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Copper (Cu)-containing proteins execute essential functions in
prokaryotic and eukaryotic cells, but their biogenesis is challenged
by high Cu toxicity and the preferential presence of Cu(ll) under
aerobic conditions, while Cu(l) is the preferred substrate for Cu
chaperones and Cu-transport proteins. These proteins form a
coordinated network that prevents Cu accumulation, which
would lead to toxic effects such as Fenton-like reactions and
mismetalation of other metalloproteins. Simultaneously, Cu-transport
proteins and Cu chaperones sustain Cu(l) supply for cuproprotein
biogenesis and are therefore essential for the biogenesis of Cu-
containing proteins. In eukaryotes, Cu(l) is supplied for import and
trafficking by cell-surface exposed metalloreductases, but specific
cupric reductases have not been identified in bacteria. It was
generally assumed that the reducing environment of the bacterial
cytoplasm would suffice to provide sufficient Cu(l) for detoxifica-
tion and cuproprotein synthesis. Here, we identify the proposed
cbbs-type cytochrome c oxidase (cbbs-Cox) assembly factor CcoG
as a cupric reductase that binds Cu via conserved cysteine motifs
and contains 2 low-potential [4Fe-4S] clusters required for Cu(ll)
reduction. Deletion of ccoG or mutation of the cysteine residues
results in defective cbbs-Cox assembly and Cu sensitivity. Further-
more, anaerobically purified CcoG catalyzes Cu(ll) but not Fe(lll)
reduction in vitro using an artificial electron donor. Thus, CcoG is
a bacterial cupric reductase and a founding member of a wide-
spread class of enzymes that generate Cu(l) in the bacterial cytosol
by using [4Fe-4S] clusters.
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Copper (Cu) is an essential micronutrient for all domains
of life. Its physicochemical properties render this transi-
tion metal a redox cofactor commonly found in many enzymes
catalyzing oxygen-linked reactions, including the dopamine
B-hydroxylases, Cu-Zn superoxide dismutases, multicopper oxi-
dases, and the superfamily of heme-copper oxygen reductases
(1, 2). The redox properties of Cu are also responsible for its cy-
totoxicity. In the presence of reactive oxygen species, it can generate
hydroxyl radicals that damage DNA, lipids, and proteins (3).
Moreover, because of its high thiophilicity (4), it can replace other
transition metals (e.g., iron) in proteins, leading to their inactiva-
tion (5). In humans, imbalanced copper homeostasis is associated
with severe diseases, including Wilson’s disease, Menkes disease,
Alzheimer’s disease, prion disease, and atherosclerosis (6). Cells
reduce the risk of Cu toxicity by using sophisticated acquisition,
chaperoning, and storage systems to tightly control its amount
while allowing its availability for cuproprotein biosynthesis (1, 2).

P, p-type ATPases, like ATP7A and ATP7B in eukaryotes and
Ccol and CopA in bacteria, are central for Cu homeostasis and
transport Cu(I) for detoxification and cuproprotein biosynthesis.
Under aerobic conditions, Cu(II) is the predominant Cu species,
which links Cu transport inevitably to Cu(II) reduction. Multiple
Cu-reducing enzymes are known in eukaryotes. They primarily
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reduce Fe(III) to Fe(II) (7), but proteins like Frelp/Fre2p (8),
Dcytb (9), or STEAP (6-transmembrane epithelial antigen of the
prostate) family members (10) also reduce Cu(II) to Cu(I).
These metalloreductases contain heme and flavins, and use re-
ductants like NAD(P)H for Cu(II) or Fe(III) reduction. They are
localized in the plasma membrane with the reductase domain
facing the extracellular side, linking them to Fe(II) import via
IRT or NRAMP, or Cu(I) import via Ctrl (7). In the cytoplasm,
Cu(I) is bound by Cu chaperones like yeast or human Atoxl
(Hah1) which maintain Cu(I) in the reduced state and deliver it
to Pyp-type ATPases at the endoplasmic reticulum for cupro-
protein synthesis (11).

There are few studies on Cu(II) reduction in prokaryotes, and
they mainly describe nonenzymatic reactions via membrane-
bound quinones. Examples are a cupric reductase activity in in-
tact Lactobacillus lactis cells (12) or the cupric reductase activity
of Escherichia coli NADH dehydrogenase 2 (13, 14). Impor-
tantly, no specific cytoplasm-exposed cupric reductase has been
identified in eukaryotes or bacteria so far (7, 15). It is generally
assumed that Cu(II) entering the cytoplasm would be converted
spontaneously to Cu(I) in this reducing environment. Hence,
no specific cytoplasmic cupric reductase would be required.
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Intriguingly, the Archeoglobus fulgidus copper chaperone CopZ,
which delivers Cu(I) to the Cu-exporting P,g-type ATPase CopA,
is fused to a low-potential [2Fe-2S]—containing domain that has
been implicated in Cu(IT) reduction (16). This raises the possibility
that cytosolic cupric reductases might exist at least in prokaryotes,
but they have been overlooked so far.

In gram-negative bacteria, Cu homeostasis is best character-
ized in Rhodobacter capsulatus, which requires Cu import for the
assembly of cbbs-type cytochrome ¢ oxidase (cbb;-Cox). This
enzyme is confined to bacteria and often the sole terminal Cox in
several pathogenic species (17, 18). The cbbs-Cox consists of 3
main subunits, the heme-copper—containing catalytic subunit
CcoN, where oxygen is converted to water, and 2 membrane-
bound c-type cytochromes, CcoO and CcoP, that convey elec-
trons to this catalytic center. In R. capsulatus and some other
species, 2 additional subunits, CcoQ and CcoH, are also found
(19, 20). In R. capsulatus, Cu uptake relies on CcoA, which is the
first example of a Cu-importing major facilitator superfamily
(MFS) protein (21, 22). Intracellular Cu(I) is bound to the cy-
toplasmic chaperone CopZ (23) and conveyed to the P;p-type
ATPase Ccol, transporting Cu(I) back to the periplasm (24). Cu
insertion into cbbs-Cox is then mediated by sequential interac-
tions of 2 periplasmic Cu chaperones, SenC and PccA (homologs
of Scol and PCuaC, respectively) (25, 26). Excess Cu is trans-
ported from the cytoplasm to the periplasm via a second P;p-
type ATPase, CopA (27, 28), that exports Cu(I) and thus re-
quires (like Ccol) Cu(II) reduction.

