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Abstract

PccA and SenC are periplasmic copper chaperones required for the biogenesis of cbb3-type 

cytochrome c oxidase (cbb3-Cox) in Rhodobacter capsulatus at physiological Cu concentrations. 

However, both proteins are dispensable for cbb3-Cox assembly when the external Cu 

concentration is high. PccA and SenC bind Cu using Met and His residues and Cys and His 

residues as ligands, respectively, and both proteins form a complex during cbb3-Cox biogenesis. 

SenC also interacts directly with cbb3-Cox, as shown by chemical cross-linking. Here we 

determined the periplasmic concentrations of both proteins in vivo and analyzed their Cu binding 

stoichiometries and their Cu(I) and Cu(II) binding affinity constants (KD) in vitro. Our data show 

that both proteins bind a single Cu atom with high affinity. In vitro Cu transfer assays demonstrate 

Cu transfer both from PccA to SenC and from SenC to PccA at similar levels. We conclude that 

PccA and SenC constitute a Cu relay system that facilitates Cu delivery to cbb3-Cox.
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The essential microelement copper (Cu) is required for the activity of multiple enzymes such 

as cytochrome (cyt) c oxidases (Cox), superoxide dismutases, and tyrosinases.1,2 Because of 

its electrochemical properties, Cu is an excellent catalyst for electron transfer reactions, but 

its undesirable reactions with oxygen pose a risk for oxidative cellular damage.3,4 Cu also 

reacts readily with thiol groups, thereby inactivating enzymes.4 Consequently, Cu trafficking 

in cells is highly coordinated for preventing the occurrence of free Cu. Central to this 

strategy are Cu chaperones, a heterogeneous group of proteins that bind Cu and facilitate its 

controlled delivery to target enzymes. This is exemplified for cbb3-type Cox (cbb3-Cox) 

assembly in bacteria, which depends on two periplasmic Cu chaperones, PccA and SenC5,6 

(Figure 1). SenC belongs to the Sco family of chaperones, and its Cu binding site is 

composed of two Cys residues in a CXXXCP motif and a conserved distant His residue.7 

Sco-like chaperones are tethered to the inner mitochondrial membrane in eukaryotes or to 

the cytoplasmic membrane in bacteria, with their Cu binding motif facing the 

intermembrane space or the periplasm, respectively.1,8 In addition to Cu binding, a 

thioredoxin-like function of Sco-like chaperones has also been suggested.9 Initially these 

chaperones were implicated in the assembly of the binuclear CuA center of subunit II of aa3-

type Cox (aa3-Cox),10 but increasing evidence shows that they are also involved in CuB 

center formation in cbb3- and aa3-Cox, in particular at low Cu concentrations.5,11,12 In 

contrast to aa3-Cox and some ba3-type Cox, cbb3-Cox lacks a CuA center; instead, it 

contains two membrane-anchored c-type cyt subunits, CcoO and CcoP, that transfer 

electrons to the binuclear CuB-heme b3 center within the catalytic subunit CcoN.13,14

During the assembly of cbb3-Cox, SenC cooperates with PccA, a periplasmic Cu chaperone 

of the PCuAC family.5 Homologues of PccA are present only in bacteria, and they bind Cu 

via two conserved Met and His residues.15 In the absence of either SenC or PccA, cbb3-Cox 

assembly is diminished.5 Importantly, Cu supplementation (>1 μM) of the growth medium 

rescues the cbb3-Cox assembly defect in the absence of SenC or PccA or both.5,6 However, 

even at high Cu concentrations, cbb3-Cox assembly still depends on the Cu-exporting P1B-

type ATPase CcoI,16,17 which likely excludes the possibility of unassisted Cu insertion into 

CcoN at high Cu concentrations. CcoI exports Cu from a cytosolic Cu pool maintained by 

the Cu-uptake activity of the major facilitator superfamily protein CcoA, in concert with 

CopA, which is another P1B-type ATPase that exports superfluous Cu.18,19 Although CcoI 

and CopA are both Cu-exporting ATPases, only CcoI provides Cu for cbb3-Cox assembly,16 

suggesting a specific interaction with SenC or PccA under Cu limitation.
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To date there is no clear consensus as to the directionality of Cu transfer between SenC and 

PccA. PCuAC-like chaperones were considered to represent functional homologues of the 

mitochondrial Cox17 chaperones, which deliver Cu to Sco1 in eukaryotes.2 A function of 

