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ABSTRACT: The copH gene is one of the 19 open reading frames (ORFs) found in thecop cluster borne
by the large plasmid pMol30 inCupriaVidus metalliduransCH34. The entire cluster is involved in
detoxification of copper from the cytoplasm as well as from the periplasm. The function of the corresponding
protein, CopH, is not yet clear, but it seems to be involved in the late response phase. We have cloned
copHand overproduced and purified the corresponding protein. CopH is rather unique as only one paralog
can be found in the databases. It is a dimeric protein with a molecular mass of 13 200 Da per subunit and
located in the periplasm. The metal binding properties of CopH were examined by using a series of
techniques such as UV-visible spectroscopy, circular dichroism (CD), electron paramagnetic resonance
(EPR), surface plasmon resonance (SPR), mass spectrometry, and nuclear magnetic resonance (NMR).
All together, the corresponding data are consistent with a dimeric protein containing one metal-binding
site per subunit. These sites have a high affinity for Cu(II) but can also bind zinc or nickel. CopH does
not contain any cysteines or methionines but contains two histidines. EPR and UV-visible features are
consistent with the presence of Cu(II) type 2 centers in a nitrogen ligand field. SPR data confirm the
involvement of the histidine residues in copper binding. CD and NMR data reveal that CopH is partially
unfolded.

Because copper is both an essential element for living
organisms and a redox-active transition metal, a strict con-
trol of its intracellular concentration is required to regu-
late homeostasis and to manage conditions of copper excess
(1, and references therein). Genetic determinants for copper
homeostasis and resistance exist in a variety of organ-
isms. They include thepcoABCDpcoRSpcoEand copAB-
CDcopRSloci found in anEscherichia colistrain isolated
from feces of copper-fed pigs and in thePseudomonas
syringae pathovar tomato isolated from crop vegetables
subjected to copper-based antifungal treatments, respectively
(2-5). The involvement in copper homeostasis of the
different elements of thecop clusters is relatively well
understood for these Gram-negative strains (1). For Gram-
positive strains, a detailed literature exists for thecopYZAB
operon responsible for copper homeostasis inEnterococcus
hirae (6).

In CupriaVidus metalliduransCH34 (formerlyRalstonia
metalliduransCH34), a facultative autotrophic Gram-nega-
tive microorganism characteristic of metal-contaminated
biotopes (7, 8), a high level of complexity is reached (9). C.
metalliduransCH34 is exceptionally well equipped to resist
high copper concentrations. It contains two clusters related
to thepcoABCDpcoRSpcoEandcopABCDcopRSloci. These
two clusters have the divergent organizationcopSRcopABCD
also found in the related plant pathogenRalstonia solan-
acearum(10). One cluster is located on a megaplasmid, and
the second is found on the pMol30 plasmid as part of a large
cluster that consists of 19 genes according to a recent
reassessment (11). Transcriptomic and proteomic data dem-
onstrated that all of the 19 ORFs1 (orfV copT orfM copK
orfN copSR copABCDI copJGF copL orfQ copH orfE) of
the pMol30copcluster are differentially expressed when the
cells are faced with copper stress (11). It has been found
that the expression of the individualcop genes depends on
both Cu(II) concentration and exposure time. A better
understanding of the role and the structure of the 19
individual products of the genes constituting thecopcluster
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is necessary before the question of the interplay of these
different actors in the management of copper trafficking can
be addressed.

copHis probably involved in the late resistance mechanism
as its maximum expression (∼100-fold mRNA induction for
0.4 mM copper) occurred after 1 h, while all the other genes
were optimally induced 30 min after copper exposition (11).
In this study, we have overexpressed and characterized
CopH, the corresponding protein for which no functional or
structural data exist. The only protein found in the databases
that is significantly homologous with CopH is CzcE (Figure
1), which is a paralog fromC. metalliduransCH34. CzcE
was identified as a periplasmic metal-binding protein in-
volved in a nonessential metal-dependent induction of the
czc operon (12), itself essential for survival ofC. metalli-
duransCH34 at high cobalt, zinc, or cadmium concentra-
tions. It has been postulated that the role of CzcE should be
to sense the periplasmic metal cation concentration and then
to trigger, by inhibition of the phosphorylation of the
regulatory protein CzcS, a signal transduction chain leading
to the control of the cytoplasmicczcNppromoter. The only
histidine residue present in mature CzcE has been shown to
be involved in metal binding.