In many bacterial genomes, including R. capsulatus, the struc-
tural genes (ccoNOQP) of cbbs-Cox are located next to their
biogenesis genes (ccoGHIS), encoding the subunit CcoH, the Cu
transporter Ccol, and the CcoS protein, probably involved in
heme insertion into CcoN (29, 30). The first gene of this cluster,
ccoG, encodes a membrane-integral protein of unknown func-
tion (Fig. 1). Earlier, a redox-based role in symbiotic nitrogen
fixation for the Rhizobium meliloti CcoG homolog FixG (31) and
a regulatory role in photosynthetic gene expression for the
Rhodobacter sphaeroides CcoG homologs RdxA and RdxB (32,
33) have been proposed. Here, we show that CcoG is required
for cbb3-Cox assembly and Cu resistance and contains 2 [4Fe-4S]
clusters. Moreover, purified CcoG binds 2 Cu atoms via con-
served Cys motifs and exhibits cupric, but not ferric, reductase
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Cu-binding
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Fig. 1.

activity in vitro. Our data reveal that CcoG is a hitherto unknown
type of bacterial cupric reductase that catalyzes cytosolic Cu(II)
reduction. The widespread occurrence of CcoG homologs among
bacterial species implies that spontaneous Cu(II) reduction in the
cytosol is inefficient for chb;-Cox biogenesis, and cells rely on an
enzymatic process that allows sufficient Cu(I) supply for cupro-
protein biogenesis and copper homeostasis.

Results

Widespread Occurrence of CcoG-Like Proteins. As with cbb;-Cox (18,
34), CcoG-like proteins (defined as matching InterPro domain
IPR014116) are found predominately in Proteobacteria and
Bacteroidetes (Fig. 2). They are typically encoded in genomes
that contain a CcoN homolog (defined as matching InterPro
domain IPR004677), and most (~80%) of them are located near
the genes encoding the subunits and assembly factors of cbbs-
Cox. Curiously, about one-half of the ccoG-like genes that are
not located near the c¢bbs-Cox genes are paralogs and occur in
genomes with a second ccoG-like gene in a c¢bb3-Cox neighbor-
hood. In addition to Proteobacteria and Bacteroidetes, the
CcoG-like proteins are also found in most of the Ignavibacteriae
and Verrucomicrobia and in some Acidobacteria, Chlorobi,
Planctomycetes, and Spirochaetes genomes (Fig. 2). Out of 6,104
bacterial genomes analyzed, 25 contain a CcoG-like protein
without any detectable CcoN-like protein (Dataset S1). The
occurrence of ccoG paralogs that do not belong to cbbs-Cox
neighborhoods and the presence of ccoG-like genes in genomes
without ccoN suggest that CcoG-like proteins might also play an
additional role(s) beyond cbbs-Cox biogenesis.

CcoG Is Required for Optimal Semiaerobic Growth and Copper
Homeostasis. The R. capsulatus AccoG mutant (CW5) shows an
NADI-slow (i.e., formation of indophenol blue upon staining of
colonies with a-naphthol and dimethyl-4-phenylenediamine
[DMPD]) phenotype, suggesting that it contains low cbbs-Cox
activity (29). This phenotype is best observed during the early
phase of respiratory growth. Compared with the wild-type strain
(MT1131), the AccoG mutant exhibits slower growth unless
complemented with a wild-type ccoG allele (pRKccoG; ST Ap-
pendix, Fig. S1 A and B and Table S1). Moreover, the AccoG
mutant is more sensitive to Cu(II) compared with wild type, as its
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CcoG protein and its characteristic features. The R. capsulatus CcoG protein is depicted with its 5 transmembrane helices, 2 conserved Cu-binding

motifs (Cysq10-XXX-Cys114) and (Cysz17-XXX-Cysz21), and 2 conserved [4Fe-4S] cluster-binding motifs (Cysae4-XX-Cysz67-XX-Cys270-XXX-Cys274) and (Cysagg-XX-
CyS291-XX-Cys294-XXX-Cys,0g). Its periplasmic C-terminal portion forms an Ig-like domain.
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Fig. 2. Phylogenomic analysis of CcoG-like proteins in bacteria. (A) Sequence similarity network of proteins in the UniProt database that contain both the
4Fe-4S ferredoxin-type Fe-S-binding domains Fer4_5 (PF12801) and Fer4_18 (PF13746) with and without the Ig-like FixG_C (PF11614) domain, and other
proteins that contain the FixG_C domain (domain combinations are indicated in S/ Appendix, Fig. S8 and Dataset S1). The nodes are colored based on
proteobacterial class or if the corresponding organism is from Bacteroidetes. Protein clusters are numbered and correspond to the indicated clades in the tree
in B. (B) Phylogenetic reconstruction of selected (Materials and Methods) CcoG-like proteins. Whether a CcoN homolog was detected in the corresponding
proteome is indicated with a blue square. The presence of the corresponding ccoG-like gene in a neighborhood with genes encoding CcoN, CcoO, CcoP, CcoH,
Ccol, CcoS, or CcoQ is indicated with a black box. Correspondence with the network in A is indicated by the numbers around the outside of the tree. (C)
Treemaps illustrating the number of proteomes from each phylum with the indicated presence/absence of CcoN-like and CcoG-like proteins. The size of each

treemap is scaled to the overall sum of proteomes for each category.

