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The Escherichia coli AZY operon links
copper uptake to antibiotic resistance
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Copper import to the bacterial cytoplasm has been underinvestigated as bacterial cuproenzymes are
extracytoplasmic. However, copper must access the cytoplasm to interact with metal-dependent
transcription factors. In particular, the multiple drug antibiotic resistance (mar) operon is induced by a
copper signal, the source of which has not been established. Here we show that the Escherichia coli
AZY operon, which encodes the copper-binding periplasmic proteins YobA and YebY and the putative
copper importer YebZ, mediates copper uptake. Copper uptake by YebZ depends on two conserved
histidine residues and is modulated by YobA and YebY. Moreover, the AZY proteins are necessary for
activation of the mar operon and mediate resistance to multiple antibiotics in a copper-dependent
fashion. AZY-like operons are widespread in gram-negative bacteria, suggesting that this previously
unknown link between copper and antibiotic resistance is a general mechanism that may offer an

alternative therapeutic target for multidrug resistance.

Copper is an essential metal ion that cycles between the Cu* and Cu’*" states
to facilitate redox chemistry in biochemical processes central to all kingdoms
of life””. However, excess copper is toxic, leading to oxidative damage
through Fenton-like chemistry, disruption of iron/sulfur clusters, inter-
ference with signaling pathways, and cuprotosis™. As such, copper home-
ostasis involves a complex web of transporters, chaperones, and regulatory
proteins that regulate copper levels to ensure cuproprotein function without
deleterious effects”’. Eukaryotic copper distribution involves copper trans-
location in and out of different cellular compartments, whereas prokaryotic
copper handling requires transport across the outer and inner membranes”.

In gram-positive bacteria, cuproenzymes are embedded in the cellular
membrane and thus can obtain copper directly from the environment’. By
contrast, copper enters the periplasm of gram-negative bacteria through
porins’ or chalkophore uptake systems'’. While export and copper trafficking
in the periplasm of gram-negative bacteria have been studied extensively,
mechanisms for copper import into the cytoplasm remain underinvestigated
because bacterial cuproenzymes are localized to the periplasm and inner
membrane'’. One exception is copper delivery to some extracytoplasmic
cuproenzymes by Pjp-ATPases located in the inner membrane. In these
cases, which include loading of cytochrome ¢ oxidase and periplasmic Cu,Zn
superoxide dismutase, cytoplasmic copper is exported back to the periplasm
by CopA2/Ccol*"* and GolT or CopA', respectively. The corresponding
importers, CcoA' and CulT'"’, are members of the major facilitator super-
family (MFS). A second exception is copper delivery to transcription factors

in the cytoplasm. In Escherichia coli, copper binding by the regulator CueR
switches it from a repressor to an activator of expression of the CopA efflux
pump’’. Another copper-responsive regulator in E. coli is MarR, which
represses expression of the multiple antibiotic resistance (mar) operon'®"”. In
the presence of inducers such as salicylate, norfloxacin, and ampicillin,
intracellular copper levels increase and copper-mediated oxidation of a MarR
cysteine residue leads to its dissociation from DNA”. Once MarR dissociates,
the activator MarA is expressed and upregulates drug efflux pumps, DNA
repair genes, and other resistance mechanisms, leading to multiple antibiotic
resistance’””. While the increase in cytoplasmic copper has been attributed to
oxidative damage by inducers and release from copper-containing mem-
brane proteins such as NADH:quinone oxidoreductase (NDH-2)", it is also
possible that copper is imported by an inner membrane transporter.

A possible candidate for this importer is YebZ, encoded in the E. coli
AZY operon™. YebZ belongs to the CopD family™, members of which
typically have 8 predicted transmembrane helices (TMHs). Present in the
genomes of numerous bacteria, genes encoding these proteins are usually
found either paired with a gene encoding the periplasmic copper-binding
protein CopC or as a CopCD fusion protein, as is the case for Bacillus subtilis
YenJ, which has been linked to copper uptake by genetic disruption
experiments”*’, CopC and CopD have also been associated with copper
accumulation in Pseudomonas species’”* and in methanotrophic bacteria™.
In addition to YebZ, the AZY operon encodes a CopC homolog, YobA,
which binds Cu** with high affinity”’, and a member of the DUF2251 family
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denoted YebY. YebY structurally resembles the lantibiotic self-resistance
protein MIbQ™ and binds Cu* and Cu*" with low affinity”’. In previous
genetic studies, we showed that the AZY operon is not involved in copper
tolerance or antioxidant defense, but might instead provide copper for
membrane-bound proteins™. On the basis of the similarity of YebY to MIbQ
and the known connection between copper and the mar operon™, we also
speculated that the AZY operon might play a role in antibiotic resistance”.

