of Zn (0.5 mm) under anaerobic condi-
reductant glutathione (GSH) was supplemented during Zn tions (Fig. S5). These results demonstrated that both intracel-
stress under aerobic conditions, induction of the cusCFBA lular accumulation of Fe and oxidative stress led to dysregula-
operon was completely abolished (Fig. 5C). No growth defect tion of CueR during Zn excess.
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Figure 5. Oxidative stress contributes to the perturbation of Cu homeostasis during Zn excess. A, intracellular ROS level of E. coliMG1655 in the presence
of excessive Zn measured using the probe CM-H,DCFDA. B, B-gal activities of P ,,~lacZ, P ,,,-lacZ, and P . o-lacZ challenged with Zn excess under anaerobic
conditions. C, B-gal activities of P .~lacZ during Zn excess with or without the supplementation of GSH. ***, p < 0.001 versus no Zn treatment (based on

Student's t test). Error bars, S.D.

Fur regulon is transiently dysregulated during the adaptation
to Zn stress

We next asked how Fe content was accumulated during Zn
excess. We measured Fe content of the culture medium of
E. coli cells grown to ODg, of 0.4 under Zn excess (0.1 mm)
conditions and found that its level (85.4 ppb) was lower than
that in the culture medium of the cells grown without Zn sup-
plement (97.2 ppb) (Fig. 6A), indicating that intracellular Fe
accumulation was due to increased Fe uptake during Zn excess.
Because Fe uptake is primarily regulated by the Fe-binding
transcription regulator Fur, we then examined the expression
of Fur regulon genes, including those involved in Fe uptake and
Fe storage in cells grown to mid-log phase (OD, of 0.4) under
Zn excess conditions. Surprisingly, we observed down-regula-
tion of Fe-uptake genes (tonB, entC, fiu, feoA, fepA, and fecA)
and up-regulation of a Fe-storage gene (ftnA) in these cells (Fig.
S6A). Although the data fail to explain how Fe uptake was
achieved, they are consistent with the increased Fe content
under this condition, which should result in the activation of
the Fur regulon (i.e. decreased expression of Fe-uptake genes
and increased expression of Fe-storage genes).

Because cells grown to ODg,, of 0.4 represent a status that
has adapted to Zn excess, we speculated that there was a tran-
sient increase of Fe uptake in the early stage of adaptation to Zn
stress. To test this, we first grew E. coli cells to ODg, of 0.3
without Zn stress and then subjected the cells to Zn stress (0.1
mMm). We monitored the dynamic expression of Fur regulon
genes at different time points upon the switch (i.e. 10 min, 30
min, 1 h, and 2 h) (Fig. 6B and Fig. S6) and found an obvious
up-regulation of Fe-uptake genes and down-regulation of Fe-
storage genes at the 30-min time point (Fig. 6B and Fig. S6C),
implying the dysregulation of Fur at this early adaptation stage
and consequently derepression of the Fe-uptake genes and
repression of the Fe-storage genes. The expression pattern was
reversed after the 60-min time points (Fig. 68 and Fig. S6D) (i.e.
Fe-uptake genes were down-regulated, and Fe-storage genes
were up-regulated), reflecting the restoration of Fur activity
and regulation by elevated Fe content through Fe uptake at the
adaptation stage. Together, these results suggested that Zn
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excess led to a transient dysregulation of Fur until a new equi-
librium was established with a higher Fe quota in the cell.

Enhanced Fe uptake and Cu efflux are required to adapt to Zn
excess

To investigate the contribution of increased Fe uptake and
Cu efflux to cell physiology of E. coli under Zn stress, we tested
the growth of E. coli cells challenged with Zn excess in the stan-
dard MOPS medium with sufficient Fe or Fe-depleted MOPS
medium (without adding Fe source). As shown in Fig. 74,
growth of E. coli cells in Fe-depleted medium was completely
inhibited when they were challenged with Zn excess, whereas
their growth in Fe-sufficient medium remained unchanged
despite the Zn stress, suggesting that during Zn excess, E. coli
cell demands a higher Fe supply to maintain its growth. We also
performed a competition assay of the WT and isogenic AcusC
cells following co-culturing in MOPS medium with or without
0.5 mm Zn. Competitive index, which is defined as the ratio of
viable AcusC cells versus the viable WT cells, was utilized to
indicate the fitness of the cells (42). As shown in Fig. 7B,
whereas the AcusC cells out-competed the WT cells with a
competitive index of 1.86 without Zn stress, the cells lacking
cusC displayed a fitness disadvantage in the presence of 0.5 mm
Zn with a competitive index of 0.81. This result suggested that
failure of inducing the CusCFBA efflux system to export intra-
cellular Cu(I) conferred a fitness disadvantage to E. coli during
Zn stress.