PCuAC upstream of Sco1 was also proposed during Cox assembly in Rhodobacter 
sphaeroides and Bradyrhizobium japonicum.11,12 Alternatively, Sco proteins have been 

suggested to reduce Cys residues in the CuA binding motif of subunit II of aa3-Cox, thereby 

facilitating Cu insertion via PCuAC.10 In this model, PCuAC would work downstream of 

Sco1. It is noteworthy that several organisms contain more than one Sco paralogue, which 

seem to cooperate during CuA assembly.20 Finally, the deletion of PCuAC-like chaperones 

had no or only a weak effect on aa3-Cox assembly in Paracoccus dentrificans21 and R. 
sphaeroides,11 suggesting that Sco proteins do not necessarily depend on PCuAC-like 

chaperones for CuA assembly. These different models for Sco- and PCuAC-dependent Cox 

assembly probably reflect differences in (1) the strategies for CuA and CuB assembly, (2) the 

CuB assembly processes in different heme copper oxygen reductases (e.g., aa3- vs cbb3-

Cox), (3) the orthologues present in the studied model organisms, and (4) the cellular 

concentrations of these Cu chaperones and their Cu affinities.

In this work, we analyzed the cellular concentrations of SenC and PccA chaperones in the 

model organism Rhodobacter capsulatus, which is a perfect model organism for studying 

cbb3-Cox assembly because it is the sole Cox present in this organism. We determined the 

Cu stoichiometries of PccA and SenC and their Cu(I) and Cu(II) affinities and directly 

monitored Cu transfer between these two proteins in order to provide further insight into 

their roles in cbb3-Cox assembly.

RESULTS AND DISCUSSION

Cellular Concentrations of SenC and PccA in R. capsulatus Cells

For determination of the cellular concentrations of PccA and SenC in wild-type R. 
capsulatus cells, the localization of both proteins was first determined by immune detection 

after cell fractionation. The periplasmic Cu binding domain of SenC is tethered to the 

cytoplasmic membrane via a single transmembrane domain,6 and the majority of SenC was 

detected in the membrane fraction after spheroplast preparation (Figure 2a). A small amount 

was also seen in the periplasmic fraction, which likely reflects some membrane 

contamination of this fraction. PccA is a periplasmic protein that is synthesized with a 

cleavable signal sequence, and it is predominantly detected as two bands in whole cells. The 

mature form of PccA (i.e., after its signal sequence cleavage) was detected mainly in the 

periplasmic fraction and only weakly in the spheroplast fraction. The small amount of PccA 

present in the spheroplast fraction probably reflects the portion of PccA that is associated 

with membrane-bound proteins, such as SenC.5 Thus, in whole cells the majority of each 

protein is present in the periplasm as either soluble (PccA) or membrane-tethered (SenC) 

protein.

Different amounts of cells grown under semiaerobic conditions on enriched (MPYE) 

medium were precipitated using trichloroacetic acid (TCA) and separated by SDS-PAGE, 

together with defined amounts of purified proteins for quantitative Western blotting (Figure 

2b). The concentrations of mature PccA and SenC were determined to be 5.9 ± 1.1 ng/108 
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cells and 3.9 ± 0.8 ng/108 cells, respectively (Figure 2c). The total volume of a single 

Rhodobacter cell was reported to correspond to 0.6 × 10−15 L.22 On the basis of these 

values, the total cellular concentrations of PccA (MW = 16.4 kDa) and SenC (MW = 23 

kDa) in R. capsulatus were calculated to be ~5.9 and ~2.8 μM, respectively. As these 

proteins are primarily located in the periplasm, their periplasmic concentration was also 

calculated. The periplasmic volume corresponds to ~5% of the total cell volume in Gram-

negative bacteria,23 i.e., 3 × 10−17 L for Rhodobacter, resulting in periplasmic 

concentrations of ~118 μM for PccA and ~56 μM for SenC (Figure 2c). The total cellular 

concentrations of SenC and PccA are comparable to those of yeast mitochondrial Sco1 (2 

μM), Sco2 (3 μM), and Cox17 (10 μM).24 As these yeast proteins are mainly located in the 

intermembrane space of mitochondria,1 their local concentrations would be significantly 

higher and probably also similar to the periplasmic concentrations of SenC and PccA. The 

high periplasmic concentrations of SenC and PccA correlate with the facts that most 

bacterial cuproenzymes reside in the periplasm and that bacteria generally have few 

cytosolic Cu-binding proteins.25 For membrane-integral Cu-dependent enzymes like Cox, 

metalation presumably occurs from the periplasmic side of the membrane,11,26–28 also 

requiring a periplasmic Cu delivery system.