Here we demonstrate that the AZY operon is indeed a copper uptake
system, pinpoint specific YebZ residues associated with copper uptake, and
probe the functions of YobA and YebY. Furthermore, we show that the AZY
proteins are involved in the activation of the mar operon via copper
acquisition, and that their removal leads to diminished multidrug resistance.
Finally, a comprehensive bioinformatics analysis of the CopD family sug-
gests that this mechanism of copper import for antibiotic resistance is likely
widespread. These combined findings provide evidence for copper import
into the bacterial cytoplasm, identify the specific transport system, and
establish a link between copper import and antibiotic resistance pathways in
bacteria.

Results

The AZY proteins modulate copper levels in E. coli

To test whether the AZY operon is involved in copper import, we first
employed a reporter gene approach, fusing the genes of the lux operon
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(luxCDABE) downstream of the copA promoter, generating the plasmid
pcopA-Lux. In E. coli, increased intracellular copper is sensed by CueR, which
binds to the copA promoter and regulates the expression of the CopA efflux
pump”’. Wild-type (WT) E. coli (strain BW25113) were transformed with
plasmid ,copA-Lux or with a control plasmid lacking a promotor upstream
of the lux operon. Cells were then grown in an automated plate reader and at
the onset of exponential growth, 50 uM CuSO, was injected into the growth
media. Following CuSO, addition, a rapid increase in luminescence is
observed for the ,copA-Lux cells, but not for the control cells expressing the
promoter-less lux operon (Supplementary Fig. 1la). When water or ZnSO,
was added instead of CuSO,, the response of both cell types was minimal
(Supplementary Fig. 1a). We conducted similar experiments with the E. coli
mutant strain GG44, which lacks CopA and rapidly overaccumulates
copper”. Indeed, upon CuSO, addition, the increase in luminescence was
30-40-fold higher in GG44 cells than in the isogenic parental WT strain
(Supplementary Fig. 1b). These results indicate that the ,copA-Lux reporter
can be used to specifically monitor copper influx into bacterial cells.

We then compared the intracellular copper contents of cells with the
entire AZY operon deleted (AAZY) and cells of the isogenic parental WT
strain, both transformed with plasmid ,copA-Lux. In the absence of added
copper, the luminescence of WT and AAZY cells expressing ,copA-Lux was
low and comparable (Fig. 1a). Upon injection of 50 uM CuSOy, a rapid in-
crease in the luminescence was observed for both cell types, but was 3-4-fold
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Fig. 1 | The AZY proteins are involved in copper import. a WT and AAZY cells
(blue and red curves, respectively) expressing the luciferase reporter gene fused to the
copA promoter were cultured in M9 minimal media, and at the time indicated by the
arrow, 50 uM CuSO; (filled circles) or an equivalent volume of H,O (open circles) was
added. b Normalized luminescence of WT and AAZY cells (blue and red bars,
respectively) expressing the luciferase reporter gene fused to the copA promoter at mid-
exponential phase (5-6 h of growth). Also shown is the p value determined by a
student’s t-test. ¢ Normalized luminescence of WT and AAZY cells (blue and red
symbols, respectively) expressing the luciferase reporter gene fused to the copA

promoter at mid-exponential phase (5-6 h of growth), cultured in the absence or
presence of the indicated concentrations of CuSO,. Results (a—c) are means of biological
triplicates, and the error bars (shown inside of the open circles; some are smaller than
icons) represent the standard deviations of the mean. d Copper content of E. coli
C41(DE3) cells overexpressing a pPCDF-Duet control plasmid, the known copper
importer HmtA, YebZ, and dual combinations of YebZ and either YebY or YobA. Non-
significant differences (p > 0.05) between the pCDF-Duet expressing cells and the other
samples, as determined by one-way ANOVA (the Tukey-Kramer test), are marked
“n.s.” Significance values are noted as follows: *p < 0.05; **p < 0.001; ***p < 0.0001;
D < 0,00001.
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higher in WT cells (Fig. 1a, b). We then repeated these experiments using
CuSO, concentrations of 5-400 uM. Importantly, the WT and AAZY
strains exhibited identical growth behavior over this concentration range
(Supplementary Fig. 2). At all concentrations, during both the lag (Sup-
plementary Fig. 1c) and log (Fig. 1¢) phases of growth, WT cells exhibited
significantly higher luminescence than the AAZY cells. In contrast, single
deletions of yobA, yebZ, and yebY did not affect the luminescence (Sup-
plementary Fig. 3). These combined results suggest that YobA, YebZ, and
YebY are involved in copper regulatory pathways, and likely function in
concert.

