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Copper is an essential transition metal which is also toxic to cell.. Organisms have developed sophisticated pathways to
import, traffic, store and deliver copper to cuproproteins. They also export its excess outsite of the cell to protect
themselves from oxidative stress. The pathways contains specific importers, chaperons, storage proteins and exporters.
Expression of the corresponding structural genes is conrolled by copper availability via sensors and response regulation
transcription factors described below.
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| 1. Introduction

Approximately 30% of all proteins in bacteria depend on metals for their function. Understanding how these potentially
toxic metals are imported into bacterial cells, and how they are ultimately delivered to their target proteins without inducing
toxic effects is a crucial issue in metalloprotein biogenesis (Figure 1) M2 |n contrast to most other nutrients, the
concentration of many metals in natural environments usually exceeds cellular needs and hence multiple mechanisms
that prevent metal-induced damage are encountered in bacteria. Copper (Cu) is one such metal that is essential in
eukaryotes and prokaryotes but is highly toxic when present in excess. Indeed, Cu alloys are used for controlling bacterial
surface contaminations [l Furthermore, human macrophages pump copper into their phagosomes after engulfing
pathogenic bacteria to induce oxidative stress and bacterial cell death [4. Consequently, bacteria have to deal with high
copper concentrations in order to evade the host immune system BIEISIA The importance of Cu detoxifying systems for
bacterial virulence is exemplified by the observation that the inactivation of Cu-exporting Pig-type ATPases in
Mycobacterium tuberculosis impairs their ability to proliferate in host macrophages Bl The link between Cu homeostasis
and bacterial virulence is summarized in several recent reviews and not covered in depth here BI2Q[11][12]13][14][15]

Cu toxicity is intrinsically linked to its redox properties that favor the generation of reactive oxygen species via a Fenton-
like reaction:

Cu* + Hy0p - Cu?* + OH™ + 'HO

In addition, Cu is located on top of the Irving-Williams series and Cu binding to proteins is usually a thermodynamically
favored process I8l Although this aids Cu insertion into cuproenzymes, excess Cu could lead to significant mis-
metalation of proteins naturally containing other metals, and iron in particular, resulting in their inactivation L1811
Potent targets of Cu toxicity in the periplasmic space of bacteria are the biogenesis pathways for cytochrome ¢ 24 and
bacteriochlorophyll synthesis 29, aside from interfering with the thiols of periplasmic proteins such as the thiol:disulfide
oxidoreductases [24],
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Figure 1. General view of Cu transport across bacterial membranes. Cu can cross the outer membrane of bacteria via
porins and major-facilitator superfamily members, such as CcoA, can import periplasmic Cu into the cytosol. Additional Cu
importers likely exist but have not been characterized in detail. Cytosolic Cu is bound by Cu storage proteins,
metallothioneines and Cu chaperones, such as CopZ. Cu-chaperones also deliver Cu to P,g-type ATPases for export into
the periplasm. Kinetic differences distinguish CopAl-like ATPases, which are involved in Cu detoxification, and CopA2-like
ATPases, which export Cu for cuproenzyme biogenesis. CopAl-like ATPases are the primary interaction partner of CopZ,
while the interaction with CopA2-like ATPases is particularly important at low Cu concentrations (dashed arrow). In the
periplasm, different types of chaperones transfer Cu either for cuproenzyme biogenesis or for Cu export systems, as with
the CusABC system. The structures shown were retrieved from the protein database (PDB) with the following IDs: 2ZFG
(OmpF for Porin), 3WDO (YajR for CalT/CcoA), 5SNQO (Csp3 for copper storage proteins), 1KOV (CopZ), 3j09 (CopAl,
CopA2) 4WBR (Scol/SenC, chaperones for cuproprotein biogenesis), 2VB2 (CusF, chaperones for Cu detoxification),
3KSS (CusA), 3H94 (CusB), 4K7R (CusC), and are depicted using Pymol

The high redox potential of the Cu(ll)/Cu(l) pair (+160 mV) favors reactions with oxygen and oxygen containing molecules
and it is generally assumed that Cu-dependent proteins have evolved concomitantly with the appearance of molecular
oxygen, which started about 3 x 10° years ago [22. Studies on Cu transport have mainly focused on Cu export for Cu
detoxification, in line with its harmful effects, while the mechanisms of Cu import across the outer membrane of Gram-
negative bacteria and the bacterial cytoplasmic membrane have been analyzed in only a few cases (Figure 1) [23124],

