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The bacterium Cupriavidus metallidurans can reduce toxic gold(I/III)
complexes and biomineralize them into metallic gold (Au) nanoparticles, thereby
mediating the (trans)formation of Au nuggets. In Au-rich soils, most transition metals
do not interfere with the resistance of this bacterium to toxic mobile Au complexes
and can be removed from the cell by plasmid-encoded metal efﬂux systems. Copper
is a noticeable exception: the presence of Au complexes and Cu ions results in synergistic toxicity, which is accompanied by an increased cytoplasmic Cu content and
formation of Au nanoparticles in the periplasm. The periplasmic Cu-oxidase CopA
was not essential for formation of the periplasmic Au nanoparticles. As shown with
the puriﬁed and reconstituted Cu efﬂux system CupA, Au complexes block Cudependent release of phosphate from ATP by CupA, indicating inhibition of Cu
transport. Moreover, Cu resistance of Au-inhibited cells was similar to that of mutants carrying deletions in the genes for the Cu-exporting PIB1-type ATPases. Consequently, Au complexes inhibit export of cytoplasmic Cu ions, leading to an increased
cellular Cu content and decreased Cu and Au resistance. Uncovering the biochemical mechanisms of synergistic Au and Cu toxicity in C. metallidurans explains the issues this bacterium has to face in auriferous environments, where it is an important
contributor to the environmental Au cycle.
ABSTRACT

IMPORTANCE C. metallidurans lives in metal-rich environments, including auriferous
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soils that contain a mixture of toxic transition metal cations. We demonstrate here
that copper ions and gold complexes exert synergistic toxicity because gold ions inhibit the copper-exporting P-type ATPase CupA, which is central to copper resistance in this bacterium. Such a situation should occur in soils overlying Au deposits,
in which Cu/Au ratios usually are ⬎⬎1. Appreciating how C. metallidurans solves the
problem of living in environments that contain both Au and Cu is a prerequisite to
understand the molecular mechanisms underlying gold cycling in the environment,
and the signiﬁcance and opportunities of microbiota for speciﬁc targeting to Au in
mineral exploration and ore processing.
KEYWORDS gold, copper, Cu-dependent oxidase, toxicity, biomineralization

T

he betaproteobacterium Cupriavidus metallidurans is widespread in nature (1–3),
colonizing metal-containing soils such as zinc (Zn) deserts, serpentine soils in New
Caledonia and auriferous, i.e., Au-rich, soils and Au nuggets in Australia (4–7). C.
metallidurans holds a key function in bioﬁlms growing on Au nugget surfaces, where it
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drives nugget (trans)formation (7–9). C. metallidurans is capable of accumulating highly
toxic mobile Au(I/III) complexes with toxicity levels similar to Hg(II) and Ag(I) compounds (10). It has been shown to survive in up to 615 M Au(I) complexes, retain 99.5
weight percent (wt%) of Au(I)-thiosulfate percolating through columns, and actively
biomineralize Au as nanoparticles and microcrystalline aggregates (8). Over time,
nanoparticle aggregates encapsulate and subsequently replace cells, leading to the
formation of millimeter-sized Au grains and ultimately Au nuggets (8, 11). In this
manner, C. metallidurans plays a key role in environmental cycling of Au in Earth surface
environments (12).
During its evolution, C. metallidurans has obtained the ability to resist high concentrations of transition metals (13–18), to oxidize molecular hydrogen (H2; subsequently
allowing chemolithoautotrophic growth) (13, 19), and to degrade a variety of aromatic
compounds (14, 20, 21). Genes enabling these abilities are mainly located on two
plasmids or on genomic islands, which were probably acquired by horizontal gene
transfer (19, 22–24). Weathering of metal-containing minerals produces both H2 and
leads to the release of soluble transition metal ions (6, 25–28). Thus, the possession of
highly sophisticated metal resistance determinants would enable C. metallidurans to
harvest molecular H2 in such ecological niches living mixotrophically as a “hydrogenoxidizing, metal-resistant” bacterium (29).
Auriferous environments, such as soils overlying buried Au deposits, contain mixtures of other mobile transition metal cations beside Au, including Cu, Ag, Zn, As, Ni,
Co, and Pb (see Tables S1 and S2 in the supplemental material). In C. metallidurans,
resistance to Ni(II), Co(II), and Cr(VI) is mediated by plasmid pMOL28 and resistance to
Zn(II), Co(II), Cd(II), Pb(II), and Cu(II) is mediated by pMOL30 (13). C. metallidurans is very
well able to handle a mixture of toxic transition metal cations (1, 30), but in auriferous
soils and in bioﬁlms on Au nuggets, toxic Au(I/III) complexes occur in addition to these
metals (31). The Cu chaperone CupC and the periplasmic Cu-oxidase CopA appear to
be involved in Au detoxiﬁcation and resistance (32, 33).
Note that the Cu-exporting P-type ATPase from C. metallidurans could not be named
“CopA” similar to its ortholog from Escherichia coli because “CopA” was already used
and annotated for the periplasmic Cu-oxidase and product of the copABCD gene
cluster, following the older nomenclature for pseudomonads (2, 16, 34, 35). So, CupA
is a Cu-exporting P-type ATPase, while CopA is a periplasmic Cu-oxidase in C. metallidurans.
The cupC gene is located adjacent to the cupA gene in C. metallidurans (2). The
periplasmic CopA protein is widespread across the bacterial world and oxidizes highly
toxic Cu(I) to less toxic Cu(II) (36). The genes copBCD encode helper proteins needed to
insert, i.e., metallate, a Cu cluster into the CopA protein, because Cu ions also form
the active centers of these Cu-dependent oxidases (36–39). This indicates a possible
connection between Cu and Au resistance in C. metallidurans. Therefore, we hypothesize that Au complexes interfere with resistance of this bacterium to copper and other
transition metal cations, which would be an important issue for C. metallidurans survival
in auriferous environments, since most of these soils contain more Cu than Au.
RESULTS
Induction of metal resistance by metals occurring in auriferous soils. In most
bacteria containing metal resistance genes or determinants, preincubation of cells with
toxic metals results in increased expression of these genes (10, 40). Subsequently, this
leads to the phenotypic expression of the induced metal resistance, i.e., when
preincubated bacteria face toxic concentrations of the respective metal, efﬂux
pumps and other resistance systems are already in place to decrease the toxic
action of these metals. Consequently, lag times decrease and/or growth rates
increase in comparison to uninduced controls (41). Indeed, when C. metallidurans
wild-type strain CH34(pMOL28, pMOL30) or its plasmid-free derivative strain, AE104,
were preincubated in 50 or 200 M Cu(II) in dose-response experiments, higher Cu
resistance levels, compared to uninduced controls, were observed in both strains
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FIG 1 Preincubation of the C. metallidurans cells with Cu ions but not Au complexes induces Cu
resistance in liquid culture. Dose-response experiments were conducted with wild-type C. metallidurans
strain CH34 (A and C) or its plasmid-free derivative strain AE104 (B and D). For panels A and B, the cells
were preincubated either without additions (Œ), with 50 M Cu(II) (), or with 200 M Cu(II) (). For
panels C and D, the media used for preincubation contained 2.5 M Au(III) (Œ) or 5 M Au(III) (). The
standard deviations, based on six or seven experiments for CH34 and four to six experiments for AE104,
are shown by the error bars. A wavelength of 500 nm instead of 600 nm was used here to minimize the
inﬂuence of the absorption of the Cu ions.