To determine whether the transmembrane protein YebZ is the copper
importer, full-length YebZ was overexpressed in E. coli C41(DE3) cells in the
presence of 0-5 uM CuSO,. The cellular copper content was then compared
to that of C41(DE3) cells not overexpressing YebZ, as well as cells expressing
the previously characterized copper-transporting P,z-ATPase HmtA™
(Fig. 1d, Supplementary Fig. 4). As compared to C41(DE3) cells alone or
those transformed with empty vectors, the YebZ-overexpressing cells
exhibited significantly higher levels of copper (p <0.0001) (Fig. 1d, Sup-
plementary Fig. 4). This effect was independent of the presence of a Hise
affinity tag, and no import was observed in the absence of glucose (Sup-
plementary Fig. 4), implying that copper import by YebZ is an energy-
dependent process. Notably, overexpression of YebZ led to an ~2.5x higher
copper accumulation (Fig. 1d, 2.5-5uM Cu’") than overexpression of
HmtA™. While copper is provided as Cu** in these experiments, it could be
reduced to Cu" in the cell, precluding assignment of the oxidation state
during import. Finally, YebZ-overexpressing cells were also treated with
ZnCl,, FeSO,, and CoCl, under the same conditions to assess the specificity
of the observed metal uptake (Supplementary Fig. 5). No significant increase
in concentrations of these metal ions was observed, consistent with YebZ
importing copper specifically.

To probe the functions of YobA and YebY, we overexpressed different
combinations of the operon proteins and performed additional in vivo
copper uptake experiments. Overexpression of YebZ and YobA in C41(DE3)
cells showed a dramatic increase in the basal levels of copper, suggesting that
the two proteins together can acquire copper from rich media more effec-
tively than YebZ alone. After addition of 25 nM~5 uM Cu**, up to ~2-3 fold

higher intracellular copper content was measured for these cells as compared
to cells transformed with the corresponding empty vector (Fig. 1d, 2.5-5 uM
Cu). This highly significant (p <0.0001) increase in copper content over
the range of 0-5 uM Cu’*, as compared to that observed with overexpression
of YebZ alone, supports a key role for YobA in copper transport. Conversely,
coexpression of YebZ with YebY decreases the amount of accumulated
copper within the cell (Fig. 1d), suggesting that YebY might negatively
regulate copper import and may have a competing role with YobA. At higher
copper concentrations (>125uM Cu**, Supplementary Fig. 6a), this
increase in intracellular content is not observed for YebZ or YebZ coex-
pressed with YobA or YebY, suggesting that at higher concentrations, copper
likely enters the cell through other less specific pathways. Neither YobA nor
YebY alone was sufficient to yield increased copper content (Supplementary
Fig. 6b), supporting the assignment of YebZ as a copper importer.

To begin elucidating the molecular basis for specific copper uptake by
YebZ, we generated a structural model using AlphaFold Multimer” (Fig. 2a).
In the model, two very highly conserved histidine residues, His 135 and His
154, reside near the predicted periplasmic side of YebZ. These two histidines
are present in 99% of unique CopD family member sequences that contain 8
TMHs (Fig. 2b). Modeling with AlphaFold Multimer™ places the predicted
copper binding site of YobA” within 5 A of YebZ His 135 (Fig. 2a). Given
that YobA binds copper” and that some members of the CopD family
include a fused N-terminal CopC/YobA domain, these histidines might play
a role in receiving copper from YobA. To assess their potential importance,
we replaced His135 and His154 individually with alanine and repeated the
uptake experiments. Expression of the H135A variant in E. coli C41(DE3)
cells reduced the copper content significantly compared to that of cells
overexpressing WT YebZ (p < 0.01) while expression of the H154A variant
completely abolished copper uptake ability (p = n.s.) (Fig. 2c). Both variants
were expressed at a similar level as WT YebZ (Supplementary Fig. 7). Thus,
these two conserved histidine residues are critical for copper import.