respiratory growth in enriched medium is inhibited by the
presence of >200 pM CuSOy (SI Appendix, Fig. S1C). Con-
versely, wild-type cells carrying additional ccoG copies show in-
creased Cu resistance (SI Appendix, Fig. S1D). Thus, the absence
of CcoG affects both respiratory growth and Cu tolerance.

cbbs-Cox Activity Is Reduced in the Absence of CcoG. Determination
of the whole-cell c¢bb;-Cox activity indicated that the AccoG
mutant has ~10 to 20% of the wild-type activity during the
exponential phase of respiratory growth (Fig. 34). Indeed, its
complementation with a wild-type ccoG or its FLAG-tagged
variant (pRKccoG or pRKccoGgy.g; SI Appendix, Table S2)
restored this defect, demonstrating that CcoG is required for
full cbbs-Cox activity. No major difference in the amounts of
the c-type cytochrome subunits CcoP and CcoO of cbbs-Cox
was seen between the membranes from wild-type, AccoG, or
complemented AccoG-pRKccoG strains (Fig. 3B). In contrast,
the amounts of the Cu-containing catalytic subunit CcoN were
decreased in the absence of CcoG (Fig. 3C). Thus, the absence
of CcoG affects predominantly the amounts of the Cu-containing
CcoN subunit of chbz-Cox.

21168 | www.pnas.org/cgi/doi/10.1073/pnas.1913803116

Four Cysteine Motifs in CcoG Are Essential for Its Function. The
CcoG-like proteins have conserved architectures composed of a
cytosolic N terminus, 5 transmembrane (TM) helices, and a
periplasmic C terminus with a predicted Ig-like domain. They
contain 12 invariant cysteine residues clustered into 4 conserved
motifs (Fig. 1). The first of these motifs (Cys;19-XXX-Cysy14-
Pro) is in the cytosolic loop between TM2 and TM3, while its
duplicate (Cys;;17-XXX-Cyszz1-Pro) motif is close to the end of
TM4 in the cytosolic loop connecting TM4 and TMS. Similar
motifs bind Cu in Sco-like Cu chaperones [e.g., the periplasmic
SenC of R. capsulatus (35)], further suggesting a role for CcoG
in Cu metabolism. In addition, 2 identical motifs (Cys,s4-XX-
Cy5267-XX-CYS270-XXX-CYSZ74) and (CYS288-XX-C}78291-XX-
Cysp94-XXX-Cysagg) are located in the cytoplasmic loop between
TM4 and TMS5 (Fig. 1). The latter motifs have previously been
identified as typical Fe-S cluster-binding sequences (31) and
characterized in many ferredoxins. Moreover, the experimentally
verified topology of R. sphaeroides RdxA (32), a CcoG-like pro-
tein, indicates that these metal-binding regions are cytoplasm-
exposed. For investigating the functions of the Cys motifs, single
Cys-to-Ala substitutions were constructed (on pRKccoGry,g;
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Fig. 3. CcoG is required for chbs-Cox activity but not for its assembly. (A)
The wild-type (WT), knockout (4ccoG), and complemented (AccoG-pRKccoG
or AccoG-pRKccoGp,g) strains (SI Appendix, Table S2) were grown under
semiaerobic conditions in MPYE medium. The cbbs-Cox activity was de-
termined by monitoring the DMPD oxidation using intact cells (Materials
and Methods). The wild-type activity was set to 100% and at least 4 repeat
measurements (n = 4) were averaged. Statistical analysis was performed on
the raw data using the Student’s t test with P < 0.0005 as the level of sig-
nificance between wild-type and AccoG strains. The level of significance
between wild-type and the complemented AccoG strains was P > 0.05 and
considered to be not significant. Data are presented as means + SD. (B) The
presence of the c-type cytochrome subunits CcoP and CcoO of cbbs-Cox
was determined by staining with TMBZ; 50 pg of ICMs was separated using
Tricine-SDS/PAGE (Materials and Methods). This also visualized all membrane-
bound c-type cytochromes, including the cytochrome ¢, of the cytochrome

Marckmann et al.

SI Appendix, Table S2), yielding CcoG-Cys;jpAla in the first,
CcoG-CysyyAla in the second, CcoG-Cysyg7Ala in the third, and
CcoG-Cys,g1Ala mutants in the fourth motif (Fig. 44, arrows). These
mutants are unable to rescue the slow-growth defect of the AccoG
mutant (Fig. 4B). Furthermore, although the mutant proteins
were produced in R. capsulatus AccoG cells, they were unable to
restore cbb3-Cox activity in AccoG cells (Fig. 4 C and D).
However, we noted that less of the CcoG-Cys,g;Ala mutants was
produced in comparison with the other mutants. Nevertheless,
these data indicate that all 4 Cys motifs are required for the
function of CcoG in cbb;-Cox biogenesis.

CcoG Contains Tetranuclear Fe-S Clusters. The presence of a ferredoxin-
like low-potential Fe-S cluster(s) in CcoG was further evidenced
by X-band, continuous-wave electron paramagnetic resonance
(CW-EPR) spectroscopy. Membrane fractions were prepared
under anaerobic conditions from CcoG-expressing E. coli strains,
and strains carrying the empty plasmid served as a control. The
EPR spectra recorded at 45 K and 5-mW microwave power of the
membranes from both strains were virtually identical, suggesting that
CcoG did not contain binuclear Fe-S clusters. However, clear dif-
ferences were seen in the EPR spectra obtained at 13 K and 10 mW.
A difference spectrum was obtained by subtracting the 13 K
spectra of the strain lacking CcoG from that producing it (Fig. 54)
and interpreted as indicative of the presence of 2 [4Fe-4S] clusters.
Based on the saturation behaviors of the individual signals ob-
served by increasing the microwave power, the signals were at-
tributed to one cluster with rhombic symmetry with g, , . = 1.89,
1.94, and 2.05, and another cluster with axial symmetry withg, | =
2.05 and 1.94 (36). Thus, the EPR data support the proposal that
CcoG has 2 tetranuclear Fe-S clusters associated with its specific
Cys motifs.