Cu Stoichiometry and Affinity to SenC and PccA

For determination of the stoichiometry of Cu binding, the formation of the thiolate–Cu(II) 

charge transfer band6 was monitored using a defined concentration of SenC (23 μM) and 

increasing CuSO4 concentrations (Figure 3). The visible spectrum revealed a major Cu-

dependent peak at 364 nm, which is diagnostic for the thiolate–Cu(II) charge transfer 

complex (Figure 3a). As a control, for a SenC mutant lacking its conserved Cys residues 

(Cys83 and Cys87, Rhodobacter numbering), no charge transfer complex was observed 

(Figures 3c and S1). These data further established that Cu binding involves the two 

conserved Cys residues of SenC, supporting previous studies.6 Plotting the absorbance at 

364 nm (A364) against the Cu(II) concentration revealed saturation at 21.5 μM (Figure 3c), 

indicating a 1:1 Cu(II):SenC stoichiometry, in line with the results obtained for other Sco 

homologues.7

The same approach was also employed for PccA, which binds Cu via a conserved His-Met 

motif.5 A Cu-concentration-dependent peak at 364 nm was observed (Figure 3d), which was 

not observed for a PccA variant in which its two conserved Met residues were replaced by 

Leu (Figures 3e and S1). Plotting the absorption as a function of the Cu(II) concentration 

also revealed a 1:1 Cu(II):PccA stoichiometry (Figure 3f).

As both SenC and PccA bind a single Cu(II) ion, competition experiments with the Cu(II) 

chelator EDTA were also performed. At pH 7.0, EDTA binds Cu(II) with an apparent KD
Cu(II)

of 3.2 × 10−15 M and provides suitable competition to SenC and PccA.29 SenC or PccA (20 

μM in 50 mM HEPES, pH 7.5, containing 150 mM NaCl) was incubated with increasing 

Cu(II) concentrations (0–30 μM) in the absence or presence of 20 μM EDTA. Relative 

absorbances for SenC and PccA, A364/Amax (absorbance at 364 nm, baseline-corrected and 

normalized to the maximum value) were plotted against [Cu(II)/protein] (Figure 4a). For 

both proteins, the absorbance arising from Cu(II)–protein complexes shifted downward 

Trasnea et al. Page 4

ACS Chem Biol. Author manuscript; available in PMC 2018 May 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



when EDTA was present, indicating that SenC or PccA competed with EDTA for the 

available Cu(II). The absorbance shift was more pronounced for PccA than for SenC, 

indicating that SenC has a higher affinity for Cu(II) than PccA. On the basis of the apparent 

competition, the KD values for Cu(II) were calculated according to published protocols29 

and found to be 3.7 × 10−17 M for SenC and 1.4 × 10−16 M for PccA (Figure 4a).

Sco-like proteins have been shown to bind both Cu(II) and Cu(I), but their respective 

affinities appear to be species-dependent.10,30,31 The affinities of R. capsulatus SenC and 

PccA for Cu(I) were determined using a competition assay with bathocuproine disulfonate 

(BCS) as described previously29,32 (Figure 4b). Briefly, 10 μM Cu(II) was reduced with 10 

μM ascorbic acid and incubated with 25 μM BCS, and the [CuI(BCS)2]3− complex (Cu-

BCS) thus formed was titrated with different SenC or PccA concentrations varying from 0 to 

20 μM. The decrease in Cu-BCS with increasing total protein concentration was monitored 

at 483 nm, and the competition KD
Cu(I) values were determined as described in the Supporting 

Information. This yielded KD
Cu(I) values of 3 × 10−15 M for SenC and 8 × 10−16 M for PccA 

(Figure 4b).