The AZY proteins play a role in mar-mediated antibiotic
resistance

Having established that the AZY operon proteins function in copper uptake,
we next investigated the possibility that they are involved in activation of the
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Fig. 2 | YebZ is a copper importer. a AlphaFold multimer model of the proposed
YebZ (purple)-YobA (pink) interaction, with strictly conserved YebZ residue H135
and the proposed YobA Cu’" copper-binding site shown as sticks and enlarged on
the left. b Condensed sequence logo showing that His135 and His154 are strictly
conserved in all CopDs with > 8 TMHs ( ~ 3800 sequences). ¢ Copper content of E.
coli C41(DE3) cells transformed with the pET-22b(+) vector and cells expressing

External Copper Concentration

Hiss-YebZ, Hiss-H135A YebZ, and Hisg-H154A YebZ. Each experiment includes at
least n > 3 biological replicates. Non-significant differences (p > 0.05) between the
C41(DE3) cells expressing the background expression vector and the other samples,
as determined by one-way ANOVA (the Tukey-Kramer test), are marked “n.s.”
Significance values are noted as follows: *p < 0.05; **p < 0.01; and ***p < 0.0001.
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Fig. 3 | The AZY proteins are essential for activa-
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mar pathway. We again applied the reporter gene approach, this time fusing
the luxCDABE genes downstream of the 5’'UTR operator region of the mar
operon to generate plasmid ,marO-Lux. We then measured the ,marO-Lux
luminescence in the WT and AAZY strains, both in the absence and pre-
sence of salicylic acid, a known inducer of the mar pathway”. Under both
constitutive and induced regimes, the luminescence decreased by 80-90% in
the AAZY strain (Fig. 3a, b), suggesting that the AZY proteins are essential
for the activation of the mar operon.

Since cells lacking the AZY proteins have diminished copper import
capacity (Fig. 1a—c) and reduced activation of the mar operon (Fig. 3a, b), we
hypothesized that AAZY cells would be more susceptible to antibiotics than
WT E. coli. Before assessing antibiotic resistance, we assessed the fitness of
the AAZY strain by culturing the cells in rich and minimal media, in the
absence or presence of stressors unrelated to the mar pathway, including
ethanol, SDS, and sodium cholate (Supplementary Fig. 8). Under all con-
ditions, the growth of the WT and AAZY cells was similar, suggesting that
deletion of the AZY genes does not pleiotropically compromise bacterial
fitness.

We next tested the antibiotics tetracycline and chloramphenicol, which
target the 30S and 50S subunits of the ribosome, respectively. Since resis-
tance to tetracycline and chloramphenicol was shown to be independent of
copper activation of the mar pathway”, we reasoned that WT and AAZY
cells would be equally susceptible to these two antibiotics, as was indeed the
case (Fig. 4b, c). We then tested three additional antibiotics: norfloxacin, a
quinolone that impairs bacterial DNA replication by inhibiting DNA gyr-
ase; ciprofloxacin, a second-generation fluoroquinolone that inhibits both
DNA gyrase and topoisomerase IV**; and ampicillin, a classical f-lactam
that inhibits cell wall synthesis™. Resistance to these three antibiotics was
previously reported to depend on copper activation of the mar pathway, and
we selected concentrations of each at which the mar pathway is known to
confer resistance®™” (Supplementary Fig. 9). As shown in Fig. 4d-f, the
AAZY cells were significantly more susceptible to these mar-related anti-
biotics than the WT cells. After normal growth during the lag and early
exponential phases, rapid bacterial killing and lysis occurred, resulting in a
sudden drop in optical density. This pattern of initial growth followed by
rapid killing is consistent with the known bactericidal effects of these
antibiotics”**. Taken together, these results indicate that the AZY operon is
specifically involved in mar pathway-mediated multidrug resistance.

The AZY proteins link copper import to multiple antibiotic
resistance

The results presented thus far demonstrate that YebZ functions as a copper
importer, the activity of which is enhanced by the periplasmic protein YobA

and diminished by the periplasmic protein YebY. In addition, we observed
that the AZY proteins are essential for activation of the mar operon and for
resistance to several antibiotics. We next hypothesized that if the AZY
operon is indeed the crucial link connecting intracellular copper delivery to
antibiotic resistance, then removing copper should have a detrimental effect
on activation of the mar operon and antibiotic resistance in WT cells, but
little to no effect in the AAZY strain. To test this, residual copper was
removed from the buffers and growth media by the addition of the copper
chelator triethylenetetramine (TETA)™. In support of the hypothesis, cop-
per removal resulted in greatly reduced mar operon activity in WT cells
(Fig. 5a), but had no effect in AAZY cells (Supplementary Fig. 10). Similarly,
copper chelation by TETA increased the susceptibility of WT cells to nor-
floxacin by roughly 3-fold, while having almost no effect on the antibiotic
susceptibility of AAZY cells (Fig. 5b). This finding strongly suggests that
copper imported by the AZY system is involved in mar regulation and
antibiotic resistance.