(Fig. 1A and B). Moreover, strain CH34, which contains plasmid pMOL30 with a large Cu
resistance determinant (16, 17), reached higher Cu resistance levels than did strain
AE104 in Cu-induced cells. This demonstrated the importance of the plasmid-encoded
Cu resistance genes for high-level Cu resistance in C. metallidurans.
Amendment of C. metallidurans with Au(III) complexes resulted in upregulation of
Cu determinants, as well as a range of other genes (33, 42). However, a Cu-resistant
phenotype was not induced in strain CH34 or AE104 by preincubation with 2.5 or 5 M
Au(III) chloride (Fig. 1C and D). This suggests that Au inhibits the functioning of at least
one important product of the upregulated Cu resistance genes. Preincubation of C.
metallidurans with Au complexes also failed to induce increased Au resistance in strain
CH34 (see Fig. S1 in the supplemental material), although one of the upregulated Cu
resistance determinants (copABCD) is required for full Au resistance (33).
To test whether Au complexes would induce any metal resistance at all, induction
of the Czc-mediated cobalt (Co) resistances (43–45) by Co ions and Au complexes were
compared (see Fig. S1B in the supplemental material). Due to the higher toxicity of
Au(III)-chloride compared to Co(II)-chloride, 2.5 and 5 M Au(III)-chloride, and 100 and
200 M Co(II)-chloride were used in this induction experiment. The results showed that
both Co concentrations were better inducers for Co resistance than 2.5 or 5 M
Au(III)-chloride; nevertheless, Co resistance was signiﬁcantly induced by Au(III)-chloride.
This shows that Au complexes are able to induce at least one metal resistance
phenotype, but not resistance to Cu or Au. To assess whether preincubation with other
metals present in auriferous environments (see Table S1 in the supplemental material)
would induce Au resistance, cells were preincubated in the presence of 100 M Ni(II),
Zn(II), Co(II), or Cu(II), and the Au resistance was assessed (Fig. 2). Although most metals
showed no effect, addition of Cu(II) to the preculture did not increase but, unexpectDecember 2017 Volume 83 Issue 23 e01679-17
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FIG 2 Dependence of Au(III) toxicity on the presence of other transition metal cations. Cells were
precultivated for 30 h in TMM at 30°C with shaking, diluted 1:20 into a second TMM preculture, incubated
again for 24 h at 30°C with shaking, diluted 1:10 into fresh TMM in parallel cultures containing various
concentrations of NaAuCl4, and incubated for 20 h with shaking at 30°C, and the optical density at 600
nm was determined. The second precultures contained no other metal (Œ [thick line]) or 100 M Ni(II)
(), Cu(II) (), Zn(II) (Œ), or Co(II) (). The deviation bars are based on three (Œ) or ﬁve (all others) repeat
determinations.

edly, decreased Au resistance in the subsequent liquid main culture (Fig. 2), despite the
upregulation of Cu resistance determinants (33, 42).
Overall, Au complexes did not prevent the upregulation of Co resistance and
probably also did not prevent the upregulation of Zn and Cd resistance, which are the
other substrates of the Czc determinant (44). Ni(II), Zn(II), and Co(II) did not induce Au
resistance, indicating there was no interference between resistance to these constituents of auriferous environments (see Table S1 in the supplemental material). Gold(III)
was also unable to induce Au or Cu resistance, and Cu(II) unable to induce Au
resistance, despite the upregulation of the respective genes and their previously being
to be involved in resistance (33). This indicated some synergistic negative interaction of
Au and Cu that was not observed with other transition metal cations and may be a
major issue for C. metallidurans survival in auriferous soils.
Synergistic Cu and Au toxicity in auriferous soils. The combined toxicity of Cu
ions and Au complexes was tested in liquid growth media as dose-response and
time-dependent growth experiments and also on solid media. This should exclude the
possibility that turbidity artifacts by clumping and dead cells were judged as “growth.”
Cu(II) decreased the MIC of Au(III) on solidiﬁed media and, vice versa, the MIC of Cu(II)
decreased with increasing Au(III) concentrations (Fig. 3). Overall, the MICs were synergistic, as indicated by a linear decrease of the MIC for Cu with increasing Au concentration and vice versa. A Cu concentration of 909 M Cu(II) halved Au resistance on
solid media, whereas 0.55 M Au(III) halved the MIC of Cu (Fig. 3). This corresponds to
one Au(III) complex being about as toxic as 2,000 Cu(II) ions.
In liquid media, 200 M Cu(II) also decreased Au resistance (Fig. 4; see Fig. S2 in the
supplemental material for a time-dependent growth curve). Copper increased Au(III)
toxicity when added to the main culture or to the preculture of C. metallidurans cells
(Fig. 4A). On the other hand, presence of Au complexes strongly decreased Cu
resistance, and even preincubation with Au complexes exerted some negative effect on
Cu resistance (Fig. 4B).
Preincubation with Cu(II) generated a moderate increase in resistance to a Cu-Au
mixture in the main culture compared to untreated control cells (solid symbols in
Fig. 4A), while preincubation with Au(III) had no similar effect (Fig. 4B). Similar to the
wild-type strain C. metallidurans CH34, preincubation with Cu(II) decreased Au
resistance in the plasmid-free strain AE104 but increased resistance to a Cu-Au
mixture (Fig. 5).
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FIG 3 MICs of Au(III) and Cu(II) in the presence of the other metal. (A) MIC of Au(III) of C. metallidurans
strain CH34 in the presence of increasing Cu(II) concentrations (). The dashed line represents a linear
regression with the function MIC(Au) ⫽ 0.96 M ⫺ 5.28 ⫻ 10⫺4 ⫻ [Cu(II)] (regression coefﬁcient, 98%).
(B) MIC of Cu(II) in the presence of increasing Au(III) concentrations (). The function is MIC(Cu) ⫽ 2.24
mM ⫺ 2.05 [Au] in (M) (91%). Deviation bars are based on a minimum of four independent biological
MIC determinations.