The R. capsulatus SenC and PccA KD values for Cu(I) and Cu(II) are in the same ranges as 

those reported for PCuAC-like10,11,15 and other Cu chaperones.29,33 An exception is the 

Bacillus subtilis ScoI homologue, which seems to have approximately picomolar affinity for 

Cu(II), but only approximately micromolar affinity for Cu(I).31,34 The basis of this 

difference is unclear, although the Gram-positive bacterium B. subtilis lacks a PccA 

homologue that could transfer Cu(I) to ScoI. Perhaps preferential binding of Cu(II) by B. 
subtilis ScoI in an oxidizing environment, such as the extracellular face of the membrane, 

might be beneficial in this case.

Cu Transfer between PccA and SenC

Although both PccA and SenC are involved in Cu delivery to cbb3-Cox, it is unknown in 

which order both proteins link Cu export via CcoI with Cu insertion into cbb3-Cox.5,6 Thus, 

an in vitro assay based on affinity chromatography using differentially epitope-tagged 

purified proteins was developed to probe the Cu transfer between PccA and SenC (Figure 

5a). As both proteins bind Cu(II) and Cu(I) tightly, this assay was first performed with 

Cu(II) under aerobic conditions. Purified PccAStrep or SenCHis was incubated with a 1.5-fold 

excess of Cu(II), and unbound Cu(II) was removed by size-exclusion chromatography, after 

which the Cu contents of the Cu-loaded and Cu-free forms of these proteins were verified by 

atomic absorption spectroscopy (AAS) (Figure S2).35 These experiments also showed that 

the His and Strep tags used did not interfere with Cu binding, as no appreciable amount of 

Cu was detectable in mutants of tagged SenC and PccA devoid of their liganding residues. 

In this assay (Figure 5a), a Cu-loaded protein (e.g., PccAStrep) was incubated with another 

Cu-free protein (e.g., SenCHis) for 10 min at room temperature, and then the protein mixture 

was loaded onto an appropriate affinity column (e.g., Talon). The unbound protein (e.g., 
PccAStrep) was washed off (fractions W1–W6), and subsequently, the bound protein (e.g., 
SenCHis) was eluted (fractions E1–E5) by increasing the concentration of the appropriate 

affinity ligand (e.g., imidazole). The protein and Cu contents of each fraction were 

respectively determined by the Lowry assay and by measuring the amount of Cu-BCS 
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obtained after release of the protein-bound Cu by SDS denaturation and its reduction by 

ascorbate to allow Cu-BCS formation (Figure 5b). All of the fractions were also analyzed by 

SDS-PAGE and immune detection to identify the proteins present in these fractions (Figure 

5c,d). As a further control, Cu-loaded PccAStrep was loaded onto the Talon column in the 

absence of the acceptor protein SenC. No significant amounts of Cu were detected in the 

elution fraction, demonstrating that no Cu was retained on the column (Figure 5e).

When Cu-loaded PccA and Cu-free SenC were used, the data showed that the flow-through 

and wash fractions (W1–W5) contained low amounts and the elution fractions (E1–E5) high 

amounts of Cu per protein content (Figure 5b and Table 1). In addition, the corresponding 

SDS-PAGE (Figure 5c) and immune blots (Figure 5d) indicated that fractions W1–W5 and 

E1–E5 contained primarily PccA and SenC proteins, respectively. Thus, a large portion 

(~80%) of the Cu initially present in PccA was transferred to SenC (Table 1). Control 

experiments showed that Cu transfer from a PccA variant with a mutated Cu binding motif 

(PccA(ΔM)) to wild-type SenC (Figure 6a) and Cu transfer from wild-type PccA to a SenC 

variant lacking its Cu-binding Cys residues (SenC(ΔC)) (Figure 6b) were low (~10–20%), 

while the protein elution profiles remained comparable to those seen with native PccA and 

SenC (Figure 5b). Thus, the mutated PccA was unable to transfer Cu to SenC, and similarly, 

the Cu-loaded native PccA was unable to transfer Cu to the SenC mutant. Overall, the data 

therefore established that efficient Cu transfer from PccA to SenC requires functional Cu 

binding motifs in both proteins.

The reverse Cu transfer from SenC to PccA was also tested. Cu-loaded SenC was incubated 

with Cu-free PccA and loaded onto a Strep-Tactin column. Analyses of the W1–W5 and E1–

E5 fractions indicated that a smaller amount of Cu (46%) was transferred from SenC to 

PccA. About half of the SenC molecules still retained their bound Cu, and only about half of 

the PccA molecules received Cu from SenC (Figure 6c). Again, a control experiment in 

which Cu-loaded native SenC was incubated with PccA(ΔM) showed that almost all of the 

Cu (~90%) remained associated with SenC (Figure 6d). The data further indicated that the 

less efficient Cu transfer was not due to low Cu occupancy of SenC as a Cu donor (Figure 

6d).