Membranes Containing CcoG Exhibit Cupric Reductase Activity. Since
CcoG contains both Cu-binding motifs and ferredoxin-like tet-
ranuclear Fe-S clusters, we inquired whether it can catalyze
Cu(II) reduction. Although the cytoplasm is a reducing envi-
ronment, rapid and specific reduction of Cu(II) to Cu(I) may be
crucial especially at the onset of the oxidative growth. We de-
veloped an enzymatic assay to monitor Cu(II) reduction by CcoG
using R. capsulatus membrane fractions prepared under anaer-
obic conditions (Materials and Methods). Air-sensitive kinetics of
cupric reductase activity associated with CcoG was monitored
spectroscopically via the formation of the Cu(I)-bathocuproine
sulfonate (BCS) [Cu(I)-BCS;] complex at 482 nm (Fig. 5B).
Kinetic traces indicated that membranes of the wild-type strain
(MT1131) converted CugH) to Cu(I) with a much higher rate
[~300 nmol Cu(I)min~'mg™" of membrane proteins] than
membranes of the AccoG mutant [~20 nmol Cu(I)-min~"-mg™" of
membrane proteins] (Fig. 5B). Upon exposure of the membranes
to air, which damages Fe-S clusters (37), the wild-type activity
was reduced to that seen in the AccoG strain, which remained
unaffected (Fig. 5B). The origin of the CcoG-independent and

bcy complex and the membrane-bound electron carrier cytochrome ¢,. The
experiment was repeated at least 4 times (n = 4) and a representative gel
with the WT, knockout (AccoG), and complemented (AccoG-pRKccoG) strains
is shown. No difference was seen for the cytochrome c; of the cytochrome
bc; complex, the membrane-bound electron donor cytochrome ¢, or the
cytochrome ¢ peroxidase, which served as controls. (C) The presence of the
Cu-containing subunit CcoN of cbbs-Cox was determined using immuno-
blotting; 50 pg of ICMs was separated via Tris-SDS/PAGE, membrane-blotted
proteins were probed using antibodies against R. capsulatus CcoN, and the
signal was detected by immunofluorescent secondary antibodies (Upper).
The experiment was repeated at least 3 times (n = 3) and a representative
blot (Upper) with its loading control (Coomassie-stained gel; Lower) is
shown. The AccoGHIS strain (CW1; SI Appendix, Table S2) lacking CcoN was
used as a control.
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Fig. 4. All 4 cysteine motifs are required for CcoG function. (A) A cartoon of
CcoG showing its Cu and [4Fe-4S] cluster-binding motifs as red boxes. The
single mutants were derivatives of pRKccoGg g in R. capsulatus (S Appen-
dix, Table S2) and the Cys-to-Ala mutations (C110A, C221A, Cae7A, and Cyg1A)
are indicated by arrows. The quadruple mutants were derivatives of
pBADccoG in E. coli (SI Appendix, Table S2); the CcoG Cq1o, Cy14, C217, and
Cys2q residues replaced with Ser are indicated by green stars in the case of
CcoG(ACu), and the Cye7, Ca70, Ca91, and Cyoq residues replaced with Ser in-
dicated by purple stars in the case of CcoG(AFeS) are shown. (B) The strains

21170 | www.pnas.org/cgi/doi/10.1073/pnas.1913803116

air-resistant activity was not investigated further, but could be
due to the nonenzymatic Cu reduction that has been observed
previously (12, 13). Additional assays using R. capsulatus mem-
branes showed that CcoG-dependent cupric reductase activity
was proportional to the concentration of Cu(II) and the amount
of membranes used (SI Appendix, Fig. S2 A and B). Cupric re-
ductase activity in R. capsulatus membranes also required intact
Cu- and Fe-S-binding motifs of CcoG (SI Appendix, Fig. S2C). In
addition, similar kinetic data were also obtained by using an-
aerobically prepared E. coli membranes that produced wild-type
or CcoG(ACu) or CcoG(AFeS) mutant proteins (SI Appendix,
Fig. S2D).

Purified CcoG Binds 2 Cu Atoms per Molecule. Next, CcoG and its 2
mutant variants CcoG(ACu) and CcoG(AFeS) were produced
in E. coli and purified to homogeneity by affinity chromatog-
raphy (Materials and Methods). In the CcoG(ACu) mutant, the
Cys110, Cysi14, Cysa17, and Cysyp; residues of the (Cys-XXX-
Cys-Pro) motifs were replaced with serine (Fig. 44, green
stars). Similarly, in the CcoG(AFeS) mutant, the Cyszs7, Cysa7o,
Cysz91, and Cys,g4 residues of the predicted [4Fe-4S] cluster-
binding motifs were replaced with serine (Fig. 44, purple stars)
(SI Appendix, Table S1). As expected, the purified CcoG runs as a
single band of 55 kDa in sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS/PAGE) and exhibits a brownish color
(absorption peak at 410 nm) when purified under anaerobic
conditions (SI Appendix, Fig. S3 A and B). The metal content of
purified CcoG was determined spectrophotometrically and by
inductively coupled plasma mass spectrometry (ICP-MS). This
revealed the presence of Fe, S, and Cu. However, purified CcoG is
slightly substoichiometric in respect to its metal cofactors (S/
Appendix, Fig. S3C), probably due to some oxidative damage of
the metal centers during purification.