In summary, although Cu ions and Au complexes were able to cause an upregulation of genes required for Cu resistance (42), this upregulation did not lead to
metal-induced, preadapted cells, because a synergistic Cu and Au toxicity compensated
for any beneﬁts stemming from the upregulated Cu resistance determinants. The two
native plasmids pMOL28 and pMOL30 were unable to protect against synergistic Cu
and Au toxicity. Nevertheless, preincubation with Cu(II) resulted in some degree of
preadaptation to Cu-Au mixtures in strains CH34 and AE104. In conclusion, C. metallidurans possesses a Cu-inducible resistance to Cu-Au mixtures mediated by genes on a
chromosome and not on one of the two plasmids.
Synergistic Cu(II) and Au(III) toxicity results from increased cellular accumulation of both metals. C. metallidurans strains CH34 and AE104 were cultivated in the
presence of 2.5 M Au(III)-chloride, 100 M Cu(II)-chloride, neither compound, or both
(Table 1). Due to the low Cu content of the unamended mineral salts medium (6 nM
from the trace element solution [13]), the Cu content of the unamended cells lay
between 10,000 and 18,000 atoms per cell; as expected, Au atoms were not detected
(Table 1). The presence of 2.5 M Au(III) did not increase the Cu content, but the cells
accumulated 40,000 to 50,000 Au atoms. In the presence of 100 M Cu, the cells of
strain CH34 contained 27,000 Cu atoms per cell. Copper and Au contents of strain CH34
doubled when cultivated in a Cu-Au mixture compared to cultivation in the presence
of just one metal (Table 1). The cellular content of metal atoms reached levels of 60,000
Cu and 100,000 Au atoms per CH34 cell, which was comparable to the number of Zn
atoms per cell in cells cultivated in unamended mineral salts medium (46).
Cells of the plasmid-free strain AE104 possessed three times more Cu ions per cell
than did the CH34 wild type when cultivated in 100 M Cu(II) because the large
Cu-inducible (Fig. 1) Cu resistance determinant (16, 17) located on plasmid pMOL30
was absent. In the Cu-Au mixture, cells of strain AE104 doubled their Cu and Au
contents to 140,000 Cu and 176,000 Au atoms per cell, which was signiﬁcantly higher
than in strain CH34. Preincubation with Cu ions, but not with Au, halved the Cu and Au
contents of Cu/Au-cultivated AE104 cells (Table 1). This effect was not observed with
CH34 cells, where the Cu-induced increase in Cu-Au resistance (Fig. 4) was less
pronounced than in strain AE104 (Fig. 5). Synergistic toxicity of Cu-Au mixtures might
result from increased accumulation of both toxic metals.
Copper is in the cytoplasm and Au as nanoparticles mainly in the periplasm.
Synchrotron micro-X-ray ﬂuorescence mapping was used to locate the elevated Au and
Cu levels inside the C. metallidurans cell after cultivation in the presence of 50 M Au
and Cu chloride, respectively (Fig. 6). The cells contained Cu ions evenly distributed in
the cell (Fig. 6C), similar to Zn ions (Fig. 6D), with a maximum in the cell interior (Fig. 6;
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FIG 4 Interference of Au and Cu resistance. Cells of C. metallidurans CH34 were precultivated in parallel
cultures containing various concentrations of NaAuCl4 (A) or CuCl2 (B) and incubated for 20 h with
shaking at 30°C, and the optical density at 600 nm was determined. For panel A, cultures contained no
addition in the main culture or preculture (Œ) or 200 M Cu(II) in the main culture (), were
preincubated with 200 M Cu(II) (e), or contained 200 M Cu(II) in the preculture as well as in the main
culture (). For panel B, cultures that contained no addition in the main culture or the preculture (Œ) or
2.5 M Au(III) in the main culture () were preincubated in the presence of 2.5 M Au(III) (e) or
contained 2.5 M Au(III) in the preculture and in the main culture (). Repeats: ⱖ8 for Au(III) and 200
M Cu(II), and ⱖ5 for 50 M Cu(II) in panel A and ⱖ13 for Au(III) inhibition of Cu resistance.

see Fig. S3 in the supplemental material). The Zn/Cu ratios followed no pattern (Fig. 6F).
Accumulated Cu seemed to reside in the cytoplasm or cytoplasmic membrane.
In contrast, Au was predominantly located in individual spots, spatially apart from
Cu maxima and close to the cell poles (Fig. 6A, B, and E). This indicated that the

FIG 5 Gold resistance of C. metallidurans strain AE104. Cells of the plasmid-free strain AE104 were
cultivated with increasing Au concentrations in the presence (ﬁlled symbols) or absence (open symbols)
of 100 M CuCl2 in a 96-well plate in Tris-buffered mineral salts medium for 20 h with shaking at 30°C.
The precultures were incubated with 100 M CuCl2 (squares) or not incubated with CuCl2 (circles). The
optical density at 600 nm was determined in a Tecan multiple plate reader (n ⱖ 3).
December 2017 Volume 83 Issue 23 e01679-17
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TABLE 1 Metal content of C. metallidurans strainsa

Additions to the preculture
or main culture

Mean metal content (1,000 atoms/cell) ⴞ SD in various
bacterial strains
Copper

Gold

Main culture
None

CH34
9⫾5

AE104
18 ⫾ 6

CH34
0⫾0

AE104
0⫾0

None

Au
Cu
Au⫹Cu

7⫾5
27 ⫾ 7
58 ⴞ 17

14 ⫾ 6
84 ⫾ 11
140 ⴞ 10

41 ⫾ 9
0⫾0
96 ⴞ 5

50 ⫾ 7
0⫾0
176 ⴞ 21

Cu

Au
Cu
Au⫹Cu

32 ⫾ 3
44 ⫾ 7
51 ⫾ 7

46 ⫾ 4
66 ⫾ 12
73 ⴞ 8

58 ⫾ 2
0⫾0
84 ⴞ 9

105 ⫾ 11
0⫾0
93 ⴞ 8

Au

Au
Cu
Au⫹Cu

4⫾4
59 ⫾ 3
80 ⴞ 11

13 ⫾ 5
68 ⫾ 3
144 ⴞ 17

50 ⫾ 9
15 ⫾ 3
122 ⴞ 27

72 ⫾ 10
10 ⫾ 3
192 ⴞ 28
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Preculture
None

aCells

of C. metallidurans wild-type CH34(pMOL28, pMOL30) or its plasmid-free derivative strain, AE104, were
preincubated for 24 h in the presence of 2.5 M Au(III) chloride, 100 M Cu(II), or without addition and
then diluted 50-fold into the main culture. At a turbidity of 100 Klett units, 2.5 M Au(III)-chloride, 100 M
Cu(II)-chloride, both metals, or no metals were added, and incubation was continued with shaking at 30°C
until reaching 150 Klett units (⬃160 min). The cells were harvested and washed, and the metal content was
determined by ICP-MS. Boldfaced values indicate signiﬁcantly higher metal contents in the cells of strains
AE104 and CH34 cultivated in the presence of an Cu-Au mixture compared to cultivation in the presence of
one metal only; boldface italic letters indicate signiﬁcantly lower contents in copper-induced cells compared
to untreated cells. The standard deviations of three independent experiments are indicated.

accumulated Au atoms were not evenly distributed within the C. metallidurans cells and
may reside in a different compartment compared to the Cu atoms, e.g., the periplasm.
The Au maxima were characterized in more detail by scanning transmission electron
microscopic (STEM) imaging using a high-angle angular dark ﬁeld (HAADF) detector in
combination with X-ray energy-dispersive spectroscopy (Fig. 6G; see also Fig. S4 in the
supplemental material). This conﬁrmed that Au was indeed present in the form of Au
nanoparticles, which were predominantly located in the periplasm and associated with
the cytoplasmic membrane but rarely occurred in the cytoplasm. This shows that
synergistic toxicity of Cu-Au mixtures is connected to increased cytoplasmic accumulation of Cu and formation of Au nanoparticles in the periplasm.
Cop was not essential for the biomineralization of periplasmic Au nanoparticles. The two native plasmids of C. metallidurans were not needed for Au resistance,
but the chromosomal copABCD was involved (33). Since the central product of copABCD
is the periplasmic Cu oxidase CopA (36) and Au nanoparticles appeared in this cellular
compartment, the role of the cop determinant in formation of cellular Au nanoparticles
was analyzed. The plasmid-free strain AE104 and its ΔcopABCD mutant were cultivated
in the presence of 50 M KAuCl4 without additional Cu amendments, and the numbers
and distributions of Au nanoparticles in the cells were compared (Fig. 7). Seventeen
percent of the ultrathin slices from AE104 cells (n ⫽ 213) contained Au nanoparticles
(Fig. 7A and C, arrowheads) or nanoparticle clusters (Fig. 7B and D, arrows), and 24% of
slices from the Δcop cells (n ⫽ 409) contained Au nanoparticles or nanoparticle clusters.
Negative controls cultivated without AuCl4⫺ contained no particles (data not shown).
Particles were sorted according to particle (cluster) sizes into small (single dots or
clusters up to three dots), medium-sized (clusters of up to about 10 dots), and larger
particles or clusters. The overall percent size distributions of the particles and clusters
did not differ between the two strains (small/medium/large ⫽ 59/27/14% in AE104 and
57/33/10% in the Δcop strain). Half of the particles or clusters were located outside the
cells attached to the outer membrane, and all large particle clusters resided there.
About a third of the particles were located within the periplasm, and the remaining
20% were located at the cytoplasmic membrane. Again, the distribution of the localization was not different between the two strains. However, although most periplasmic
December 2017 Volume 83 Issue 23 e01679-17
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FIG 6 Distribution of metals in C. metallidurans. (A to D) Synchrotron -XRF RGB image (panel A: Au, Cu,
and Zn [the respective concentrations are indicated by the triangle]) and individual maps (color
concentration bar below panels B, C, and D) for Au (B), Cu (C), and Zn (D) of cells cultivated in 50 M
Au(III) plus 50 M Cu(II). (E and F) Ratios of Au to Cu and Zn to Cu plotted in a three-dimensional space
(x and y axes, positions of the data points in panels B, C, and D; z axis, ratios). (G) Overlay of STEM image
obtained with an HAADF detector and a color image of Au by XEDS (the gold channel [L␣1] is shown in
yellow) of a C. metallidurans cell incubated in the presence of Au(III) complexes.