Here we demonstrate that CopH is a dimeric periplasmic
protein able to specifically bind two copper ions per dimer
with a high affinity. We also show that the two histidine
residues of CopH are both involved in copper binding
probably along with carboxylates. These data allow us to
speculate about the role of this protein in copper homeostasis.

EXPERIMENTAL PROCEDURES

Construction of the Expression Plasmid and Expression
and Purification of the Recombinant CopH Protein. The
DNA fragment expected to encode the CopH protein devoid
of signal peptide was amplified by PCR with suitable
restriction sites for subcloning in the pET28a expression
vector. The sense primer 5′-AAATTTCCATGGCTGA-
CAAACTCGAATCCACC contains the nucleotides (in
bold) encoding an N-terminal amino acid sequence starting
with alanine 27 (ADKLESTNPAG). The overhanging se-

quence includes an NcoI site (underlined) carrying the
initiator codon ATG. The antisense primer 5′-TTAAAGCTC-
GAGTCAACCGCCGATGTAGAGTCTG was designed
to incorporate an XhoI site (underlined) and a stop codon
corresponding to the end of the sequence of CopH. The
nucleotides (in bold) are complementary of the corresponding
coding sequence of CopH. The authenticity of the DNA insert
generated by PCR was confirmed by sequencing. The
resulting pET-CopH expression plasmid was used to trans-
form the T7 RNA polymerase-containing hostE. coli BL21-
(DE3). Transformed bacteria from a glycerol stock were
grown overnight in 50 mL of LB medium supplemented with
kanamycin (50µg/mL). Then, 1 L of thesame medium was
inoculated with the overnight preculture. CopH expression
was induced at an absorbance of 0.8 at 600 nm by addition
of 0.25 mM isopropyl thio-â-galactopyranoside (IPTG). Cells
were then grown overnight at 20°C before being harvested
by centrifugation. All subsequent steps were performed at 4
°C. The cell pellet was suspended in a buffer composed of
100 mM Tris-HCl (pH 7.5), 10 mM MgCl2, a small amount
of DNase I, and an antiprotease cocktail (Complete, Roche,
1 tablet/50 mL) and lysed by sonic oscillation. The total
protein extract was recovered by centrifugation for 90 min
at 45 000 rpm in a TI 70 rotor (Beckman) and used for further
purification. Residual nucleic acids were eliminated by 2%
streptomycin sulfate precipitation. Ammonium sulfate was
then used to precipitate soluble proteins, and CopH was
found in the pellet obtained at a 50% final saturation. For
standard experiments, precipitated proteins were dissolved
in a minimal volume of 50 mM Tris-HCl (pH 7.5) (buffer
A). The protein solution was subjected to filtration on a
Superdex-75 column (Amersham-Pharmacia Biotech) previ-
ously equilibrated with the same buffer. Elution was carried
out at 0.8 mL/min, and 1 mL fractions were collected.
Fractions were assayed for protein (absorbance at 280 nm)
and for the presence of CopH (SDS-PAGE analysis). CopH-
containing fractions were pooled and concentrated by ultra-
filtration using a Diaflo cell equipped with a YM-3 mem-
brane (Amicon Co.) and Centricon-3 microconcentrators. At
this stage, CopH was electrophoretically pure and stored at

FIGURE 1: Sequence alignment of CopH and CzcE and secondary structure predictions. Asterisks denote identical amino acids, and similarities
are identified with colons. Histidines are bold. Secondary structure predictions were obtained by submitting the corresponding sequences
to the SOPMA server (19) found in the ExPASy tools (http://www.expasy.org/tools/).
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-80 °C for further use. The yield for a typical purification
procedure is more than 150 mg of pure CopH from 1 L of
LB medium. When necessary, Tris buffer was exchanged
for another buffer by extensive dialysis.

Protein concentrations were determined using bovine
serum albumin as a standard and the Micro BCA protein
assay (Pierce). The denatured molecular mass of CopH was
estimated by 0.1% SDS-15% polyacrylamide gel electro-
phoresis (13), and its native molecular mass was ascertained
by elution of a calibrated Superdex-75 filtration column and
comparison with the elution volume of chymotrypsinogen
A (25 kDa) and ribonuclease A (13.7 kDa).