A similar experimental approach was then tested for Cu(I) under anaerobic conditions in the 

presence of 10 mM ascorbate. About 30% of the initially PccA-bound Cu(I) was transferred 

to wild-type SenC (Figure 7a), but only about 10% was transferred to SenC(ΔC) (Figure 7b). 

The opposite transfer from SenC to PccA was equally efficient (Figure 7c) and compromised 

when PccA(ΔM) was used as the acceptor (Figure 7d). The data showed that Cu(I) was less 

efficiently transferred than Cu(II) (Figure 7 and Table 1). This was not related to a generally 

lower Cu recovery rate in these experiments, because 80–100% of the initially present Cu 

was recovered in both the Cu(I) and Cu(II) experiments (Table 1).

In summary, in vitro Cu transfer between PccA and SenC works in both directions for both 

Cu(I) and Cu(II). For Cu(II), the transfer from PccA to SenC appears to be more efficient 

than that in the opposite direction, which is in line with their calculated KD values (Figure 

4a). Furthermore, Cu transfer from PccA to SenC would also be in line with the observation 

that SenC but not PccA directly interacts with cbb3-Cox.6 However, it is important to 
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emphasize that the coordination ligands His, Cys, and Met are highly sensitive to the 

environment36,37 and therefore the in vitro-determined KD values and that the directionality 

of Cu transfer is likely further fine-tuned under in vivo conditions. Vectorial Cu transfer in 

the bacterial periplasm is probably further influenced by a complex interplay with 

environmental factors and small-molecule reductants like glutathione or bacillithiol38 as well 

as by protein–protein interactions (e.g., with disulfide oxidoreductases like DsbA39 or TlpA,
40 with the Cu exporter CcoI,16 or with the target protein CcoN6).

The importance of PccA- and SenC-like Cu chaperones for both aa3- and cbb3-Cox 

assembly has been documented in several studies, but whether Cu is indeed transferred 

between these proteins or each protein acts independently in Cu transfer to cbb3-Cox has not 

been settled.10–12,15 The absence of SenC prevents cbb3-Cox assembly under physiological 

Cu concentrations, while that of PccA still allows partial assembly.5 If both proteins were to 

act independently, the drastically greater effect of SenC on cbb3-Cox assembly could be 

explained by its higher efficiency due to either its higher affinity for Cu or its higher 

periplasmic concentration. However, PccA is more abundant than SenC, and both have very 

high but comparable Cu affinities. Thus, the different phenotypes of strains lacking PccA or 

SenC might rather point out their sequential role during cbb3-Cox assembly, with SenC 

likely working downstream of PccA. Cu transfer between PccA and SenC probably involves 

a transient PccA–SenC protein complex that was identified in the Rhodobacter periplasm.5 

Transient protein complexes have been also reported for other Cu transfer reactions and 

appear to be the means of preventing Cu toxicity.41

This Cu delivery pathway is not exclusive, however, as in the absence of PccA, SenC can 

still convey some Cu to cbb3-Cox. Indeed, residual Cox assembly in the absence of PccA 

has also been suggested for its respective homologues during aa3-Cox assembly in B. 
japonicum12 and R. sphaeroides.11 Why cbb3-Cox assembly involves the cooperation 

between two periplasmic Cu chaperones is intriguing. Cu delivery to two target proteins has 

been shown for Cox17, the predicted functional homologue of PccA in mitochondria, which 

delivers Cu to both Sco1 and Cox11.42 In R. capsulatus a possibility might be that PccA 

delivers Cu not only to SenC but also to other periplasmic cuproproteins, such as 

multicopper oxidase43 or periplasmic nitrous oxide reductase.44

The available data indicate that in the absence of PccA, SenC can still obtain Cu that is 

exported by CcoI, although possibly with lower efficiency. However, it remains to be 

analyzed whether SenC inserts Cu directly into cbb3-Cox, as suggested by the cross-link 

data between SenC and cbb3-Cox,6 or transfers Cu to as-yet-unidentified protein(s) that 

mediate CuB center formation. Alternatively, the absence of PccA might promote another 

less efficient Cu delivery pathway to cbb3-Cox that still involves SenC. The existence of 

such a pathway is supported by the observation that the cbb3-Cox assembly defects of single 

and double mutants lacking PccA or SenC or both, but not a mutant lacking CcoI, can be 

rescued by increasing the Cu concentration in the medium.5 This observation points out that 

although cbb3-Cox might receive Cu from the periplasmic side of the membrane, this Cu 

atom inevitably needs to originate from a cytosolic pool, as it still relies on the function of 