Copper import for antibiotic resistance may be a conserved
mechanism in bacteria

To assess whether the link between copper import by the AZY proteins
and antibiotic resistance could be widespread in gram-negative bacteria,
an extensive bioinformatics analysis was performed using ~50,000 CopD
family (pfam05425) sequences in the proteobacteria phylum from the
Joint Genome Institute/Integrated Microbial Genomes (JGI/IMG)
database. Most CopD family members are found in Gammaproteo-
bacteria (Fig. 6a), primarily within the Enterobacteriaceae family. The
sequences range in length from “truncated” CopDs predicted to have < 5
TMHs to sequences with multiple soluble domains or up to 12 TMHs
(Fig. 6b). E. coli K12 YebZ falls within the largest cluster of sequences,
suggesting that it is a good representative of gammaproteobacterial CopD
homologs and the broader pfam05425 family. Approximately 50% of the
sequences have 8 predicted TMHs and two highly conserved histidine
residues corresponding to those implicated in YebZ function (Figs. 2, 6¢).
The truncated CopDs, which contain only the core four helix-bundle
located at the N-terminus of the 8 TMH proteins, comprise ~35% of the
sequences. Notably, only the first of the two conserved histidine residues
is present in these truncated sequences (Fig. 6¢). Most of the remaining
sequences (~9%) include an N-terminal CopC domain, similar to B.
subtilis Ycn]™ (not included in this SSN as B. subtilis is gram positive),
consistent with the increased copper uptake observed upon over-
expression of YebZ together with YobA (Fig. 1d). Many of these multi-
domain CopCD sequences also contain a C-terminal DUF1775 domain
(annotated YtkA or Ycnl-like), and a small percentage of sequences
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Fig. 4 | The AZY proteins are involved in multiple antibiotic resistance. Cultures
of WT and AAZY cells (blue and red curves, respectively) were grown in M9 minimal
media in the (a) absence or the presence of (b) 850 ng/mL chloramphenicol, (c)

175 ng/mL tetracycline, (d) 62.5 ng/ml norfloxacin, (e) 2.5 ng/ml ciprofloxacin, and

0 120 240 360 480 600 720
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(f) 1.25 ug/ml ampicillin. Time course measurements of the optical density at

600 nm over 12 h were recorded. Cells were exposed to the antibiotics from the onset
of growth. The averages of biological triplicates are shown, and the error bars (shown
unless smaller than icons) represent the standard deviations of the mean.

Fig. 5 | Copper import by the AZY proteins is a b )
essential for activation of the mar operon and for 3.0 WT + Sal 0.015 Norfloxacin
antibiotic resistance. a Cultures of WT cells g g WT +Sal + o§
expressing the luciferase reporter gene fused to the T e 8 20 2mMTETA O o.010
; N8 = , WT (no TETA)
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b Cultures of WT and AAZY cells (blue and red
curves, respectively) were grown in M9 minimal
media in the presence of 62.5 ng/ml norfloxacin, and
in the absence (open circles) or presence (full circles)
of the copper chelator TETA (2 mM). The experi-
ments are the means of biological triplicates, and the
error bars (shown unless smaller than icons)
represent the standard deviations of the mean.

(~4%), including that of M. trichosporium OB3B CopD?”, include a
cytochrome cbb; domain linked to a C-terminal domain that resembles
Scol (44% similarity) or thioredoxin-like proteins®.

To determine the prevalence of the AZY operon arrangement, we
performed an extensive genomic neighborhood analysis of the 5804 pro-
teobacterial CopD-encoding genes included in the SSN analysis. In the 27
common operon types (Supplementary Fig. 11, Fig. 6d) a majority of copD
genes are found near copC (~70%), again consistent with the enhancement

of YebZ activity by YobA (Fig. 1d). In ~45% of these operons, copD also
neighbors genes encoding copper resistance proteins (CopABCD,
CopABCDRS, CusABCDEF) or those encoding proteins implicated in
copper import and/or delivery pathways (PCu,sC, Ycnl, TonB-dependent
and ABC transporters, copper ATPases). In addition, many genes near copD
and cop operons encode DUF proteins, including DUF2511, which corre-
sponds to YebY”, and is present in ~700 operons (17%), including in
Shigella boydii, Shigella dysenteriae, Salmonella enterica, Enterobacter
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Fig. 6 | Copper import for antibiotic resistance may be a widespread mechanism
in bacteria. CopD sequence similarity networks are colored by (a) genetic order, (b)
number of predicted transmembrane helices, and (c) strict conservation of the two
histidine residues implicated in copper uptake by YebZ. Sequences are clustered in

D
[
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representative nodes at 100% sequence identity using an E-value cutoff of 1E-20.
d Most common genome neighborhoods of the CopD family, with the genes
encoding copD and copC in dark gray. Percent of total copD genes in each neigh-
borhood are indicated.

cloacae, and Klebsiella pneumoniae. Thus, copper uptake by the AZY pro-
teins may modulate antibiotic resistance in a wide range of bacteria,
including pathogenic strains.