Cu-binding proteins (cuproproteins) in the bacterial cytosol act mainly as Cu-chaperones, Cu storage proteins and Cu-
responsive transcriptional regulators 22, In contrast, cuproenzymes, which contain Cu as part of their catalytic center and
bind Cu permanently, are primarily involved in aerobic and anaerobic electron transfer reactions, monooxygenation
reactions or superoxide dismutation (Table 1). Intriguingly, except plastocyanin, located in the thylakoid lumen 28 and
required for electron transport processes, most cuproenzymes identified so far are localized to the bacterial membrane,
the periplasmic space or the cell surface. The almost complete absence of cytosolic cuproenzymes in bacteria might be
one strategy to prevent Cu toxicity simply by compartmentalization. This is also exemplified by the fact that almost all
studied cuproenzymes appear to be metalated outside of the cytosol [2327128] Even for the periplasmic multi copper
oxidase CueO, which folds partially inside of the cytosol and is secreted by the Tat protein transport pathway 29, Cu
insertion likely occurs in the periplasm B9, However, bacterial cells contain a cytosolic Cu pool of often poorly defined
nature. For example, detailed studies on the Cu delivery pathway for the cbbs-type cytochrome ¢ oxidase (cbbz-Cox),
have demonstrated that assembly and activity of cbbs-Cox is strictly dependent on the Pig-type Cu-exporting ATPase
Ccol BUE2 Thys, even though Cu is inserted into the catalytic heme b-Cug center of chbs-Cox from the periplasmic side
of the membrane B3, Cu delivery still depends on an obligatory cytosolic Cu pool. One possible explanation for this
puzzling observation is that Cu is preferentially inserted into cuproenzymes as chaperone-bound Cu(l) and routing it
through the cytoplasm, ensures control of its reduced state as Cu(l).

Table 1. Examples of bacterial cuproenzymes. Listed are cuproenzymes that stably bind copper in their catalytic center.
Cuproproteins, which only transiently bind copper, such as Cu-chaperones, Cu-binding proteins or Cu-responsive
transcriptional regulators, are described in the main text.



Protein Localization Function Reference

Plastocyanin Thylakoid lumen Photosynthetic electron transfer (28]
Cytochrome ¢ Oxidase Membrane O,-reduction (34]
Particulate Methane monooxygenase Membrane- associated Methane hydroxylation (5]
Multi-Copper oxidases Periplasm Cu detoxification (6]
Nitrite reductase Periplasm Nitrite reduction (37]
Azurin Periplasm Respiratory electron transfer =8l
Cu-Zn Superoxide dismutase Periplasm Superoxide detoxification (29
Nitrous oxide reductase Periplasm Denitrification [49]
Amine oxidases Periplasm Amine oxidation (41]
MccA-type Sulfite reductase Periplasm Sulfite reduction (42]
Tyrosinase Extracellular Monooxygenase (43]

Cu insertion into cuproenzymes is generally facilitated by dedicated auxiliary Cu-chaperones, such as NosL for nitrous
oxide reductase 4443 or the Scol- and PCuaC-like chaperones for Cox 4847, |ntriguingly, in some cases, these Cu-
chaperones can be bypassed by increasing the Cu-concentration in the medium, suggesting that they are particularly
important at low Cu availability. In bacteria, Cu-chaperones can also act on different targets. The Scol- and PCu,C-like
chaperones were initially linked to the assembly of the periplasm-exposed binuclear Cuy site in subunit Il of aaz-Cox 48]
(49150154 However, it is now evident that both proteins are also involved in the formation of the deeply membrane-buried
Cug-site of subunit | of chbs-Cox [48147152](53],

Cu binding sites within proteins are usually composed of cysteine, methionine, histidine and occasionally tryptophane
residues 24, The composition and geometry of the Cu binding motif is important for its reduction potential. While redox
cycling is required for the catalytic activity of cuproenzymes, cuproproteins involved in Cu trafficking need to avoid
Cu(l)/Cu(ll) redox cycling and therefore their Cu binding motifs require a more negative reduction potential that stabilizes
the Cu(l) state B4 (Figure 2). Copper trafficking proteins coordinate Cu(l) via a CxC or CxxC motif with a linear geometry
as in Cu(l)-transporting P1g-type ATPases or in CopZ-like Cu chaperones 24l or with a trigonal planar geometry as in
Scol-like chaperones. Here, two cysteine residues and a distal histidine residue provide the binding site for Cu(l). In
cuproenzymes, such as Cu,Zn superoxide dismutase (SOD) or cytochrome oxidase, Cu is coordinated by histidine,
cysteine and methionine residues (Figure 2). Cu(ll) is preferentially liganded via histidine nitrogen donors in a square
planar arrangement B3I58I571 Methionine as ligand is less pH sensitive and more hydrophobic and provides often an
additional weaker ligand for Cu B8],
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Figure 2. Examples of Cu binding sites in Cu trafficking proteins and cuproenzymes. Cu-transporting Pg-type ATPases
and Cu chaperones, such as CopZ, contain a linear CxxC Cu binding motif, while in Cu chaperones, e.g., Scol, a distal
histidine residue provides an additional ligand, resulting in a trigonal planar geometry. In the cuproenzyme Cu, Zn
superoxide dismutase (SOD), four histidine residues ligate Cu in a square planar geometry. The Cup center of cytochrome
oxidase displays a tetrahedral geometry with two cysteines, two histidines, one glutamate and one methionine residue. In
the CuB center, Cu is ligated by three histidine residues. Chemical structures were generated using ChemDoodle. The
figure was adapted and modified from [24],