particles appeared to be of a medium size in strain AE104 (Fig. 7C), those from the Δcop
mutant seemed to be smaller (Fig. 7D). This was more closely examined, but the
differences were not found to be signiﬁcant. In strain AE104, the mean diameters of
periplasmic particles and particles outside the cell were 13.25 ⫾ 3.93 nm and 14.96 ⫾
3.40 nm, respectively, and those of clusters of particles were 30.04 ⫾ 5.32 nm and
34.44 ⫾ 11.85 nm. For the Δcop mutant, these numbers were 13.77 ⫾ 4.14 nm, 19.02 ⫾
2.89 nm, 30.02 ⫾ 11.80 nm, and 35.36 ⫾ 14.83 nm, respectively.
Thus, no signiﬁcant difference was observed between the ΔcopABCD strain and its
parent strain AE104. The mean diameter of single Au particles in both strains was
14.7 ⫾ 4.3 nm (Fig. 7), which corresponds to an average of 98,000 Au atoms per particle,
with a range of 35,000 to 210,000 atoms per particle (calculated from the particle
volume and density of metallic Au). Compared to the number of Au atoms per cell
under these conditions (Table 1), one or two Au nanoparticles per cell would account
for most of the cell-bound Au atoms. These results show that the increased cellular Au
content in C. metallidurans cells was likely related to the formation of periplasmic Au
nanoparticles, but that CopA was not essential for their formation.
Mechanism of synergistic Cu-Au toxicity. Reminiscent of the situation in E. coli
(47, 48), Cu is detoxiﬁed in C. metallidurans by the Cu-exporting P-type ATPase CupA,
which removes Cu(I) from the cytoplasm (33). This protein was heterologously produced in E. coli, puriﬁed (see Fig. S5 in the supplemental material), and reconstituted
into proteoliposomes. The activity of the reconstituted CupA was measured as metalstimulated release of phosphate from ATP. The cellular metal content in C. metallidurans of 60,000 Cu and 100,000 Au atoms per cell (Table 1) represented a cellular quota
December 2017 Volume 83 Issue 23 e01679-17
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FIG 7 Comparison of Au nanoparticles in cells of C. metallidurans AE104 (Δcop) and its parent strain, AE104. Strain AE104 (A and B)
and its Δcop mutant strain (C and D) were cultivated in TMM (containing 6 nM CuCl2) in the presence of 50 M AuCl4⫺, and
transmission electron images were obtained. All panels show the same magniﬁcation. A scale bar (100 nm) is provided in panel D.

of 200 to 300 M (assumed cell volume, 0.57 fL [49]). Therefore, 100 M Au(III) and 100
M Cu(II) were used in the experiment, and the presence of cellular thiols was
mimicked by 2.5 mM dithiothreitol (DTT).
CupA, incubated without metals, did not hydrolyze ATP, but the addition of 100 M
Cu(II) in the presence of 2.5 mM DTT yielded a linear increase in released phosphate
(Fig. 8), indicating the Cu dependence of the CupA ATPase activity. Phosphate was not
produced with 100 M Au(III), demonstrating that CupA should not transport Au, in
agreement with the fact that CupA is not directly required for Au detoxiﬁcation (33).
The presence of 100 M Au(III) and Cu(II), respectively, again abolished the ATPase
activity of CupA. This P-type ATPase was stimulated by Cu and is required for Cu
resistance and therefore likely a Cu-exporting efﬂux system. Inhibition of this Cu export
activity by Au complexes explained the lowered Cu resistance and increased Cu
accumulation in the presence of Au(III) (Table 1, Fig. 3, and Fig. 4): the synergistic
toxicity of Cu-Au mixtures resulted from the Au-mediated inhibition of CupA-mediated
export of toxic Cu ions from the cytoplasm of C. metallidurans.
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FIG 8 ATPase activity of reconstituted CupA in the presence of Cu(II) and/or Au(III). ATPase activity was
measured in the presence of no added metal (Œ, n ⫽ 6), 100 M Cu(II) (, n ⫽ 6), 100 M Au(III) (,
n ⫽ 3), or both metals (Œ, n ⫽ 4). Deviation bars for all experiments and the linear regression line for the
activity in the Cu-only experiment are shown (regression coefﬁcient, 98.6%).

Copper and Au resistance of C. metallidurans Cu export mutants. If the presence
of Au complexes decreases Cu resistance by inhibiting the activity of CupA and other
Cu-exporting P-type ATPases, the Cu resistance of C. metallidurans wild-type cells in the
presence of Au complexes should be similar to that of mutant strains devoid of these
Cu efﬂux pumps. C. metallidurans contains, in addition to cupA, its three paralogs copF
(Rmet_6119), rdxI (Rmet_2046), and ctpA1 (Rmet_2379) (1, 2). Although copF is located
on plasmid pMOL30 and therefore not present in strain AE104, the other two genes are
located in gene clusters encoding Cu-depending proteins and thus probably “anabolic”
Cu exporters (50). These genes were deleted in strains CH34 and AE104 leading to
single-, double-, and triple-deletion mutants. The copF gene could not be deleted in
strain AE104, because this strain does not contain plasmid pMOL30. Moreover, ctpA1
could not be deleted in all CH34 strains and in the AE104 parent strain for unknown
reasons. The metal resistance of the obtained strains was determined from doseresponse curves. From the resulting sigmoidal functions, the 50% inhibitory concentrations (IC50s) and the slope (B values) of the sigmoidal dose-response curves were
calculated (Table 2). The resulting values were smaller than those previously published
for CH34, AE104, and the Δcup mutants (33) because the cells were cultivated in 96-well
plates (Table 2) instead of larger containers (33), which obviously inﬂuenced metal
resistance.
None of the deletions affected Au resistance in any way (Table 2), demonstrating
that C. metallidurans does not export cytoplasmic Au ions using any PIB1-type ATPases,
in contrast to the Au-transporting P-type ATPase GolT exporting Au in Salmonella (51).
The copper resistance of uninduced CH34 and AE104 cells was calculated from IC50s of
800 to 1,000 M Cu(II) (Table 2) and was comparable to the values obtained in Fig. 1A
and B and Fig. 4B. Deletion of cupAR decreased Cu resistance in both strains to about
400 M Cu(II), similar to the half-maximum inhibition in the presence of 2.5 M Au(III)
(Fig. 4B). The presence or absence of the Cu chaperone CupC, which binds Au ions (32),
did not alter Cu resistance (Table 2).
Single gene deletions of rdxI and copF in strain CH34 and of rdxI in strain AE104 did
not decrease Cu resistance, indicating that CupA is indeed the major Cu efﬂux pump in
C. metallidurans. Even the ΔcopF ⌬rdxI double deletion in strain CH34 had no effect on
Cu resistance. In strain CH34, successive deletion of copF and rdxI in the ΔcupCAR
mutant strain decreased Cu resistance further down to 190 M in the double mutant
and 56 M in the triple mutant strain, respectively. In strain AE104, deletion of rdxI in
addition to ΔcupCAR decreased Cu resistance more than the deletion of ctpA1. The
ΔcupCAR ΔrdxI ⌬ctpA1 triple-mutant strain AE104 had an IC50 of 58 M Cu(II), similar to
the CH34 triple-mutant strain (Table 2). Based on the Cu resistance of the deletion
mutants, the importance of these four PIB1-type ATPases was as follows: CupA ⬎
CopF ⬎ RdxI ⬎ CtpA1.
These data showed that C. metallidurans cells with deletions in the genes for the
major Cu efﬂux pump CupA and those for additional Cu-exporting P-type ATPases had
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TABLE 2 Gold and copper resistance of C. metallidurans strains with deletions in the
genes for copper-exporting P-type ATPasesa
Mean IC50 or B value ⴞ SD
CuCl2