Next, we measured the Cu-binding stoichiometry of CcoG by
using the charge-transfer band at 620 nm of the Cu(II)-thiolate
complex formed between CcoG and Cu(Il) (Fig. 64). When
CcoG was incubated with increasing Cu(II) concentrations, sat-
uration was attained at a CcoG:Cu(II) ratio of 1:2 (Fig. 6B), in
agreement with its 2 (Cys-XXX-Cys-Pro) motifs (Fig. 1). We also
observed a similar CcoG:Cu(II) ratio (1:2) for the CcoG(AFeS)
variant (SI Appendix, Fig. S4 A and B), but could not de-
tect any charge-transfer band when the CcoG(ACu) variant
was used (SI Appendix, Fig. S4C). The data further showed
that the 2 cytoplasm-exposed (Cys-XXX-Cys-Pro) motifs of
CcoG are required for binding 2 Cu(Il) atoms per protein
molecule.

CcoG Is a Cupric Reductase. The cupric reductase assay used to
monitor Cu(Il) reduction with cell membranes (Fig. 5B) was
extended to purified CcoG and its mutant variants (Materials and
Methods). Single-turnover assays with dithionite-reduced CcoG
from which excess dithionate was removed (Materials and Meth-
ods) showed that the wild-type protein converted Cu(II) to Cu(I),
whereas the CcoG(ACu) and CcoG(AFeS) mutant variants failed
to do so. This activity was sensitive to air or high temperature
(90 °C) and proportional to the amount of prereduced protein

described in A were tested for growth on enriched MPYE plates after in-
cubation at 35 °C for about 20 h. A representative set is shown (n = 3). (C)
The cbbs-Cox activity of the indicated strains was determined as in Fig. 3A.
Each activity was measured at least twice in at least 3 independent experi-
ments (n = 3). The cbbs-Cox activity exhibited by the wild-type strain was set
to 100%. Statistical analysis was performed on the raw data using the Stu-
dent’s t test with P < 0.0003 as the level of significance between the wild
type and all strains, with the exception of the AccoG-pRKccoGC267A (P <
0.0007) and AccoG-pRKccoG (P > 0.05). Data are presented as means + SD.
(D) Immunoblot showing that the Cys-to-Ala substitution mutant derivatives
of CcoG are produced in R. capsulatus (50 pg of membranes was loaded).
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Fig. 5. Membranes containing CcoG have Fe-S clusters and exhibit cupric

reductase activity. (A) E. coli membranes isolated under anaerobic conditions
from a strain overproducing CcoG and from one carrying the empty ex-
pression plasmid were reduced by addition of a few grains of dithionite,
incubated for 30 s, and transferred into an EPR tube. EPR spectra were
recorded at 13 K, 10-mW microwave power and with 10 scans. The spectrum
obtained with membranes from the strain containing the empty expression
plasmid was subtracted from that of the strain overproducing CcoG. The
signals attributed to each cluster are indicated by red (axial) and black
(rhombic) bars. The large radical signal at g = 2.0 due to dithionite reduction
is omitted. Other EPR parameters used were: microwave frequency, 9.471
GHz; modulation amplitude, 0.6 mT; time constant, 0.164 s; scan rate, 17.9
mT/min. (B) Cupric reductase activity associated with CcoG was measured
using anaerobically prepared R. capsulatus membranes from wild-type
(MT1131) and AccoG (CWS5) strains (S/ Appendix, Table S2). In each case,
100 pg of membranes was mixed with 200 pM BCS anaerobically in a sealed
cuvette, the assay was initiated by adding 20 uM Cu(ll), and the production
of the Cu(l)-BCS, (Cu-BCS) complex was monitored at 482 nm. The kinetic
difference seen between the wild-type and AccoG strains reflects the CcoG-
dependent cupric reductase activity. As a control, the same assays were re-
peated after exposing the membranes to air (+0,) to inactivate the O,-
sensitive CcoG-dependent cupric reductase activity. All experiments were
repeated at least 3 times (n = 3) and a representative trace is shown.

used (SI Appendix, Fig. S5 A-C). Using the same assay where BCS
was substltuted w1th bathophenanthroline sulfonate (BPS), which
isa spec1flc Fe”* chelator (Materials and Methods), no reduction of
Fe** to Fe*" by prereduced CcoG could be detected (ST Appendix,
Fig. S5D). Thus, purified CcoG protein acts as a specific cupric
reductase provided that it is chemically prereduced.

Marckmann et al.

Searches for a suitable electron donor showed that Tris(2-
carboxyethyl)phosphine (TCEP), NADPH, and NADH showed
no appreciable nonenzymatic Cu(II) reduction in the presence of
lecithin (SI Appendix, Fig. S64). NADH also did not show sig-
nificant Cu(II) reduction in the presence of CcoG, while
NADPH supported slow CcoG-dependent Cu(II) reduction (S
Appendix, Fig. S6B). In contrast, when TCEP (10 pM) and lec-
ithin (100 pg/mL) were added to the assay buffer, purified CcoG
reduced efficiently Cu(II) to Cu(I) without any need for pre-
reduction [at a rate of ~2,000 nmol Cu(I)-min~"mg™" of CcoG,
and a k,; of ~25/min with TCEP as the electron donor], whereas
the purified CcoG(ACu) and CcoG(AFeS) mutant Vanants
could not do so [at rates of ~30 nmol Cu(I)-min~'-mg~"' mutant
CcoG] (Fig. 6C and SI Appendix, Fig. S6B). It should be noted
that due to the substoichiometric presence of Cu/Fe, the k., is
probably underes‘umated Furthermore, no apprec1able re-
duction of Fe** to Fe*" by purified CcoG was observed via this
steady-state assay (Fig. 6D). As expected, this activity was sen-
sitive to high temperature (95 °C) and proportional to the
amount of protein or Cu(Il) concentration used (SI Appendix,
Fig. S7). The overall data established that purified CcoG has
cupric, but not ferric, reductase activity in the presence of TCEP
used as an artificial electron donor and this activity requires the
Cys motifs binding the Cu atoms and Fe-S clusters.