| 2. Copper Import across the Outer and Inner Membranes in Bacteria

Since Cu is an essential micronutrient, its passage across biological membranes is crucial for all organisms. In
eukaryotes, Cu import is mainly mediated by members of the Ctr (copper transport) family of transporters B2, Eukaryotic
cells contain between one and six Ctr family members (also known as SLC31 family), which display some subcellular or
organ specificity B2, Especially Ctrl is well characterized in terms of its physiology, structure and function EQ6162][63]
Cytosolic Cu is further distributed into eukaryotic organelles by P;g-type ATPases (also known as CPx-ATPases) €4, |n
contrast to the Ctr family members, which so far have not been identified in bacterial genomes (€2, P,g-type ATPases are
universally conserved and widely distributed in different bacterial species . As in eukaryotes, bacterial P1g-type ATPases
export Cu out of the cytosol and are apparently not involved in Cu import. Although some Pyg-type ATPases, such as
CtaA of the cyanobacterium Synechocystis PCC 6803 and CopB of Enterococcus hirae, were initially suggested to import
Cu into the cytosol, further analyses indicated that both proteins are involved in Cu export out of the cytosol E2I[EEI67[68]
In cyanobacteria, a second Pqg-type ATPase, PacS, distributes Cu further into the thylakoid lumen for plastocyanin and
caaz-Cox assembly EZA7A]

Bacterial Cu importing systems in general are more diverse than in eukaryotes and some of the well-studied mechanisms
of Cu uptake are limited to one group of bacteria, or even to one species. This section will mainly focus on Cu import
mechanisms in Gram-negative bacteria, where most of the well-studied Cu-uptake pathways have been described.

2.1. Cu-Uptake across the Outer Membrane of Gram-Negative Bacteria and Mycobacteria

The passage of ions and small molecules across the outer membranes generally occurs either via various porins or
through energy-dependent mechanisms. Transcriptional profiling and comparative differential cuproproteomics using
Pseudomonas aeruginosa 2, Acidithiobacillus ferrooxidans 2! and Rhodobacter capsulatus 4 revealed that the
expression or steady-state levels of several outer membrane proteins changed when cells were exposed to Cu stress. For
most of these proteins, a role in Cu uptake still remains to be defined, but some studies have identified specific outer
membrane proteins with more defined role(s) in Cu uptake (Figure 3).

E. coli mutants lacking the outer membrane porin OmpF were shown to be Cu resistant, suggesting a role of this porin in
Cu(ll) uptake 23, However, various isogenic ompF and ompC mutants of other E. coli strains did not show significant
changes in Cu resistance, suggesting the presence of additional Cu import systems 8. The involvement of porins in Cu
uptake has also been shown in mycobacteria, which contain a complex cell envelope that consists of the cytoplasmic



membrane, the peptidoglycan—arabinogalactan complex and an outer membrane that is covalently attached to
arabinogalactan A8l |n Mycobacterium smegmatis, mutants lacking the porins MspA or MspC show severe growth
defects on Cu-limited growth media, and increased Cu tolerance when grown at high Cu concentrations 2. Heterologous
production of M. smegmatis MspA suppresses growth of M. tuberculosis at high Cu concentration, further indicating that
MspA is involved in Cu uptake across their outer membrane UABAEBL The X-ray diffraction analysis of M. smegmatis
MspA showed an interconnected octamer with eightfold symmetry that resembles a goblet with a single central channel
(831 A recent study, searching for new strategies to boost the antimicrobial activity of Cu, identified 8-hydroxyquinoline
(BHQ) as a potent Cu-dependent bactericidal of M. tuberculosis. However, the antimicrobial activity of 8HQ—Cu was also
observed in a AmspA mutant strain of M. smegmatis, suggesting that MspA is not essential for the uptake of the 8HQ—-Cu
complex (82,