To explore whether the adaptive cross-talk of Zn, Fe, and Cu
homeostatic pathways has implications for the metal-based
antimicrobial treatment, we interfered with the cross-talk by
supplementing Fe chelator and excessive Cu and examined the
growth of E. coli cells with these interferences (i.e. growth
under Zn excess, Zn excess and Cu overloading (0.25 mm), and
Zn excess combined with both Cu overloading and Fe seques-
tration by the chelator DIP (50 um)). Consistent with our find-
ings, interfering with the adaptive cross-talk of metal homeo-
stasis by simultaneous overloading of Cu and sequestering of Fe
during Zn excess (0.25 mm) significantly inhibited the growth of
E. coli cells (Fig. 7C), demonstrating the potential of applying
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combined metal intoxication and metal sequestration to con-
trol pathogens.

Discussion

Despite the co-occurrence of the excess and depletion of dif-
ferent biological metals in the various environmental settings
and the host-pathogen interfaces, the interplay of the different
metal homeostatic pathways and their contribution to bacterial
physiology and stress adaptation remained elusive. In this
study, we uncovered the adaptive cross-talk of Zn, Fe, and Cu
homeostatic pathways in E. coli in response to Zn excess. Over-
loading E. coli cells with Zn led to transient dysregulation of the
Fe homeostasis regulator Fur and consequently the derepres-
sion of Fe-uptake genes and repression of Fe-storage genes,
resulting in the overloading of Fe in the cell. Elevated Fe quota
combining with increased oxidative stress under this condition
poisoned the primary Cu detoxification transcription regulator
CueR, which caused decreased expression of the P-type Cu
exporter CopA and the Cu oxidase CueO. In response to this
defect, E. coli cells activated the secondary Cu detoxification
system CusCFBA through the CusRS signaling transduction
pathway to lower the intracellular Cu content (Fig. 8). Conse-
quently, E. coli cells challenged with Zn excess display an
increased demand for Fe and decreased tolerance to Cu. This
mechanism underlies the strategies employed by the host
immune system to combat bacterial infections, which often
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involve simultaneous overloading of Zn and Cu and deprivation
of Fe (43, 44).

Despite the diversity of their cognate metal types and coor-
dination geometry, metalloenzymes select metals imperfectly,
and they display a common order of metal affinities following
the Irving—Williams series (i.e. with a higher affinity for Cu(I)
and Zn(II) than for Mn(II) and Fe(II)) (45). Metal specificity in
the cell is largely maintained by the tight regulation of buffered
cytoplasmic metal pools, which match the binding dissociation
constants of their corresponding metal-binding transcription
regulators (46 —48). For instance, the relatively high labile Fe(II)
pool (~10~* M) and the relative low dissociation constant of
Fur (K, = 10~ ° M) warrants the correct metallation of Fe-con-
taining enzymes and prevents mismetallation of the enzymes
by other metals, such as Zn (46, 49). However, tighter affinity to
incorrect metals is a risk for mismetallation and renders the
corresponding metalloproteins vulnerable to metal toxicity (47,
50). In addition to Fe(II), several other divalent cations, includ-
ing Co, Mn, Zn, and the oxidized Fe(III), have been shown to be
able to bind to Fur and modulate its DNA-binding properties
(49). Among them, Zn(II) displayed the highest affinity to Fur,
with a K, of ~1.4 X 10~ '° m. In the nonstressed cells, mismet-
allation of Fur by Zn is prevented by the tightly controlled free
Zn concentration (~107 ' M) (51). However, overloading of Zn
may shift this thermodynamic equilibrium. Indeed, mismetal-
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Figure 8. A working model illustrating the cross-talk of Zn, Fe, and Cu homeostatic pathways in response to Zn excess in E. coli MG1655. A balanced
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in E. coli cells, which caused mismetallation of mononuclear Fe-containing

enzymes and a transient dysregulation of Fur. Fur dysregulation led to the up-regulation of the Fe-uptake genes, resulting in an elevation of Fe content in the
cell. Elevated Fe combining with oxidative stress under this condition poisoned the primary Cu detoxification regulator CueR, which down-regulated copA and
cueO and triggered the activation of the secondary Cu detoxification system CusCFBA to lower the Cu quota in the cell.