Discussion

CcoG is the most conserved member of the ccoGHIS-encoded
¢bb3-Cox assembly proteins and is present in nearly all cbb;-Cox—
containing organisms (Fig. 2). Likewise, relatively few genomes
encode a CcoG-like protein without also encoding a cbb;-Cox
(SI Appendix, Fig. S8). Earlier on, CcoG was predicted to be a
membrane-bound ferredoxin-like protein (31), but its function
remained enigmatic for years. Here we show that CcoG is a
membrane-integral cupric reductase involved in c¢bb;-Cox bio-
genesis and Cu homeostasis. It is active in anaerobically pre-
pared membranes and can be purified to homogeneity upon
detergent solubilization, and the purified protein reduces cupric
but not ferric ions in vitro provided that an electron donor is
available. Moreover, the Cys motifs of CcoG that bind 2 Cu
atoms and 2 [4Fe-4S] clusters are required for its activity, making
it a membrane-integral cupric reductase that contains an active
site exposed to the cytoplasm.

Cu(Il) entering the cytoplasm needs reduction to Cu(I) for
efficient delivery to cuproproteins and detoxification via the
Pyp-type ATPases including Ccol or CopA (27, 38) [or even
CopB (39), previously thought to be a Cu(II)-exporting P;p-type
ATPase (40)]. Yet, how Cu(Il) is reduced in the bacterial cyto-
plasm was unclear. Its chemical reduction by cytoplasmic gluta-
thione (41), conveying it subsequently to Cu chaperones like Atox1
(a CopZ homolog), has been shown (42). Indeed, glutathione is
present in R. capsulatus (43) and might contribute to Cu(I) de-
livery via CopZ to Ccol and CopA (23). However, the Cu(I)-
[GSH], complex interacts with O,, forming a Cu(II)-GSSG
complex (41), which would render chemical reduction inefficient
when the Cu concentrations or chb;-Cox demands are high, es-
pecially at the onset of respiratory growth. This situation is remi-
niscent of the enzymatic catalysis of disulfide bonds via the DsbAB
system (44). In the oxidizing environment of the periplasm, specific
thiol-disulfide oxidoreductases confer rapidity and specificity along
or instead of chemical oxidation during protein folding.

Until now, specific cupric reductases have not been described in
bacteria. Some enzymes, such as E. coli NADH dehydrogenase 2,
were shown to reduce Cu(II) in the presence of NADH and either
flavin adenine dinucleotide (FAD) or quinol (13). But this activity,
like that of Lactococcus lactis 11. 1403 membranes, was attributed
to quinol-mediated chemical Cu(II) reduction (12). Different
from bacteria, eukaryotes contain several cupric reductases, of-
ten acting primarily as Fe(III) reductases, like the Saccharomyces
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Purified R. capsulatus CcoG binds 2 Cu atoms and has cupric, but not ferric, reductase activity. (A) Purified wild-type CcoG protein (12 pM) was in-

cubated with 2.5 to 30 uM CuSO,4 and the absorption spectra were recorded between 200 and 800 nm. (B) The absorbance values at 620 nm were plotted in
function of the CuSO, concentration used and a stoichiometry of 1:2 for CcoG:Cu(ll) was determined. (C) Cupric reductase activity of purified CcoG protein
was measured anoxically by monitoring the formation of the (Cu—BCS) complex at 482 nm. The Hepes-based assay buffer contained 20 mM Na-citrate, 200 pM
BCS, 10 pM TCEP, and 100 pg/mL lecithin. The assay was initiated by adding 20 uM CuSO,, followed by 10 pg of purified CcoG to determine sequentially the
rates of CcoG-independent and CcoG-dependent (Cu-BCS) formation (Materials and Methods). The dotted line indicates the rate of CcoG-independent Cu(ll)
reduction (by TCEP) under the conditions used. Unlike the wild-type protein, purified CcoG mutant variants CcoG(ACu) and CcoG(AFe) lacking the Cu-binding
and the [4Fe-4S]-binding Cys motifs, respectively, have no cupric reductase activity. (D) Ferric reductase activity of purified wild-type CcoG was assayed
by monitoring the formation of the [Fe-BPS] complex at 533 nm (Materials and Methods). In all cases, at least 2 independent experiments (n = 2) were

performed.

cerevisiae Frelp and Fre2p. These enzymes also reduce Cu(II)
and are required for Cu uptake via the high-affinity Cu trans-
porter Ctrl (45). Unlike CcoG, they are membrane-integral b-
type cytochromes with axially coordinated hemes, use NADPH
as a cofactor, and bind FAD (7, 9, 10, 46). Moreover, they reduce
Cu(Il) on the extracellular side, unlike CcoG that acts on the
intracellular side of the membrane.

Unlike the eukaryotic Fe(III) reductases, bacterial assimilatory
Fe(III) reductases are primarily cytoplasmic or periplasmic soluble
proteins with narrow substrate specificity, and do not accept
Cu(II) as a substrate (47). Membrane-bound proteins that contain
an Fe(IIl) reductase domain (FRD) like the a-proteobacterial
YedZ family of proteins were described, but their cupric re-
ductase ability is unknown (48). Clearly, no resemblance between
CcoG and the eukaryotic Fe/Cu reductases or the prokaryotic
FRD-containing assimilatory Fe(III) reductases is obvious. These
features make CcoG the founding member of an entirely novel
class of specific Cu reductases that are widely present in bacteria.

To our knowledge, the CcoG family members also appear to
be unique as they bind both Cu and Fe-S clusters, with the only
other known example being the archaeon A. fulgidus cytoplasmic
Cu chaperone CopZ (16). Currently, the natural electron donor
for neither the Fe-S clusters of A. fulgidus CopZ nor for R.
capsulatus CcoG is known, but potential candidates include the
cytoplasmic ferredoxin(s), thioredoxin(s), or glutaredoxin(s). Their
redox potentials are close to the redox potential of TCEP (49, 50),
which worked efficiently as an artificial electron donor for CcoG.
For the membrane-integral CcoG, an enticing other possibility is
that electrons are provided by the Q/QH, pool, as the membrane
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fractions containing CcoG seem to provide not only the cupric
reductase activity but also the electron donor. Accordingly, CcoG
would be part of a putative Cu transport assembly line starting with
Cu(Il) import via CcoA (21), subsequent reduction to Cu(I) by
CcoG, and possible loading onto CopZ (23) before conveyance to
Ccol for Cu(I) export back across the membrane. In the periplasm,
Cu(I) is then delivered for cbb;-Cox biogenesis via the periplasmic
Cu chaperones PccA and SenC (26). At high Cu concentrations,
Cu(I) would also be delivered to CopA to sustain homeostasis
and Cu detoxification (28) (Fig. 7). Although some of the com-
ponents of this assembly line may form stable physical complexes,
the interaction between Cu chaperones and their target proteins is
generally only very transient and difficult to observe (51).