NaAuCl4
IC50

B value

IC50

B value

22.3 ⫾ 2.7
23.0 ⫾ 3.7
25.5 ⫾ 1.5
22.8 ⫾ 3.8
22.7 ⫾ 2.4
25.8 ⫾ 2.1
20.5 ⫾ 0.1
24.5 ⫾ 3.4
18.7 ⫾ 3.5
23.0 ⫾ 1.4

4.4 ⫾ 1.5
4.5 ⫾ 1.4
3.9 ⫾ 0.3
4.1 ⫾ 1.0
4.0 ⫾ 1.3
4.1 ⫾ 2.7
4.6 ⫾ 0.2
4.8 ⫾ 1.6
3.6 ⫾ 1.3
5.1 ⫾ 1.2

893 ⫾ 91
368 ⴞ 26
359 ⴞ 17
1,052 ⫾ 169
916 ⫾ 90
365 ⴞ 63
495 ⴞ 23
190 ⴞ 20
959 ⫾ 69
55.7 ⴞ 3.1

250 ⫾ 123
60.2 ⫾ 8.2
51.9 ⫾ 16.1
293 ⫾ 150
89.0 ⫾ 56.2
59.9 ⫾ 32.6
29.5 ⫾ 13.0
46.1 ⫾ 15.4
84.7 ⫾ 29.8
18.7 ⫾ 12.7

AE104 derivatives
AE104, plasmid-free
DN655 ΔcupAR
DN656 ΔcupCAR
DN760 ΔrdxI
DN766 ΔcupAR ΔrdxI
DN767 ΔcupAR ΔctpA1
DN768 ΔcupAR ΔrdxI ΔctpA1

21.8 ⫾ 0.9
22.2 ⫾ 1.4
20.8 ⫾ 0.9
22.7 ⫾ 1.2
23.0 ⫾ 1.4
23.3 ⫾ 2.9
23.1 ⫾ 1.4

4.0 ⫾ 0.8
4.1 ⫾ 0.7
4.0 ⫾ 0.9
4.3 ⫾ 1.3
3.0 ⫾ 1.0
4.0 ⫾ 0.6
4.7 ⫾ 2.1

956 ⫾ 20
410 ⴞ 23
406 ⴞ 45
955 ⫾ 57
166 ⴞ 48
236 ⴞ 24
58.5 ⴞ 12.4

60.7 ⫾ 10.2
70.1 ⫾ 9.1
85.7 ⫾ 21.7
79.20 ⫾ 5.7
87.9 ⫾ 29.5
60.8 ⫾ 40.9
11.2 ⫾ 5.9
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Bacterial strain and genotype
CH34 derivatives
CH34(pMOL28, pMOL30)
DN648 ΔcupAR
DN649 ΔcupCAR
DN779 ΔrdxI
DN653 ΔcopF
DN762 ΔcupAR ΔrdxI
DN763 ΔcupCAR ΔrdxI
DN654 ΔcupCAR ΔcopF
DN764 ΔcopF ΔrdxI
DN765 ΔcupCAR ΔcopF ΔrdxI

aGrowth

experiments were performed in TMM at 30°C with shaking. Precultures were diluted 10-fold into
parallel cultures in 96-well plates and incubated with shaking at 1,300 rpm for 20 h. Turbidity was
measured with a Tecan plate reader. More than six independent growth curves, IC50s, and slopes (B value)
were calculated from the sigmoidal dose-response curves. Boldfaced numbers indicate signiﬁcant
differences compared to the CH34 wild type.