lation of solvent-exposed mononuclear Fe-containing enzymes,
such as threonine dehydrogenase (Tdh), ribulose-5-phosphate
3-epimerase (Rpe), and 3-deoxy-D-arabinoheptulosonate-7-
phosphate synthase (DAHPS), by excessive Zn (0.15 mm) in the
zntA-deficient E. coli background has been reported (21). In
this study, we also measured the Tdh activity of E. coli cells
following the switch to Zn-excessive conditions and observed
an immediate (5-min) reduction of the Tdh activity (Fig. S7).
After the 30-min time point, the activity of the enzyme was
recovered (Fig. S7), which was concurrent with the increased
expression of Fe-uptake genes at this time point (Fig. S6). These
data suggested the disruption of Fe metallation in the mononu-
clear Fe-containing enzymes during Zn excess. Whether a sim-
ilar manner of mismetallation occurred in Fur is not known.
Nonetheless, an obvious transient dysregulation of Fur was
observed in the initial adaptation stage to Zn stress (Fig. 6B).
Transient alteration of Fur and SoxS regulon in the chemostat
E. coli culture challenged with Zn excess was also reported by
Graham et al. (52). These results imply that Fur might be mis-
metallated during Zn excess, which could be caused by a surge
of Zn content during Zn stress prior to the activation of the Zn
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homeostatic components or by the produced Fe(III) owing to
elevated Fe content and oxidative stress, both of which have
been shown to be able to bind to Fur (49). As a result, a new
equilibrium with an increased Fe content was established to
maintain the correct metallation of Fe-containing enzymes
under Zn-stress conditions (Fig. 8).

Cross-talk of Fe and Cu homeostatic systems has also been
described by several previous studies, but the underlying mech-
anisms remained largely unclear. In the yeast Saccharomyces
cerevisiae, Fe uptake was found to be dependent on the Cu
transport protein CTR1 due to the Cu dependence of the cyto-
solic ferro-oxidase enzyme FET3 (53). Bird et al. (54) reported
that Fe and Cu act synergistically to delay the growth of Rho-
dopseudomonas palustris TIE-1 under anaerobic conditions. It
was speculated that Fe(II) might target one or more of the Cu
homeostatic system components cueO, copA, and cusCFBA,
but the mechanism was unknown (54). Moore et al. (55)
showed that in B. subtilis, a high concentration of Zn led to
down-regulation of the CueR regulon by transcriptome profil-
ing and proposed that Zn may act as a weak effector of CueR.
Our present study delineated a molecular mechanism underly-
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ing the interplay of Zn and Cu homeostatic systems, which is
mediated by an intracellular accumulation of Fe. It will be inter-
esting to test whether this metal homeostasis network repre-
sents a conserved adaptation mechanism in response to Zn
excess in other bacterial species.

Efflux has been demonstrated as an important means of
metal detoxification (56). In recent decades, efflux pumps have
been increasingly recognized to contribute to the physiology
and stress adaptation processes in bacteria. Previously, our
group has demonstrated that the CusCFBA efflux pump is
induced during anaerobic amino acid limitation to protect
[Fe-S] cluster— containing enzymes and its biogenesis in E. coli
(28). Here we found that the CusCFBA efflux pump is induced
during Zn excess to lower the Cu quota in E. coli cells and adapt
the cells to the stressed condition. Although it is not known
currently how dysregulation of the Cue system, which primarily
responds to cytosolic Cu, leads to the activation of the Cus
system, which responds to periplasmic Cu, the fact that the
CusCFBA efflux system is overproduced in these stress adapta-
tion processes and cause Ag tolerance suggests that the phe-
nomenon of cross-resistance is widespread. This phenomenon
should not be ignored when the combined metal-based antimi-
crobials are developed.