Discussion

While eukaryotes and prokaryotes employ similar copper-specific efflux
pumps to avert the toxic effects of copper overload™, specific copper
importers have been described in extensive detail only in eukaryotes’, and
the identity of equivalent prokaryotic systems remains elusive. In pro-
karyotes, the uptake of other transition metal ions into the cytoplasm is
mediated by dedicated ABC import systems'>"'. While outer membrane
TonB-dependent transporters can specifically import copper to the
periplasm***, a copper-importing ABC transporter has not yet been
identified in any species. Thus, the prevailing consensus has been that,
with a few exceptions'>'*******, most prokaryotes lack a specific import
system that delivers copper to the cytoplasm. Contrary to this assump-
tion, we show here that the E. coli AZY proteins comprise a widespread
copper-specific uptake system. While dominant under the conditions
tested, secondary mechanisms of cytoplasmic copper uptake likely exist
as well, given the residual copper uptake in the AAZY strain (Fig. la).
Importantly, the AZY system plays a key role in regulating multiple
antibiotic resistance by providing copper for activation of the mar
pathway. As such, our data provide an updated model for copper delivery
to the cytoplasm, and how this copper is utilized in bacterial antibiotic
resistance (Fig. 7). Initially, copper crosses the outer membrane and
enters the periplasm through porins’ or chalkophore uptake systems'.
Once in the periplasm, copper is bound by YobA™. It can then be
transferred to membrane embedded cuproenzymes such as NDH-2”,
which may serve as a cytoplasmic copper source under antibiotic stress™.
Periplasmic copper is also delivered to the cytoplasm by the concerted
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Fig. 7 | Updated model for AZY-mediating copper signaling in mar pathway in E.
coli. Copper enters the cell through extracellular porins or chalkophore-mediated
pathways. Once in the periplasm, copper can be trafficked by YobA to deliver copper
to the inner membrane transporter YebZ or inner membrane enzymes like NDH-2,
which is likely a source of cytoplasmic copper under antibiotic or oxidative stress.
Once copper is in the cytoplasm, it can be utilized by MarR to trigger activation of the
mar pathway, thus leading to multidrug antibiotic resistance. Figure created with
BioRender.com.

action of YebZ and YobA where it oxidizes MarR, leading to derepression
of the mar operon and multidrug resistance’*”. At high copper con-
centrations, YebY may function as a safety valve, preventing toxic copper
overload by inhibiting the import activity of YebZ and YobA. Elucidation
of this missing link between copper and antibiotic resistance will impact
future strategies to combat multidrug resistance.
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Methods

Bacterial strains and plasmids for AAZY knockout

Unless otherwise stated, the E. coli strain BW25113, the parental strain of the
Keio collection*, was used in all experiments. The widespread use of this
strain and its single-deletion derivatives facilitates direct comparisons
between different studies. This strain was also used for generation of the
AAZY strain which lacks the entire yobA-yebZ-yebY operon, using the
method of Datsenko et al. *’. We removed the entire AZY operon from the E.
coli chromosome and subsequently removed the kanamycin cassette used
for selection, generating a clean deletion (strain AAZY). Deletion of the
genes encoding the AZY proteins and absence of off-target mutations was
verified by PCR and whole genome sequencing. To generate the plasmid
pCOpA-Lux, the genomic region corresponding to the promoter of copA
(nucleotide positions 511354-511573) was amplified from a single colony of
E. coli MG1655 using standard PCR. Using restriction free cloning, the
amplicon was then inserted into the ,PL2lux plasmid"® upstream of the
luxCDABE operon. To generate the plasmid ,marX-Lux, the genomic
region upstream of the mar operon (nucleotide positions 1618941-
16191200) was amplified from a single colony of E. coli MG1655 using
standard PCR. This region stretches from the promoter of marCto the ATG
site of marR and includes all the known regulatory elements of the mar
operon: the marbox, the MarR binding site (marO), and the marR promoter.
This amplicon was inserted into plasmid ,PL2lux upstream of the lux-
CDABE operon as described above.