low Cu resistance levels similar to those for C. metallidurans cells in the presence of Au
complexes.
DISCUSSION
C. metallidurans contains many sophisticated metal resistance determinants on its
two native plasmids, which allow it to thrive in metal-rich environments containing
mixtures of toxic transition metals, e.g., in auriferous environments. In contrast to Cu,
other transition metals do not interfere with Au resistance of C. metallidurans. Therefore, in auriferous soils the main function of its native plasmids is to protect C.
metallidurans against transition metal toxicity, which accompany Au complexes, and
not necessarily the biomineralization of Au (33). The resistance spectrum of these
plasmids reﬂects the metal mix in auriferous soils (see Table S2 in the supplemental
material), explaining why C. metallidurans is able to thrive in this environment. However, in auriferous soils, C. metallidurans is also confronted with cooperatively toxic
Cu-Au mixtures (see Table S1 in the supplemental material). Elevated concentrations of
Cu occur in all auriferous environments studied, although Cu to Au ratios may vary (see
Fig. S6 in the supplemental material), so that the synergistic Cu and Au toxicity is
relevant for the in situ life of this bacterium.
Gold(III) complexes are rapidly reduced to intermediate Au(I) species upon contact
with C. metallidurans cells. Au(I) species are imported into the bacterial cytoplasm (33,
42), where they exert toxic effects, e.g., by causing oxidative stress (42, 52). The
synergistic Cu and Au toxicity results from an Au-mediated inhibition of the Cuexporting P-type ATPase CupA from C. metallidurans, which is the most important Cu
exporter in this bacterium (Table 2). A P-type metal exporter is able to export Au species
from the cytoplasm of Salmonella (51) mediating Au resistance, but none of the four
homologs in C. metallidurans was involved in this process (Table 2).
CupA from C. metallidurans did not transport Au ions or complexes. Instead, the
Cu-exporting ability was inhibited (Fig. 8), leading to increased accumulation of cellbound Cu ions (Table 1) and inhibition of growth. Comparison of the Cu resistance of
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mutant strains carrying deletions in the genes for Cu-exporting PIB1-type ATPases
(Table 2) with Cu resistance in the presence of Au makes it likely that inhibition of CupA
and/or the other three paralogs was indeed central to synergetic Au and Cu toxicity.
This inhibition also explains, why Au-mediated upregulation of Cu resistance determinants did not induce Cu or Au resistance, although Au was very well able to induce
czc-mediated Co resistance (used as an example for another metal resistance determinant): any beneﬁt stemming from the expressed metal resistance genes was overcompensated by decreased Cu resistance due to the Au-inhibited CupA major Cu efﬂux
system. The Cu- or Au-treated precultures were diluted 10-fold into the Au-containing
main culture so that the cells were already loaded with Cu or Au atoms, respectively
(Table 1). Gold-loaded cells contained inhibited PIB1-type ATPases and consequently
displayed a decreased level of Cu resistance, similar to the deletion mutants. Vice versa,
Cu-loaded cells were no longer able to export surplus Cu when confronted with high
Au concentrations.
Although Cu ions were retained in the cytoplasm in C. metallidurans cells cultivated
in Cu-Au mixtures, the majority of the Au atoms was located in the periplasm. Cells of
the C. metallidurans strain AE104 could mollify synergistic Cu and Au toxicity when they
were preincubated with Cu. Since cytoplasmic Au inhibited export and detoxiﬁcation of
cytoplasmic Cu but cytoplasmic Au could not be exported by the P-type ATPase CupA,
this inducible Cu and Au resistance may decrease import of Au into the cytoplasm by
keeping it in the periplasm. Because the determinant responsible for inducible Cu and
Au resistance was upregulated by Cu(II) and AE104 is the plasmid-free derivative of
CH34 (wild type), this determinant is probably identical to one of the two chromosomal
Cu resistance determinants cop and cus, encoding a Cu(I) oxidase and an efﬂux system
for periplasmic Cu(I), respectively. Since cop is required for the full Au resistance of C.
metallidurans, it is the most likely candidate for the Cu-inducible Cu and Au resistance
determinant in this bacterium.
Indeed, bacterial communities associated with Au deposits are signiﬁcantly enriched
in CopA (28). Here the enzyme could be required to decrease import of Cu(I) and of
Au(I) into the cytoplasm. The redox potential of the Au(III)Cl4⫺/Au(0) couple is Eo ⫽
⫹1002 mV (53), close to that of the molecular oxygen/water couple, Eo ⫽ ⫹1229 mV
(53). Instead of molecular oxygen, CopA could use Au(III)Cl4⫺ as electron acceptor to
oxidize Cu(I) back to Cu(II) (Eo ⫽ ⫹153 mV) with a ΔEo ⫽ ⫹849 mV. If CopA is such an
Au(III)-dependent Cu(I) oxidase, it should be central to formation of Au nanoparticles by
C. metallidurans when growing in Au-rich environments (7–9), but the cop determinant
was clearly not essential for formation of periplasmic Au nanoparticles (Fig. 7).
Alternatively, the substrate speciﬁcity of the periplasmic oxygen- and copperdependent oxidase CopA may include Au(I) in addition to Cu(I). CopA would reoxidize
Au(I) back to Au(III)Cl4⫺ using molecular oxygen as electron acceptor, a reaction with
ΔEo ⫽ ⫹518 mV (53). This also would decrease import of Au(I) into the cytoplasm (32,
33, 42). In this case, reduction of Au(III) by reduced cellular compounds would be
shifted from an Au(I)-involving, potentially toxic pathway to direct reduction of Au(III)
to the ﬁnal Au(0) product, i.e., periplasmic Au nanoparticles. The cells should be able to
tolerate this reaction much better than reduction via Au(I). If this alternative second
hypothesis is true, CopA would not enhance formation of Au nanoparticles (Fig. 7) but
shift the reduction pathway to a less toxic reaction. This indicated a complicated
relationship between the periplasmic Cu-dependent Cu oxidase CopA, the formation of
periplasmic Au nanoparticles, and the Cu-inducible resistance to Cu-Au mixtures in C.
metallidurans.
The situation is different for the third noble metal, silver. The redox potential of
Ag(II)/Ag(I) is Eo ⫽ ⫹1980 mV (53), so that Ag(I) cannot be oxidized under physiological
conditions to Ag(II) and remains the predominant ionic species of silver. Interestingly,
silver resistance of C. metallidurans CH34 decreases when cupA is deleted (33), indicating that CupA may export Ag(I) from the cytoplasm and is not inhibited by this ion.
The weathering of many transition metal-containing minerals releases H2, which is
an attractive energy source for this facultative lithotrophic bacterium, making auriferaem.asm.org 12
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TABLE 3 Sequences of primers used in the study
Primer function and
designation
Veriﬁcation of the presence of
the megaplasmids (czcA
on pMOL30, cnrA on
pMOL28)
czcA NdeI 5932
czcA XbaI 6459
cnrA NdeI 1539
cnrA XbaI 1962

AAA
AAA
AAA
AAA

Expression of cupA in pASK7
Rmet_3524 EcoRI ATG
Rmet_3524 SalI TCA

AAAGAATTCACCCATCCTGCCGCATCTCTCC
AAAGTCGACTTGCGTTACCTCCTTGTGGCCA

aLeft

CAT ATG
TCT AGA
CAT ATG
TCT AGA

ACG GGG GTG GAA GGC AAG ATG TT
GGA TGG CGG ACA GAC GTT CGG CA
CTC TGC CTT CGT GCT CGC TCA
GCC ATT CGC TTT TCG GTT TCA GA
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Deletions
cupA cre-lox Not down 988
cupA cre-lox Mun up 599
cupR cre-lox Age down
4132
cupR cre-lox Apa up 3818
cupC cre Not up 4242
cupC cre Mun down 4542
copF cre Apa up 3419
copF cre Age down 3712
copF cre Mun up 660
copF re Not down 978
rdxI MunI bearbeitet
rdxI NotI
rdxI ApaI
rdxI AgeI
KO Rmet_2379 ctpA1 MunI
KO Rmet_2379 ctpA1 NotI
KO Rmet_2379 ctpA1 ApaI
KO Rmet_2379 ctpA1 AgeI

DNA sequence (5=-3=)a

4 AAA GCG GCC GC GGG TCA TCG GAG TCG TGG AA
¡ AAA CAA TTG TCT TGT TTG GCG GCG ACG AT
4 AAA ACC GGT CGG CCA GCC CAT GTA CCA GC
¡ AAA GGG CCC CCC GTG CCG ACA GCG AGG AT
¡ AAA GCG GCC GC TCG TCG CCG CCA AAC AAG AAA
4 AAA CAA TTG CGT TCG TGC AAG GTG AAT TCG
¡ AAA GGG CCC CGC GAG CCG ATC GTT GTT GCA
4 AAA ACC GGT GGC CGG CAC ATG CCC CTC AAT
¡ AAA CAA TTG ATG GCG GGA AGG ATT ATG GTG
4 AAA GCG GCC GC TGC GAC TCC TGT ATT CCG ACG
¡ AAA CAA TTG GCT TCA CCT GGC TGA TCG ATG
4 AAA GCG GCC GC AGT GCG CTT TTA GTA CCC AGC G
¡AAA GGG CCC CCA GGG AGT CCT GAA TAT GG
4 AAA ACC GGT ATT CAG ACC CCC AAT GCA AAA AG
¡ AAA CAA TTG ATG GTC CTG ATG GAC AGG GCA
4 AAA GCG GCC GC AAC TAC GGT CCG CTC TTG GC
¡ AAA GGG CCC TCC TGA ACA CCT GCA GGC TG
4 AAAA CCG GTA CGA AGC CGA ACG CCC ATC C

and right arrows indicate the corresponding directions of transcription.