CcoA, which is the cytoplasmic Cu importer in R. capsulatus.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Putative copper delivery pathway for cbb3-Cox in Rhodobacter capsulatus. Cu is exported to 

the periplasm by the P1B-type ATPase CcoI.16,17 Two periplasmic chaperones, PccA and 

SenC, are required for transfer of the exported Cu to the catalytic subunit CcoN of cbb3-

Cox.5 Whether this is a sequential transfer and the directionality of the transfer are 

unknown. In addition to CcoN, cbb3-Cox in R. capsulatus contains two membrane-bound c-

type cyt subunits (CcoO and CcoP) and a small subunit that is required for stability (CcoQ).
45 In addition, the assembly factor CcoH is stably associated with the cbb3-Cox complex in 

Rhodobacter membranes.46
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Figure 2. 
Quantification of SenC and PccA in R. capsulatus cells. (a) Rhodobacter cells were directly 

TCA-precipitated, and cell pellets were separated by SDS-PAGE followed by Western 

blotting and immune detection using α-SenC and α-PccA antibodies. From the same cell 

culture, spheroplasts (Sphero) were generated and a periplasmic fraction (Peripl) was 

prepared as described.35 These samples were separated by SDS-PAGE and analyzed by 

immune detection. pPccA corresponds to the signal sequence containing premature PccA. 

(b) Different numbers of Rhodobacter cells were directly TCA-precipitated. As references, 

different amounts of SenCHis or PccAStrep purified from Escherichia coli were loaded on the 

same gel and subjected to immune detection. (c) The chemiluminescent signal intensities of 

the immune blots in (b) were quantified using ImageJ. Quantification was based on at least 

three biological replicate samples with two technical replicates for each sample. The mean 

values are shown, and the error bars indicate the standard deviation (SD). The mean values 

for PccA (5.9 ng/108 cells) and SenC (3.9 ng/108 cells) were used to calculate their cellular 

concentrations assuming a total volume of 0.6 × 10−15 L for a single Rhodobacter cell22 and 

the predicted molecular weights of PccA (16.4 kDa) and SenC (23 kDa). The periplasmic 

concentrations were calculated on the basis of the assumption that the periplasmic volume 

corresponds to approximately 5% of the total cellular volume in Gram-negative bacteria.23
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Figure 3. 
Determination of the Cu binding stoichiometries of SenC and PccA. (a) Purified SenC (23 

μM) was incubated with increasing concentrations of CuSO4 (2.5 to 30 μM), and the 

absorbance spectra were recorded between 200 and 750 nm. Cu-free SenC (as purified) was 

used to record the baseline. (b) The same experiment as in (a) was repeated with 23 μM 

SenC(ΔC), a purified mutant variant of SenC lacking the conserved Cys residues of its Cu 

binding motif. (c) The absorbances at 364 nm (indicative of a Cu(II)–thiolate charge transfer 

complex) measured in (a) and (b) were plotted against the CuSO4 concentrations used for 

determining the Cu(II) binding stoichiometry of SenC. Binding saturation was reached at 

~21.5 μM Cu(II), indicating a 1:1 Cu(II):SenC stoichiometry. No significant Cu binding was 

detected with SenC(ΔC). (d) As in (a) except that purified PccA (23 μM) was used. (e) As in 

(d) except that 23 μM PccA(ΔM), a purified PccA variant lacking the two conserved Met 

residues of its Cu binding motif, was used. (f) As in (c). Cu(II) binding saturation was 

reached at ~22.5 μM Cu(II), indicating a 1:1 Cu(II):PccA stoichiometry. No significant Cu 

binding was detected with PccA(ΔM).
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Figure 4. 
Determination of Cu(II) and Cu(I) affinities of SenC and PccA. (a) Competition between 

PccA or SenC and EDTA for Cu(II) binding. Purified PccA or SenC (20 μM in 50 mM 

HEPES, pH 7.5, containing 150 mM NaCl) was mixed with varying concentrations of 

CuSO4 (0 to 30 μM) in the absence (solid blue squares for SenC and solid red triangles for 

PccA) or presence (open blue squares for SenC and open red triangles for PccA) of 20 μM 

EDTA, and the binding equilibrium was followed by monitoring the absorbance at 364 nm. 