In conclusion, this study establishes the occurrence of a spe-
cific cupric reductase in bacteria. Although in R. capsulatus and
similar species the prototypical CcoG is specialized for cbbs;-Cox
biogenesis, the presence of its paralogs in non-cbbs-Cox neighbor-
hoods and its homologs in bacteria lacking this terminal oxidase
suggests that these family members might have broader cellular
functions. Moreover, uncharacterized CcoG-like homologs that lack
the Ig-like domain but retain the Cu-binding and [4Fe-4S] motifs
(e.g., E. coli YccM) are even more widely distributed among the
prokaryotes. Similar motifs are also found in NosH and NosR,
which are often found encoded in gene neighborhoods of Cu-
dependent nitrous oxide reductase and its assembly genes. Clearly,
future studies will establish the mechanism of function of this unique
class of enzymes, define its natural electron donor, and elucidate
why cbb3-Cox biogenesis requires enzymatic Cu(II) reduction.
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cbbz-biogenesis detoxification

periplasm

Fig. 7. Working model for the role of CcoG in cbbs-Cox assembly and Cu homeostasis in R. capsulatus. The model depicts the Cu(ll) imported by the MFS-type Cu
importer CcoA, which is reduced to Cu(l) by CcoG via its [4Fe-4S] clusters and loaded onto CopZ, conveying it to Ccol for cbbs-Cox biogenesis and to CopA to maintain
cellular Cu homeostasis. Cu binding and reduction occur at the 2 Cys motifs via the 2 [4Fe-4S] clusters. The electron donor to CcoG is not known, although the
membrane quinone/quinol pool might be a possibility. Arrows with ? indicate the steps that are not yet established experimentally. Accordingly, transient
interactions between the components are sufficient for Cu trafficking along the membrane, although some components might form stable complexes.

Materials and Methods

Purification of CcoG from E. coli Membranes. For anaerobic purification of
CcogG, all buffers were degassed using argon gas and transferred to an an-
aerobic chamber 1 d prior to usage, and all steps were carried out in sealed
vessels or in an anaerobic chamber. An epitope-tagged version of R. cap-
sulatus CcoG and its mutated variants was overproduced in the E. coli BL21
strain carrying the plasmids pBADccOGmyc.iss PBADCCOG wyc.His(ACuU), and
PBADCCOGycHis(AFeS) (S Appendix, Table S2) together with the plasmid
PRKISC, kindly provided by Y. Takahashi, Saitama University, Saitama, Japan,
harboring the endogenous Fe-S cluster biogenesis (Isc) system, to enhance
the Fe-S cluster incorporation (52). Cells were induced with 0.5% L-Ara and
0.1% IPTG at an ODgqp of 0.5 for 3.5 h and membranes were prepared using
a French pressure cell at 16,000 psi in 25 mM Tris-HCl (pH 7.5), 300 mM Nacl,
1 mM Pefabloc, 0.5 mM aminocaproic acid, 30 pg/mL lysozyme, and 30 pg/mL
DNase I. After the French press, the cell lysate was centrifuged at 12,500 rpm
for 25 min at 4 °C to remove the cell debris and the supernatant was
ultracentrifuged for 2 h at 42,000 rpm (118,000 x g), 4 °C using a Ti70 rotor.
After this step, the membrane pellet was resuspended in precooled ICM
buffer (25 mM Tris-HCI, pH 7.5, 150 mM NaCl, 10% glycerol, 1 mM Pefabloc).
Membranes were solubilized using the appropriate amounts of a stock so-
lution of 10 mg/mL n-dodecyl p-p-maltoside (DDM) at a detergent:protein
ratio of 1:1 for 16 h at 4 °C on a rotating wheel. Afterward, the membranes
were ultracentrifuged at 42,000 rpm for 1 h at 4 °C using a Ti70 rotor
(Beckman Coulter). The supernatant was filtered through a 0.45-um pore
size filter, spiked with 5 mM imidazole and 150 mM Nacl (to reach 300 mM
final concentration), and incubated with equilibrated TALON metal affinity
resin for 2.5 h at 4 °C according to the manufacturer’s recommendations
(Clontech Laboratories). The slurry was packed into a 10-mL disposable col-
umn and washed 5 times (2.5 mL buffer with 10 mM imidazole each). Pro-
teins were eluted in 6 steps with increasing imidazole concentrations from
20 to 400 mM (1 mL of 20, 40, and 80 mM imidazole followed by 2 x 1 mL of
160, 240, and 400 mM imidazole) using an elution buffer containing 25 mM
Tris-HCl (pH 7.5), 300 mM NaCl, 0.05% DDM, 10% glycerol, and 1 mM
Pefabloc. The elution buffer was exchanged to the same buffer without
imidazole using an Amicon filter Ultra-15 with molecular mass cutoff at
30 kDa and proteins were stored at —80 °C without imidazole.