Experimental procedures
Bacterial strains and growth conditions

Bacterial strains used in this study are listed in Table S1.
E. coli cells were cultured in lysogeny broth (LB) for plasmid
propagation, strain construction, and FRET assay or in MOPS
minimum medium supplemented with 1.32 mm K,HPO, and
0.1% glucose (57) for growth curve, expression, and other anal-
ysis. 0.1 mm ZnSO, was usually added into the MOPS medium
to generate Zn stress. When necessary, higher concentrations
were added as specified. Antibiotics used in the medium were
20 ug ml ™! kanamycin, 25 ug ml~* chloramphenicol, or 10 pg
ml ! tetracycline.

Growth curve measurement

Freshly streaked single colonies of tested strains were inocu-
lated into MOPS minimum medium supplemented with 1.32
mm K,HPO, and 0.1% glucose and grown overnight at 37 °C
with 220-rpm agitation. Approximately 1 X 10° cells from over-
night culture were inoculated into the fresh growth medium
indicated and subjected to growth under specified conditions.
Cell density was measured based on ODg,, every 1 h using a
spectrophotometer (U-2800, Hitachi), and growth curves were
plotted. The results are presented as the mean of three indepen-
dent isolates.

Construction of single-gene deletion mutant by P1 vir
transduction

To prepare the lysate of the donor strain (Keio collection)
(58), the Keio collection strain containing the desired mutation
was grown in 4 ml of LB medium until OD, reached 0.1-0.2.
100 wl of P1 virand 40 ul of CaCl, (1 m) was then added into the
culture. The mixture was shaken at 37 °C until cells were lysed.
Chloroform was added to diminish cell viability. After vortex
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and centrifugation, supernatant was transferred to a fresh tube
and stored at 4 °C. To construct P1 vir transduction, the recip-
ient strain was grown in LB medium until ODg, exceeded 0.7.
After adding 40 ul of CaCl, (1 m), the culture was shaken for an
extra 15 min. 200 pl of recipient cell culture mixed with 100 ul
of lysate of the donor strain was incubated at 37 °C for 20 min.
100 wl of citrate (1 m) was added to stop the infection, followed
by mixing with 600 ul of LB medium. Mixture was incubated
for 1 h and spread on an LB agar plate containing kanamycin
and 4 mM citrate. Desirable colonies were screened by colony
PCR and DNA sequencing.

Construction of P,,,,,oe,lacZ transcription reporter (P,,.o-

lacZ as an example) in the single-copy plasmid pNN387

A DNA fragment corresponding to the bp —164 to —1 region
relative to the ATG start codon of cueO was amplified using
E. coliMG1655 genomic DNA as the template and primers spe-
cific to this fragment flanked with NotI and HindIII restriction
sites at the 5'- and 3’-end, respectively. After digestion with
NotI and HindIII, the purified fragment was inserted into the
plasmid pNN387, which was treated with the same restriction
enzymes (59). After verification by DNA sequencing, plasmid
was transformed into AY0416 (MG1655 AlacZ) for B-gal activ-
ity assays (60). Expression of the lacZ gene on the plasmid is
driven by the cueO promoter.

B-Gal activity assay

A [B-gal activity assay to measure the in vivo transcription of
promoter-lacZ fusion was performed based on a previous
description (61). Cells were grown under specified conditions
until OD,, reached 0.4. 10 ug ml~" tetracycline was added to
stop cell growth and protein synthesis, and cells were left on ice
until assayed. 200 ul of cell culture and 800 ul of Z buffer (60
mMm Na,HPO,, 40 mm NaH,PO,, 10 mm KCI, 1 mm MgCl,, 50
mM [-mercaptoethanol, pH 7.0, 4 °C) were mixed. Two drops
of chloroform and one drop of 0.1% SDS were added to lyse the
cells. The reactions were initiated by adding 200 ul of 4 mg
ml ™" ortho-nitrophenyl-B-galactoside into cell suspension and
incubated at 28 °C. Finally, Na,CO, was added to stop the reac-
tion. The expression value in Miller units was calculated, and
the results are presented as the mean of three independent
isolates.