ous soils and minerals an interesting environment for the C. metallidurans. Here,
abundant energy is present, and competition by organisms without sophisticated
metal detoxiﬁcation systems is limited (1, 6, 25–28). However, synergistic Cu and Au
toxicity is an important threat for C. metallidurans in auriferous environments, and we
identiﬁed the molecular mechanism for this process. This contributes to our understanding of the central role that C. metallidurans has in the biogeochemical
cycling of Au.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Strains used for experiments were C. metallidurans CH34
(wild type), its plasmid-free derivative strain AE104 (13), and mutants of both strains. Tris-buffered
mineral salts medium (13) containing 2 g liter⫺1 sodium gluconate (TMM) was used to cultivate these
strains aerobically with shaking at 30°C. Solid Tris-buffered media contained 20 g liter⫺1 agar. Analyticalgrade salts of heavy metal chlorides were used to prepare 0.5 or 1 M stock solutions, which were
sterilized by ﬁltration. Standard molecular genetic techniques were used (44, 54). All primer pairs used
are listed in Table 3, all plasmids and bacterial strains in Tables 2 and 4.
Deletion mutants. Fragments of 300 bp upstream and downstream of the target gene were
ampliﬁed by PCR, cloned into vector pGEM T-Easy (Promega, Madison, WI), further cloned into plasmid
pECD1003, and sequenced. The resulting plasmids were used in a double-crossover recombination in C.
metallidurans strains to replace the respective target gene by the kanamycin resistance cassette, which
was subsequently deleted by transient introduction of cre expression plasmid pCM157 (55). Cre recombinase is a site-speciﬁc recombinase from the phage P1 that catalyzes the in vivo excision of the
kanamycin resistance cassette at the loxP recognition sites. The correct deletions of the respective
transporter genes were veriﬁed by Southern DNA-DNA hybridization. For the construction of multipledeletion strains, these steps were repeated. The resulting mutants carried a small open reading frame
instead of the wild-type gene to prevent polar effects. For gene disruption experiments, only the ﬁrst
step was performed.
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TABLE 4 Bacterial strains and plasmids used in this study
Bacterial strain or plasmid
Strains
Cupriavidus metallidurans
CH34
AE104
DN686

Source or reference

pMOL28, pMOL30
Plasmid-free
AE104 ΔcopABCD

13
13
33

Wild type
Conjugator strain
pLysS

64
65
Stratagene Europe, Amsterdam,
The Netherlands
Stratagene Europe, Amsterdam,
The Netherlands
This study