Growth assays
Unless otherwise stated, for all luciferase activity measurements, cells were
cultured in M9 minimal media supplemented with 0.5% glycerol and 0.1%
tryptone. Cells were transformed with either the promoter-less Lux plasmid
pPL2lux or with plasmids ,copA-Lux or ,marX-Lux described above. Cul-
tures (150 pL) were diluted to an ODggp of 0.01 and grown in a covered 96-
well plate at 37 °C in an automated plate reader (InfinitePro 200, Tecan).
The ODggp and luminescence were measured continuously. All experiments
were performed in biological triplicates with at least three technical
replicates each.

For growth in the presence of external stressors, cultures were grown in
M9 minimal media supplemented with 0.5% glycerol and 0.1% tryptone for
3 hand then diluted to an ODgq of 0.01. Stressors (ethanol, sodium dodecyl
sulfate, or sodium cholate) or antibiotics were added as indicated. Cultures
(150 uL) were grown in a covered 96-well transparent plate an automated
plate reader at 37 °C for 12 h. The ODgo was measured continuously, and all
experiments were performed in biological triplicates with at least three
technical replicates each.

Overexpression of AZY operon proteins

The codon-optimized genes for YebZ (JGI Gene ID 637001825, Meta Draft
AC_000091.cds1796.1926305. 1925433), YebY (JGI Gene ID 637001824,
Meta Draft AC_000091.cds1795.1925420. 1925079), and YobA (JGI Gene
ID 637001826, Meta Draft AC_000091.cds1797.1926683. 1926309) were
obtained from GenScript and were cloned into pET-22b(+), pET-21b(+),
and pCDF-Duet 1 plasmids using “EZcutter” restriction sites. Single point
mutants of YebZ in pET-22b(+4) vectors were generated via site directed
mutagenesis and purchased through GenScript. HmtA from Pseudomonas
aeruginosa Q91147 in a pBAD vector was generated as described
previously”. Attempts to overexpress the AZY operon proteins or YebZ in
E. coli BL21 cells were unsuccessful, likely due to the well-documented
challenges of expressing membrane proteins. Therefore, we used E. coli
C41(DE3), a strain specifically developed to overcome such obstacles. The
plasmids were transformed into OverExpress™ C41(DE3) Star cells (New
England Biosciences) via electroporation, and positive transformants were
selected on LB medium containing either ampicillin (50 pg/mL, DOT Sci-
entific) or spectinomycin (70 pg/mL, Research Products Inc.). Single colo-
nies were resuspended in 5 mL of LB media, allowed to grow overnight at
37°C and 200 rpm, and glycerol stocks were prepared for in vivo metal
transport assays.

In vivo metal transport assays

Cultures were grown in the absence of metals at 200 rpm and 37 °C to an
ODgqp of 1.0 in LB medium supplemented with 50 pug/mL ampicillin, fol-
lowed by induction with 100 uM IPTG. After incubation for 2.5h, the
ODggo values of the cultures were measured, and cell aliquots were placed on
ice for 30 min before centrifugation at 4000 g for 5 min. Cells were washed
with 50 mM potassium phosphate (pH 7.5) and 2 mM MgCl, and resus-
pended in the same buffer to an ODgg of 2.5. After 10 min recovery in the
presence of 0.2% glucose at 200 rpm and 37 °C, metals were added at various
concentrations. Metals were freshly prepared as 0.1 M stock solutions of
ZnCl,, FeSO,, CoCl,y, and CuSOy in trace metal free tubes using MilliQ
water. After 30 min, a 2-5 mL sample was withdrawn, centrifuged at 4000 g
for 5 min, washed with 50 mM potassium phosphate (pH 7.5) and 10 mM
EDTA, and centrifuged again for a total of three times. Cell pellets were
resuspended in 5 mL of MilliQ water, and metal contents were measured
directly by inductively coupled plasma mass spectrometry (ICP-MS,
Thermo iCAP Q, Northwestern Quantitiative Biological Imaging Facility).
Nonspecific metal uptake was accounted for by normalizing the data to the
background metal content in C41(DE3) cells expressing a control plasmid
(pET or pCDF-Duet). ICP-MS samples were prepared in 5% trace metal free
nitric acid and 1% trace metal free hydrogen peroxide with 5 ppb indium,
lithium, scandium, and yttrium standards (Inorganic Ventures). The con-
centrations of iron, cobalt, nickel, copper, and zinc were measured using the
NWU-16 (Inorganic Ventures) multielement standard.