Binding of Cu to Purified CcoG Protein. Cu binding stoichiometry of CcoG and
its variants was determined by visible spectroscopy using the specific metal
charge-transfer band observed upon mixing purified CcoG with Cu(ll)
under aerobic conditions, as described earlier (26). Briefly, the visible
spectrum of ~10 uM purified native or CcoG variants in 25 mM Hepes (pH
7.5) and 150 mM NaCl buffer was recorded between 200 and 750 nm.
Using this spectrum as a baseline, spectral changes observed by successive
addition of Cu(ll) (CuSO,4) from 2.5 to 29.6 pM were monitored and the
amplitude of Ago was normalized to its maximal value, plotted against
the Cu(ll) concentrations used. The amount of Cu(ll) needed to reach
binding saturation per amount of protein used yielded the Cu(ll):protein
binding stoichiometry (26).

Marckmann et al.

Cupric Reductase Assays. The cupric reductase activity was measured
spectrophotometrically under anaerobic conditions by monitoring the
formation of the Cu(l)-bathocuproine disulfonic acid complex [Cu(l)-
BCS2]3~ (Cu(l)-BCS) at 482 nm, as adapted from refs. 53 and 54. Anaer-
obically prepared R. capsulatus and E. coli membranes from the appro-
priate strains grown by respiration or purified CcoG proteins (wild-type
and variants) were used. Membranes to be assayed were prepared using
cell pellets washed with a degassed buffer containing 50 mM Hepes
buffer (pH 7.0), 150 mM NacCl, 1 mM dithionite, and 1 mM PMSF. Cells
were loaded in an anaerobic chamber into a French pressure cell and,
after breakage and centrifugation, all subsequent manipulations were
carried out in the anaerobic chamber (Coy). The final washes of mem-
brane pellets used the same buffer without dithionite, and washed
membranes were aliquoted and stored frozen at —80 °C. Immediately
before use, purified CcoG proteins were exchanged to Hepes buffer
(25 mM Hepes, pH 7.0, 300 mM NacCl, 0.05% DDM, 10% glycerol, 1 mM
Pefabloc) using a PD MiniTrap G25 column (GE Healthcare). For single-
turnover assays, purified CcoG (10 pg per assay) was prereduced by in-
cubation with 4 mM dithionite for 2 h, at 4 °C under anaerobic conditions;
dithionite was removed using a PD MiniTrap G25 column (GE Healthcare)
with Hepes buffer (25 mM Hepes, pH 7.0, 300 mM NacCl, 10% glycerol,
0.05% DDM, 1 mM Pefabloc). Reduced CcoG was added to a stirring cu-
vette containing 980 pL of the assay buffer (25 mM Hepes, pH 7.0, 300 mM
NaCl, 20 mM Na-citrate, 200 pM BCS). The cuvette was sealed under an-
aerobic conditions and transferred to the spectrophotometer, the base-
line was recorded at 482 nm for 20 to 40 s, 20 pM CuSO4 (20 pL) was
injected using an air-tight syringe to start the reaction, and the formation
of the Cu(l)-BCS complex was monitored for 3 min with continuous stir-
ring. For the steady-state assays, the same assay buffer was used except
that it also contained 10 uM TCEP, 100 pg/mL lecithin, and purified CcoG
(10 pg in 25 mM Hepes, pH 7.0, 300 mM NacCl, 10% glycerol, 0.05% DDM,
1 mM Pefabloc), which was not prereduced. The experimental procedure
was the same as above when the reaction was started by the addition of
CuSO,4 (20 pM) and Cu(l)-BCS complex formation was monitored. As
needed, in order to determine the chemical rate of Cu(ll) reduction by
TCEP, first CuSO4 and then CcoG were added and the rates were recorded.
For the assays, all manipulations were carried out in the anaerobic
chamber, degassed buffers and sealed cuvettes were used, and absorp-
tion changes at 482 nm were monitored for Cu(l)-BCS complex formation
up to 400 s, or longer as needed. The rate of Cu(ll)-to-Cu(l) reduction was
determined using the extinction coefficient of 13.300 M~".cm™" of the
Cu(l)-BCS complex (55). The cupric reductase activity associated with CcoG
was calculated as nmol of Cu(l) formed per min/ug of membrane proteins
or purified CcoG proteins.

Ferric Reductase Assays. Ferric reductase assays were carried out like the
cupric reductase assays except that bathophenanthroline disulfonate was
used to monitor the formation of the [Fe?*—BPS;] (Fe-BPS) complex at 533 nm
and an extinction coefficient of 22.400 M~"-cm™" was used to determine the
ferric reductase activity (56).
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Phylogenomic Analysis. The protein similarity network was constructed using
the EFI-EST tool (https:/efi.igb.illinois.edu/efi-est/) (57, 58) with an alignment
score of 100 and nodes were collapsed at a sequence identity of 80%. A full
list of identified CcoG-like proteins is available in Dataset S1. The network
was visualized with the yFiles organic layout provided with the Cytoscape
software (https://www.cytoscape.org) (59). For the phylogenetic analysis,
proteins were selected from UniProt (60) reference proteomes based on the
presence of the InterPro domain IPR014116 (61). These proteins were then
mapped onto UniRef50 clusters and a single representative from each Uni-
Ref50 cluster that belonged to a reference proteome was chosen at random
for the phylogenetic analysis, which was performed using the CIPRES web
portal (62) with MAFFT on XSEDE (v. 7.305) for the sequence alignment (63)
and 1Q with 1,000 bootstrap replicates (64). Branches with less than 50%
bootstrap support were deleted. Gene neighborhoods (a window of 10
genes upstream and downstream of each gene encoding a CcoG-like pro-
tein) were retrieved using the EFI-GNT tool (https:/efi.igb.illinois.edu/efi-
gnt/) (65). A 10-gene window on either side of the ccoG-like gene was an-
alyzed for genes encoding a CcoN-like protein (defined as belonging to
PF00115), CcoO-like protein (defined as belonging to PF02433), CcoP-like
protein (defined as belonging to either PF13442 or PF14715), CcoH-like
protein (defined as belonging to PF05751), Ccol-like protein (defined as
belonging to PF00122 and either PF00403 or PF12156), CcoQ-like protein
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