Rosetta

Without pLysSRARE

ECB145

XL1 pECD1569

Plasmids
pECD1168
pG-Tf2

pASK7plus::cupA

Downloaded from http://aem.asm.org/ on May 6, 2020 at MONASH UNIVERSITY

Escherichia coli
W3110
S17/1
BL21

Characterization or
description

This study
TaKaRa Bio, Inc., Shiga, Japan

MIC. The MIC was determined in triplicate as the lowest concentration inhibiting bacterial growth on
solid TMM. A preculture was incubated at 30°C and 250 rpm up to early stationary phase, then diluted
1:20 in fresh medium without or with Au chloride or Cu chloride, and ﬁnally incubated for 24 h at 30°C
and 250 rpm. This 24-h culture was diluted 1:100 in fresh medium and used for streaking onto plates
containing different concentrations of the respective metal salts. The plates were incubated at 30°C for
4 days, and cell growth was monitored.
Dose-response growth curves in 96-well plates. Growth curves for C. metallidurans were established in TMM. A preculture was incubated at 30°C and 250 rpm up to the early stationary phase, then
diluted 1:20 in fresh medium without or with a distinct metal concentration, and ﬁnally incubated for 24
h at 30°C and 250 rpm. Overnight cultures were used to inoculate parallel cultures with increasing metal
concentrations in 96-well plates. Cells were cultivated for 20 h at 30°C and 1,300 rpm in a neoLab Shaker
DTS-2 (neoLab, Heidelberg, Germany) and the optical density was determined at 500 or 600 nm as
indicated in a Tecan inﬁnite 200 PRO reader (Tecan, Männersdorf, Switzerland). To calculate the IC50 (the
metal concentration that led to turbidity reduction by half) and the corresponding B value (the measure
of the slope of the sigmoidal dose-response curve), the data were adapted to the following formula:
OD(c) ⫽ OD0/[1 ⫹ exp(c ⫺ IC50)/B], which is a simpliﬁed version of a previously published Hill-type
equation (56). OD(c) is the optical density at a given metal concentration, OD0 is the optical density with
no added metal, and c is the metal concentration.
Puriﬁcation of CupA. CupA was heterologously expressed in E. coli as a N-terminal Strep-TagII fusion
protein using the vector pECD1168. The host cells were cultivated in Lennox medium (Difco/Becton
Dickinson) with shaking at 37°C until a turbidity of 0.7 at 600 nm was reached. Expression of cupA was
induced by the addition of 200 g of anhydrotetracycline liter⫺1, and incubation was continued with
shaking for 3 h at 30°C. Cells were harvested by centrifugation (20 min, 7,650 ⫻ g, 4°C), suspended in 20
ml of buffer (100 mM Tris-HCl [pH 7.6], 150 mM NaCl), and ultrasonicated in the presence of a 1 mM
concentration of the protease inhibitor phenylmethylsulfonyl ﬂuoride (PMSF) and DNase I (10 mg liter⫺1).
For puriﬁcation of CupA, the membrane fraction obtained after cell disruption and ultracentrifugation (1
h at 200,000 ⫻ g) was resuspended in 100 mM Tris-HCl (pH 7.6)–10% (vol/vol) glycerol– 0.1 mM PMSF and
solubilized with 1.0% ␤-D-dodecylmaltoside. Cell debris and unbroken cells were removed by centrifugation (15 min, 23,400 ⫻ g, 4°C). After ultracentrifugation (30 min at 200,000 ⫻ g), CupA was puriﬁed
using a Strep-Tactin afﬁnity chromatography column according to the manufacturer’s protocol (IBA
GmbH, Göttingen, Germany) in the presence of 0.05% DDM. Fractions containing the CupA protein,
monitored by SDS-PAGE, were pooled and concentrated with Vivaspin concentrator columns (Sartorius
AG, Göttingen, Germany). The protein concentration was determined by a Bradford assay (57), using
bovine serum albumin as a standard or by using a NanoDrop ND-1000 spectrophotometer.
Preparation of proteoliposomes. E. coli total lipids (20 mg; Avanti Polar Lipids) were dried under a
stream of nitrogen, slowly redissolved in 100 mM Tris-HCl (pH 7.6), containing 1% octyl ␤-Dglucopyranoside, and sonicated for 15 min. Subsequently, CupA (60 g) and ATP (10 mM ﬁnal concentration) were added to 125 l of the lipid-detergent mixture, resulting in a ﬁnal volume of 300 l.
Proteoliposomes were formed by removal of detergent by adsorption to Biobeads (100 mg; Bio-Rad) at
4°C for 2 h. After the beads were replaced with a new batch, incubation was continued for 1 h. The
mixture was then centrifuged for 1 min at 10,000 ⫻ g to pellet the beads, and then the proteoliposomes
were recovered by ultracentrifugation for 30 min at 200,000 ⫻ g, resuspended in 100 mM Tris-HCl (pH
7.6), and assayed for ATPase activity.
ATPase activity assay. The ATPase activity assay mixture contained 100 mM Tris (pH 7.6; 30°C), 3 mM
MgCl2, 6 mm ATP, 2.5 mM DTT, 0.01 g liter⫺1 puriﬁed enzyme, and 100 M Cu2SO4 and/or 100 M
AuHCl4. In different experiments, these reagents were independently varied as indicated in Fig. 8. The
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ATPase activity was measured for 1 h at 30°C. Released Pi was determined as described previously (58).
The background activity, measured in the absence of transition metals, was ⬍5% in all of our determinations.
ICP-MS analysis. To determine the metal content, cells were cultivated up to 100 Klett units in TMM,
and the different metal salts were added. When the cells reached the middle of their exponential phase
of growth at 150 Klett units, 10-ml cell suspensions were centrifuged for 30 min at 4,500 ⫻ g. The cells
were washed twice with 50 mM Tris-HCl buffer containing 10 mM EDTA (pH 7). The supernatant was
discarded, and the residual liquid was carefully removed at each step. The pellet was suspended in
concentrated aqua regia (analytical-grade 30% hydrochloric acid [HCl] and 67% nitric acid [HNO3] in a 3:1
ratio; Normatom/Prolabo) and digested at 70°C for 2 h. Samples were diluted to a ﬁnal concentration of
5% HCl and 2% HNO3. Indium was added as internal standard at a ﬁnal concentration of 10 ppb.
Elemental analysis was performed via inductively coupled plasma mass spectrometry (ICP-MS) using an
ESI-sampler SC-2 (Elemental Scientiﬁc, Inc., Omaha, NB) and an X-Series II ICP-MS instrument (Thermo
Fisher Scientiﬁc, Bremen, Germany) operating with a collision cell and ﬂow rates of 5 ml min⫺1 of He/H2
(93%/7%; 74), with an Ar carrier ﬂow rate of 0.76 liter min⫺1 and an Ar make-up ﬂow rate at 15 liter min⫺1.
An external calibration curve was recorded with ICP-multielement standard solution XVI (Merck) in 5%
hydrochloride acid. The sample was introduced via a peristaltic pump and analyzed for its metal content.
For blank measurement and quality/quantity thresholds, calculations based on German standard DIN
32645 TMM were used. The results were transformed from parts per million (ppm), parts per billion (ppb),
or parts per trillion (ppt) via molar units into atoms per sample and divided by the number of cells per
sample, which had been determined before as the CFU. Similarly, HNO3 (trace metal grade; Normatom/
Prolabo) was added to the CopA samples, and the measurement was performed as described above.
Transmission electron microscopy. A preculture was incubated at 30°C and 250 rpm up to early
stationary phase, diluted 1:20 in fresh medium, and incubated for 24 h at 30°C and 250 rpm. The cells
were harvested by centrifugation at 5,000 rpm for 10 min and taken up in TMM containing Au(III) chloride
(end concentration, 50 M). After incubation for 72 h at 30°C on a shaking incubator at 100 rpm, the cells
were ﬁxed directly with 3% glutaraldehyde (Sigma, Taufkirchen, Germany) in 0.1 M sodium cacodylate
buffer (SCB) for 3 h, centrifuged at 5,000 rpm for 5 min, and taken up in 4% agar-SCB, followed by one
wash step with SCB overnight at 4°C and three wash steps with the same buffer for 5 min. After ﬁxation
with osmium tetroxide for 1 h, the samples were dehydrated in a series of ethanol (10, 30, and 50%). The
cells were then treated with 1% uranylacetate–70% ethanol for 1 h and further dehydrated with a series
of 70, 90, and 100% ethanol. Thereafter, the samples were inﬁltrated with epoxy resin as described
previously (59) and polymerized at 70°C. The ultrathin sections (80 nm) were analyzed using an EM900
transmission electron microscope (Carl Zeiss SMT, Oberkochen, Germany) operating at 80 kV. The images
were recorded with a Variospeed SSCCD SM-1k-120 camera (TRS, Moorenweis, Germany).
EDXS. EDXS (energy-dispersive X-ray spectrometry) measurements were performed in a transmission
electron microscope (FEI Titan3 G2 80-300) equipped with a high-brightness ﬁeld-emission electron gun,
a spherical aberration (Cs) corrector for the objective lens, and a high solid-angle EDX detector system
(four windowless silicon drift detectors with shutters integrated deeply into the objective lens; Super-X).
The investigations were carried out on ultrathin sections using STEM mode at an acceleration voltage of
80 keV. In STEM mode, the electron beam scans cross a portion of the sample, and at each point of the
scanned area, a complete EDX spectrum was recorded (Qmap). These spectra were analyzed using the
Esprit 1.9 software by Bruker.
SXRF nanoimaging. C. metallidurans CH34 cells for synchrotron radiation X-ray ﬂuorescence (SXRF)
experiments were grown in the presence of 50 M Au and 50 M Cu (added to the growth medium as
metal chlorides) or without metal amendment and harvested after 144 h of incubation as described
above. For nano-XRF measurements at the European Synchrotron Research Facility (ESRF), the cell pellets
were resuspended in 0.1 ml of a 0.9 wt% NaCl solution and diluted to a factor of 1:1,000 with sterile
double-deionized water 30 min before analysis. Then, 2 l of the dilution was transferred to silicon nitride
membranes (Silson Ltd., Northampton, United Kingdom) and air dried in a dust-free environment (42).
The ESRF synchrotron is a 6.03-GeV ring with a maximum current of 200 mA when operating in
uniform bunch-ﬁlling mode. The SXRF acquisitions were collected at the nanoprobe station of the
beamline ID22 (ID22NI), which is located at 64 m from a two-undulator source. The white beam delivered
by the undulator source was energetically ﬁltered with a ﬂat, horizontally deﬂected Si mirror that
produced a pink beam (60). Subsequently, a pair of Si mirrors in Kirkpatrick-Baez conﬁguration focused
the pink beam down to a nanometer-length scale. Based upon two elliptical multilayer-coated Si mirrors
in cross-geometry, the focusing device provided about 1012 photons/s with an energy resolution (ΔE/E)
of 10⫺2. At 17.5 keV the resulting beam dimensions were about 120 ⫻ 150 nm2 (horizontal ⫻ vertical)
on the focal plane (60). The sample was raster-scanned using an XY translation piezostage, while
collecting the X-ray ﬂuorescence signals by using energy-dispersive Si drift detectors located side to side
at 15° with respect to the sample surface (60). By scanning the sample in the hard X-ray nanobeam, we
could produce elemental maps on a pixel-by-pixel basis.
Thus, full ﬂuorescence spectra were measured at each pixel, compared to just collecting regions of
interest, for both SXRF and XANES data. SXRF data were quantiﬁed using GeoPIXE II (61). GeoPIXE II
utilizes the dynamic analysis method to project quantitative elemental images from SXRF data, and
quantitative maps from both data sets were constructed using GeoPIXE II (62). Beamline parameters were
calibrated based on the NIST 1577b bovine liver standard, and the data were normalized such that Si
(from the Si3N4 window used as a sample support) had a concentration of 4 wt% (2,500 ng cm⫺2).
Statistics. A Student t test was used to determine statistical signiﬁcance, but in most cases the
distance (D) has been used several times previously for such analyses (19, 33, 63). It is a simple, more
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useful value than the Student t test result because nonintersecting deviation bars of two values (D ⬎ 1)
for three repeats always means a statistically relevant (ⱖ95%) difference provided the deviations are
within a similar range. At n ⫽ 4 the signiﬁcance is ⱖ97.5% at n ⫽ 5 the signiﬁcance is ⱖ99% (signiﬁcant),
and at n ⫽ 8 the signiﬁcance is ⱖ99.9% (highly signiﬁcant).

SUPPLEMENTAL MATERIAL
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