AlphaFold modeling of YebZ and YobA

All AlphaFold modeling was executed on Jupyter notebooks via Google
Colaboratory. Multiple sequence alignments (MSAs) for each modeled
sequence were generated using the MMseqs2-based routine implemented in
ColabFold, in which sequences were searched in three iterations against the
consensus sequences of UniRef30. Hits were accepted with an E-value lower
than 0.1. For each hit, the respective UniRef30 cluster member was realigned
to the profile generated in the last iterative search, filtered such that no
cluster had a higher maximum sequence identity than 95%, and added to the
MSA. AlphaFold Multimer was implemented using MMseqs2 to search
against PDB70 cluster representatives to generate 20 target templates.
Models of YebZ and YobA were then generated through a paired alignment
and modification of the residue index to generate the top five most likely
structures to be adopted by the sequence as determined by the pLDDT.
Since this complex is heterooligomeric, a separate MSA was generated for
each component and paired using the pLDDT to determine local structure
confidence and pTMscore to determine optimal complex formation. All
models were manually inspected and compared. The sequence logo for
YebZ was calculated with Jalview and MAFFT.

Identification and network analysis of CopD homologs in bac-
terial genomes

All gram-negative protein sequences matching the CopD PFAM profile
hidden Markov Model (HMM) (PF05245) and associated metadata were
obtained from the JGI-IMG database (https://img.jgi.doe.gov/, April 21,
2021), comprising ~50,000 total sequences. Similar to previous analyses”,
initial SSNs were generated using the enzyme function initiative-enzyme
similarity tool (EFI-EST) and trimmed on the basis of length with a cutoff to
remove sequences with fewer than 100 or greater than 750 residues. An
E-value cut off of 1E-20 was used, and sequences with 100% identity were
clustered into single nodes, decreasing overrepresented sequences and
yielding a final network with 5804 representative nodes. The EFI-EST
representative nodes were then correlated with the input list of proteins, and
the amino acid sequences for only the representative nodes were retrieved. A
tab-delimited text file identifying characteristics of interest for each node
was overlaid onto the network using Cytoscape-3.5.1. The phylum, addi-
tional domain co-annotations, and sequence length were obtained from
exported JGI metadata for each gene. Using a previously created sequence
logo generated using MAFFT, conservation information was added to the
SSN metadata and visualized.
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Genomic clustering of CopD neighborhoods

Metadata for all genes within five ORFs of copD (i.e., £5 genes upstream and
downstream) that occur in >2.0% of the CopD neighborhoods were col-
lected. Neighboring genes were classified by annotated PFAM and TIGR-
FAM profile HMMs, as were any additional fusion domains and the
presence of predicted and annotated metal binding sites. These traits and the
CopDs associated with them were subjected to hierarchical clustering using
the R package “prettyClusters™*. Briefly, clustering was calculated in R using
the Manhattan method (absolute distance) in the dist function to calculate
the distance matrix. Clustering was determined using the Ward.D2 method
in the hclust function. To generate dendrograms and a heat map from the
hierarchical clustering data, the heatmap.2 function in gplots was used.
Clustered sets of traits were determined using a cluster cutoff to establish 27
primary operon groups. Neighborhood architectures were visually inspec-
ted to identify protein functions, and any genes likely to be unrelated to
copper homeostasis were eliminated. Finally, 3-5 randomly selected copDs
from each of the largest 27 operon families were checked to visually confirm
the clustering results.

Statistics and reproducibility

All statistical analyses were performed using GraphPad Prism version
10.1.1. Comparisons between two groups were conducted by an unpaired,
two-tailed student’s t-test, and respective p values are reported in the figure
captions. For data that contain comparisons between more than two groups,
one-way or two-way ANOVA followed by Tukey-Kramer’s multiple
comparisons test were performed, with p-value ranges listed in the figure
captions. Time course experiments are presented as mean + standard
deviations of the mean (SEM), and if the SEM is smaller than the mean, this
is noted in the figure caption. Each group of measurements contains at least
three biological and three technical replicates, with the specific number
listed in the caption for each experiment. Each biological replicate represents
an independent sample from a separate bacterial growth to ensure repro-
ducibility. For the bioinformatics analysis, the sequence similarity networks
are displayed with representative nodes for CopD family members to pre-
vent over-biasing important features, and these sequences were utilized to
prevent overrepresentation in sequence alignments.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

All data generated or analyzed during this study are included in the pub-
lished article, Supplementary Information, or Supplementary Data files,
including numerical source data for Figs. 1-5, and bioinformatics analysis
for Fig. 6. All other data are available from the corresponding authors upon
reasonable request.
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