NosA is an outer membrane protein that is involved in the biogenesis of the periplasmic, Cu-containing enzyme nitrous
oxide reductase (NosZ). NosZ contains two Cu centers (Cup and Cuy), which are required for N,O reduction B3I84] NosA
was first identified in Pseudomonas stutzeri in a series of mutants producing inactive NosZ variants that lacked Cu in the
catalytic center B3, NosA shows some homology to known E. coli TonB-dependent outer membrane transport proteins,
including BtuB, TutA, FepA and FhuA 88 TonB-dependent transport systems are unique in bacteria and use the
electrochemical potential of the cytoplasmic membrane for transporting nutrients across the outer membrane [BZIB81[89][90]
NosA is likely required for NosZ assembly at low Cu concentrations and might also function as a general Cu import
system, rather than dedicated specifically to NosZ assembly 192 Nonetheless, NosA-dependent Cu uptake is still
considered as one of the main routes for Cu delivery to NosZ in NosA-containing organisms, but alternative pathways for
NosZ metalation are suggested to exist in organisms lacking NosA (8],
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Figure 3. Cu-transport across the outer and inner membranes of bacteria. Bacteria use three established systems for Cu
transport across the outer membranes: porins, TonB-dependent transport systems, such as NosA/OprC, and uptake via
chalkophores, such as Methanobactin (Mbn), which represent Cu-specific metallophores. Periplasmic Cu is transported
into the cytoplasm via the CcoA-like transporter (CalT), which belongs to the major facilitator superfamily. Additional Cu
import systems (e.g., YcnJ-like proteins [23)) likely exist in bacteria, but have not been characterized 23, Mbn is
synthesized in the cytoplasm and transported via MbnM into the periplasm and by a so far unknown transporter into the
extracellular space. Cu-loaded Mbn is imported back into the periplasm via the TonB-dependent transporter MbnT and
bound by the periplasmic protein MbnE. How Cu-Mbn is transported back into the cytosol across the cytoplasmic
membrane and how Cu is released from Mbn in the cytosol are unknown. Dashed lines indicate the interaction of the
TonB-dependent transporter NosA/OprC and MbnT with the inner membrane ExbB—ExbD-TonB complex. Structures were
retrieved from the protein database (PDB) with the following IDs: 2ZFG (OmpF for Porin), 3WDO (YajR for CalT/CcoA),
3j09 (CtaA), 4ZA1 (NosA), 5ZFP (ExbB/ExbD hexameric complex), 51CQ (MbnE), 1EK9 (OM efflux), 2XJH (Mbn), and
depicted using Pymol.

OprC is a TonB-dependent transporter in the outer membrane of Pseudomonas aeruginosa. OprC is homologous to NosA
of P. stutzeri (65% amino acid sequence identity) and binds Cu(ll) with micromolar affinities 24, The expression of OprC
was shown to be repressed by high exogenous Cu(ll) concentrations and enhanced under anaerobic conditions in the



presence of nitrate 241351 Although, OprC expression is repressed under Cu stress, it is induced by low Cu(ll)
concentrations and is directly regulated via the Cu-responsive transcriptional regulator CueR in P. aeruginosa 281,
Moreover, OprC is an important determinant for bacterial competition and virulence 28, Very recently, the crystal
structures of OprC wild-type and mutant proteins were resolved in the presence and absence of silver and Cu 2. The
structures. as well as the inductively coupled plasma mass spectrometry (ICP-MS) and electron paramagnetic resonance
(EPR) data, suggested that Cu(l) binds to a CxxxM-HxM motif. It was furthermore suggested that OprC also binds Cu(ll)
and is able to reduce it to Cu(l) via thiol groups, although this awaits further validation 24,

Unlike NosA and OprC, the small outer membrane protein ComC (also known as YcfR or BhsA) acts by lowering the
permeability barrier of the outer membrane to Cu. Most Gram-negative bacteria encode ComC-like proteins with 50% to
90% sequence homology. In the absence of ComC, E. coli shows reduced Cu import into the cytoplasm (8l The
transcription of comC is induced via the TetR-like transcriptional regulator ComR in response to Cu availability EZI28],
Initially, ComC was described as a general stress response protein [JI00IIOLI02] anqd it remains unclear how ComC is
simultaneously involved in different cellular stress response pathways, including Cu stress.