For ease of comparison, A364 was normalized to the maximum value (Amax) and plotted vs 

the ratio of the Cu(II) and SenC or PccA concentrations. The KD values for Cu(II) were 

determined using the plots of A364 vs [Cu(II)] following the method of Xiao and Wedd (eq 

14 in ref 29; see the Supporting Information for details). (b) Determination of dissociation 

constants KD for binding of Cu(I) to SenC or PccA using Cu-BCS as a competitive probe. 

The [Cu-BCS] concentration was plotted as a function of [SenC]total/[Cu]total (blue circles) 

or [PccA]total/[Cu]total (red circles). Dashed lines represent the best fits of the experimental 

data to eq 1 in the Supporting Information, yielding KD values of 3.25 × 10−15 and 8.25 × 

10−16 M for SenC and PccA, respectively. The extinction constant of Cu-BCS at 483 nm 

(ε483) is 13 000 cm−1 M−1; [Cu]total = 10 μM; [BCS]total = 25 μM; [SenC]total or [PccA]total 

= 0 to 20 μM; β2 (formation constant for Cu-BCS) = 1019.8 M−2; Cu-BCS stands for the 

[CuI(BCS)2]3− complex.
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Figure 5. 
PccA transfers Cu(II) to SenC. (a) Schematic view of the Cu transfer assay used in these 

experiments. In brief, Strep-tagged PccA was loaded with Cu and incubated with Cu-free 

His-tagged SenC. The mixture was purified via Talon, resulting in wash fractions containing 

PccA and elution fractions containing SenC. The protein and Cu contents of each fraction 

were then determined. (b) Cu(II)-loaded PccAStrep (60 μM) was incubated with Cu-free 

SenCHis (60 μM) for 10 min at room temperature, and the mixture was loaded onto a Talon 

affinity column. PccA was recovered in the flow-through and wash fractions (W1–W5) and 

SenC in the elution fractions (E1–E5) (see the Supporting Information). For each fraction, 

the protein content was determined by the Lowry method and converted to molarity using 

the molecular weight of PccA for fractions W1–W5 and that of SenC for E1–E5. The Cu 

content of each fraction was determined by the BCS method after SDS denaturation and 

reduction to Cu(I) by ascorbate, as described in the Supporting Information. (c) Coomassie 

staining of the wash and elution fractions and (d) immune detection using antibodies against 

PccA or SenC. Cu transfer experiments were repeated three times. (e) A control experiment 

as in (b) but in the absence of the acceptor protein SenC indicated that a negligible amount 

of Cu was retained by the column matrix used.
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Figure 6. 
Cu(II) transfer between PccA and SenC is bidirectional and depends on the functional Cu 

binding motifs. (a) Cu(II) transfer was determined as in Figure 5, except that a mutant 

variant of PccA lacking its Cu-binding Met residues (PccA(ΔM)) was used as the Cu donor 

instead of native PccA. (b) Cu(II) transfer between native PccA and a mutant variant of 

SenC lacking its Cys residues (SenC(ΔC)). (c) Transfer of Cu(II) from SenC to PccA was 

determined as described in Figure 5, but in the reverse direction, using Cu-loaded SenCHis 

and Cu-free PccAStrep. After incubation, the mixture was loaded onto a Strep-Tactin affinity 

column, and SenC was recovered in the flow-through and wash fractions (W1–W5) and 

PccA in the elution fractions (E1–E5). The protein and Cu contents of each fraction were 

determined as before. (d) As in (c) except that PccA(ΔM) was used as the Cu acceptor 

instead of native PccA as a control for Cu transfer.
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Figure 7. 
PccA and SenC also exchange Cu(I) bidirectionally. Cu(I) loading and transfer between 

PccA and SenC were performed in the presence of 10 mM ascorbate under anaerobic 

conditions. Cu(I) transfer between the donor and acceptor proteins was analyzed as 

described in Figures 5 and 6 (see the Supporting Information for details).
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