RT-gPCR

RT-qPCR was performed as described previously (62, 63).
Primers for each of the genes tested are listed in Table S2. 4 ml
of cells grown under the same conditions as in the 3-gal activity
assay was subjected to RNA extraction when the OD, reached
0.4. Cells were first mixed with 0.5 ml of ice-cold ethanol/phe-
nol stop solution and placed on ice for 10 min before being
harvested by centrifugation at 4,500 rpm for 10 min at 4 °C.
After removing the supernatant, the cell pellet was stored at
—80°C to aid cell lysis. Total RNA was extracted using the
RNeasy Mini Kit (Qiagen) according to the manufacturer’s
instructions. Reverse transcription was performed using Super-
Script™ II reverse transcriptase (Invitrogen) and random hex-
amer primers (Invitrogen). qPCR was performed using specific
primers mixed with the SYBR Green PCR master mix (Applied
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Biosystems) in a 20-ul reaction system. The reaction was per-
formed in an ABI StepOnePlus real-time PCR system. The
E. coli rrsA gene was utilized as the reference gene to normalize
the relative expression of the target genes. The results are
expressed as -fold changes of the expression of target genes and
presented as the mean of three independent biological isolates.

Western blotting

Bacterial cultures were grown to ODg, of 0.4 as described
above. Approximately 2.4 X 10° cells were harvested and lysed
using the BugBuster protein extraction reagent (Novagen).
Supernatant containing the solubilized proteins was mixed
with SDS sample buffer (40% glycerol, 8% SDS, 240 mm Tris-
HCI, pH 6.8, 0.04% bromphenol blue) and incubated at 55 °C for
25 min. Proteins were separated by SDS-PAGE by using a 10%
Tris-glycine polyacrylamide gel and transferred to nitrocellu-
lose membranes by electroblotting. Membranes were subse-
quently blocked using 5% nonfat milk in TBS-Tween 20 (TBST)
followed by immunoblotting using polyclonal anti-FLAG anti-
body (Sigma-Aldrich) and horseradish peroxidase-conjugated
goat anti-rabbit antibody (Sigma-Aldrich). Protein detection
was performed using ECL Plus detection reagents (GE Health-
care) to develop the film.

ICP-MS measurements of metal contents

The concentrations of transition metals were measured by
ICP-MS on an Agilent 7700x system. Bacterial cells grown in
the presence or absence of 0.1 mm Zn were collected at OD,, of
0.4 and washed with cold PBS buffer five times. All samples
were adjusted to the cell number of 5 X 10° based on their
ODy, values. After washing, bacterial pellets were subjected to
100 ul of 50% HNO; (Fluka) for overnight at 65 °C and then
adjusted to a final volume of 1 ml with 1% HNO,. The standard
curves were prepared from multi-element standard solution
(Sigma-Aldrich) with six concentrations (i.e. 0, 1, 5, 10, 50, 100
ppb) of detected metals. Samples were further diluted when the
measured signals exceed the liner range of standard curve.
Metal concentrations in the samples were calculated according
to the standard curves. For each sample, three biological repli-
cates were performed.

Measurement of intracellular Cu(l) and Fe(ll) levels using
Cu(l)- and Fe(ll)-specific probes

Bacterial cells were grown to OD, of 0.4 in the presence or
absence of Zn as described above. Bacterial cells were collected
and washed three times with HEPES (for Cu(I)) or PBS (for
Fe(II)) buffers, and then 5 um NA4HMF (for Cu(I) analysis) or 10
M HMRhoNox-M (For Fe(II) analysis) was added. After incu-
bation for 1 h, fluorescence intensity of NAHMF was measured
using 485-nm excitation and 528-nm emission and 550-nm
excitation and 575-nm emission for the HMRhoNox-M.

Construction of CueR overexpression plasmid and His ;-CueR
purification

DNA fragment flanked by the BamHI and NotlI sites corre-
sponding to the coding region of cueR was amplified using
E. coli MG1655 genomic DNA as the template. Purified DNA
fragment and the pET28a vector were digested with BamHI and
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Notl. After ligation and DNA sequencing verification, the
resulting plasmid was transformed into BL21 for protein
expression. Purification of His,-CueR protein was following the
method described previously using the nickel-nitrilotriacetic
acid column (Qiagen) (64).

EMSA

To conduct EMSA, DNA fragments of the copA and cueO
promoter regions were first amplified and purified. DNA
fragments, CueR protein, and the metal ZnSO,, CuSO,, or
(NH,)5(Fe(C,H,0.),) (0.2 mm) were mixed and incubated at
37 °C for 20 min in EMSA binding buffer (100 mm Tris-HCI, pH
8.0, 250 mm NaCl, 25% glycerol). The reaction mixture was
subjected to 8% native PAGE at 120 V for 90 min. Free DNA
fragment and DNA-protein complex were visualized under UV
light after ethidium bromide stain.