2.2. Cu Transit through the Periplasmic Space in Gram-Negative Bacteria

Once Cu has crossed the outer membranes into the periplasm, it is likely scavenged by periplasmic Cu chaperones, Cu-
storage proteins and chemical chelators, such as glutathione [1811031104] - Although several periplasmic Cu chaperones
have been described in multiple bacteria, they are mainly associated with Cu-detoxification and cuproenzyme biogenesis
pathways “7AB2I05]  Hence, it is currently not clear, whether they also participate in Cu uptake, and therefore these
proteins are described later. Dedicated Cu-storage proteins (Csps) were first described in the Gram-negative
methanotrophic bacteria, but are widely distributed in bacteria 293, Csp1-type proteins contain a Tat signal sequence and
are likely exported into the periplasm for Cu binding [103I10811107] Ag cytosolic Csp3-type proteins are much more abundant
than the secreted Cspl-type proteins 193], they are further discussed in Section 4.4.

2.3. Cu Uptake across the Inner Membrane
The CcoA-Like Cu-Transporter (CalT) Family

Major-facilitator-superfamily (MFS)-type transporters belong to a large and ubiquitous superfamily of transporters. MFS
proteins selectively transport a wide range of substrates by using the proton gradient as driving force 28! CcoA belongs
to the newly discovered CalT (CcoA-like transporter) family of MFS-type transporters (Figure 1), and is the prototype of a
bacterial inner membrane Cu importer [2318311109][110] ' CcoA s the first Cu uptake transporter identified in bacteria and the
first MFS-type transporter known to transport Cu. It was first discovered in R. capsulatus by genetic screening for cbbs-
Cox defective mutants that could be rescued by exogenous Cu supplementation. Furthermore, heterologous expression
of ccoA restores the respiratory defect and Cu import in a Schizosaccharomyces pombe double mutant that lacked the
Cu-importer Ctr4 and Ctr5 L Overall, these studies demonstrated that CcoA is a Cu importer required for the
biogenesis of R. capsulatus cbbs-Cox. Interestingly, bypass suppressors of ccoA deletion mutants that suppress the cbbs-
Cox defect were frequently observed in R. capsulatus 231203 These bypass suppressors were Cu sensitive and had
higher cellular Cu content compared to wild-type and ccoA mutant strains. Whole genome sequencing revealed that these
suppressor mutants contained single base pair insertion/deletion in copA 2%, encoding the well-known P;g-type Cu
exporter, CopA, involved in Cu detoxification [25[112] These observations indicated the presence of a functional interplay
between the Cu importer, CcoA, and the Cu exporter, CopA, in controlling intracellular Cu homeostasis to avoid toxicity
and ensure delivery of Cu for cbbs-Cox assembly in R. capsulatus. Intriguingly, studies in R. sphaeroides indicated that
CcoA is dedicated solely to the biogenesis of chbsz-Cox, but not required for the biogenesis of aaz-Cox. Thus, two distinct
Cu delivery pathways operate for Cu insertion into two similar cuproenzymes 129,

To uncover the molecular mechanisms of Cu binding to CcoA, sequence alignments of R. capsulatus CcoA with other
proteobacterial homologues identified two well conserved motifs, My33xxxMjy37 and HogixxxMygs (R. capsulatus
numbering) 123l predicted within transmembrane domains (TMDs) 7 and 8. Mutations within both putative metal-binding
sites block Cu import and cbbs-Cox assembly 23! (Figure 4).
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Figure 4. The major-facilitator-superfamily (MFS)-like Cu importer CcoA from R. capsulatus. (A) Structure of E. coli YajR
(PDB 3WDO), which is homologous to R. capsulatus CcoA, but contains a large cytosolic domain, which is absent in
CcoA. (B) Schematic representation of the metal-binding site in R. capsulatus CcoA, which is composed of methionine
and histidine residues in transmembrane helices 7 and 8. Cysteine residues in the periplasmic loop likely contribute to Cu
transport via CcoA.

A comparative genomic analysis of orthologues in oa-proteobacterial species showed that CcoA-like homologues are
widespread among these organisms, and frequently co-occur with Cox enzymes 914l Ca|T family members also
include the RfnT proteins 14 earlier suggested to transport riboflavin 1511161 Kyt now shown to transport Cu 114,
However, the RfnT-like proteins are unable to restore the cbbs-Cox defects in R. capsulatus ccoA mutants. The lack of
functional complementation between CcoA and RfnT-like proteins suggests that even though Cu may be imported via
those proteins, its further use is determined by the functional interaction between the Cu importer and the down-stream
Cu-binding proteins. Future studies are required to characterize the Cu uptake mechanism and specificity of the CalT

family proteins in proteobacteria.
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