Expression of CouA-incorporated CueR and FRET assay

Overnight culture of E. coli BL21 (DE3) strain containing the
plasmids pET28a-CueR-F58TAG and PEvol-CouRS (38) was
diluted 1:100 and grown in LB medium supplemented with
kanamycin (20 ug ml~ ') and chloramphenicol (25 ug ml ') to
ODg, of 0.4. Arabinose (0.04%), isopropyl 1-thio-B-p-galacto-
pyranoside (0.5 mm), and CouA (1 mm) were added subse-
quently to moderately induce the expression of CouA-labeled
CueR. Inducing or interference molecules, such as CuSO, (0.1
mM), ZnSO,, (0.1 mm), or DIP (0.2 mm), were also added, respec-
tively. After the culture was further incubated for 4.5 h, 6 X 10°
cells were harvested and washed once with PBS buffer. Cells
were resuspended in 600 ul of PBS. 100 ul of cell suspension
was mixed with 15 ul of SYTO9 (50 um; Invitrogen) and incu-
bated at room temperature in a 96-well black polystyrene plate
(Corning) for 15 min. Emission spectra (400550 nm) of the
CouA-SYTO9 FRET complex were recorded with excitation at
360 nm using Thermo Scientific Varioskan® Flash (Thermo
Fisher Scientific). FRET efficiency was calculated with the
equation, E = R,°/(r® + R,°) (where E is the efficiency of energy
transfer; R, is the Forster distance, which is the distance
between the acceptor and donor when the energy transfer effi-
ciency is 50%; and r is the distance between the acceptor and
donor) (65).

Ag and Cu susceptibility assay

Bacterial cells were grown to ODy,, of 0.4 in the presence or
absence of 0.1 mMm Zn as described above. Bacterial cells were
collected and washed three times with PBS. For the growth-
based Ag and Cu susceptibility assay, cell pellets were resus-
pended to a final cell density of OD as 0.15 in MOPS medium
supplemented with AgNO; or CuSO,, at the concentrations
indicated in Fig. 3A. Increased OD (AOD) was recorded after
cell suspensions were incubated at 37 °C with 220-rpm agita-
tion for 2 h. For the spotting assay, cell pellets were resuspended
in MOPS medium supplemented with CuSO, (final concentra-
tion of 4 mMm for MG1655 and 3 mM for UTI-1) with a final cell
density of ODg, of 1.0. Cell suspensions were incubated at
37 °C with 220-rpm agitation for 1 h. Cell suspensions were
then serially diluted and spotted on the LB agar plates. The
plates were incubated at 37 °C for 16 h.
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Competition assay

E. coli MG1655 WT strain and AcusC::Kn® strain were used
in this assay. Both strains were cultured in MOPS medium and
grew overnight at 37 °C with 220-rpm agitation. Overnight cul-
tures of both strains were co-cultured in a ratio of 1:1 in MOPS
medium or MOPS medium supplemented with 0.5 mm ZnSO,,
until ODg, of 0.4. Cell cultures were serially diluted and plated
on LB agar plates (for recovery of total cell number) and LB
supplemented with kanamycin (20 ug ml~ ') (for recovery of
AcusC:Kn® cells), respectively. The plates were incubated at
37 °C for 16 h. The number of viable E. coli cells in the original
culture was then calculated from their corresponding cfu.
The competitive index is defined as the number of viable
AcusC:Kn® cells divided by the number of viable WT E. coli
cells.

Tdh activity assay

Tdh activity was assayed following the methods described
previously (21, 66) with slight modifications. Bacterial cells
were first grown to ODg,, of 0.3 as described above. ZnSO,
(final concentration as 0.1 mMm) was then added to the cell cul-
tures, and cells were harvested at different time points (5, 15, 30,
60, 120, and 300 min) for the Tdh activity assay. Cells were lysed
using the BugBuster protein extraction reagent (Novagen). The
assay reaction (200 ul) consisted of 50 mm Tris-HCI buffer (pH
8.4), 1 mm NAD™, 30 mM L-threonine, and 20 pl of cell lysate
and was incubated at 25 °C for 30 min. Production of NADH
was measured by the increase of absorbance at 340 nm using the
Synergy HTX Plate Reader (BioTek).
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