For the NMR experiments, CopH was purified in the same
way after bacteria were grown at 37°C in M9 minimal
mineral medium with glucose (4 g/L) as the carbon source
and supplemented with MnCl2 (0.1 mM), ZnSO4 (0.05 mM),
FeCl3 (0.05 mM), and a vitamin solution according to the
method of Jansson et al. (14). Isotopically labeled protein
was prepared by growing the cells with15NH4Cl (1 g/L) as
the sole nitrogen source.

Immobilized Metal Affinity Chromatography.A 1 mL
chromatography column was packed with Ni-NTA super-
flow resin (Qiagen), extensively washed with water, and
equilibrated with buffer A. CopH (300µg) was applied to
the gel, and the column was washed with 10 mL of buffer
A supplemented with 200 mM NaCl. Protein was then eluted
with 3 mL of buffer A supplemented with 10 mM EDTA.
Fractions (500µL) were collected and analyzed by SDS-
PAGE. After a new extensive washing step with water, the
gel was loaded with 3 mL of a 250 mM solution of various
other metals (CuCl2, CoCl2, ZnCl2, or MnCl2), and the full
procedure was repeated. The protein CopK (15) that is
specific for copper was used as a control.

Spectroscopic Methods.UV-visible spectra were recorded
at room temperature in a quartz cell with a 10 mm light path
using a Cary 50 Bio (Varian) spectrophotometer. The cuvette
was filled with 1 mL of 0.5 mM CopH in 50 mM Hepes
(pH 7.6). A first spectrum corresponding to the apo form of
the protein was recorded. Then, small aliquots of copper were
added from a freshly prepared stock solution of CuCl2 in
water. A spectrum was recorded immediately after each
addition. The dilution was considered negligible as the
titration of the specific metal binding sites was obtained for
a total added volume of 10µL of CuCl2.

CD spectra were obtained on a Jobin Yvon CD6 spec-
tropolarimeter operating at room temperature. Cells with a
path length of 1 mm were used for recording spectra in the
UV region (190-260 nm). To study the influence of pH on
the protein conformation, 2µL of 1.7 mM CopH in 50 mM
Tris-HCl (pH 7.5) was added to 300µL of a solution buffered
by mixing the required amounts of acidic and basic potassium
phosphate at a final concentration of 20 mM. Under these
conditions, the final CopH concentration was 11.3µM. To
record the spectrum of Cu-bound CopH, the protein was first
diluted to 11.3µM directly in water, and a reference spectrum
was recorded. Then 3 equiv of Cu was added from a freshly
prepared concentrated CuCl2 stock solution, and a new
spectrum was recorded.

X-Band EPR spectra were recorded with a Bruker EMX
spectrometer equipped with an ESR 900 helium flow cryostat
(Oxford Instruments). The temperature was set to 20 K. Each
sample consisted of CopH at a concentration of 170µM in

Hepes buffer, and the desired amount of CuCl2 was added.
Spectra were recorded as described in the legends of the
concerned figures.

NMR spectra were recorded at 298 K on a Varian INOVA
600 spectrometer equipped with a triple-resonance (1H, 15N,
and13C) probe including shieldedz-gradients. The data were
processed using NMR Pipe (16), and the spectra were
visualized with NMRView (17). Samples were prepared with
0.4 mM CopH in MES buffer (pH 6.7), in the absence and
presence of 0.9 mM Cu(II). For a semiquantitative determi-
nation of protein compactness,1H-15N HET-SOFAST-
HMQC experiments (18) were carried out with and without
a band-selective inversion pulse, shifted-3 ppm from the
water resonance and covering a bandwidth of 4 ppm. One
hundred complex points were recorded in the indirect
dimension, resulting in an experimental time of approxi-
mately 10 min. The ratio of the peak intensities measured
in the two spectra (λnoe ) Isat/Iref) is related to the exposure
of the corresponding amide group (18). λnoe values were
determined for the apo form and the Cu(II)-loaded form of
CopH.

Surface Plasmon Resonance.SPR experiments were
performed using a Biacore 1000 upgrade instrument (Bia-
core) equipped with a nitrilotriacetic acid (NTA) sensor chip.
The machine was primed with the running buffer [10 mM
Hepes (pH 7.4), 150 mM NaCl, 50µM EDTA, and 0.005%
surfactant P20], and the NTA chip was loaded with 500µM
NiCl2 as recommended by the manufacturer. CopH was
diluted in the running buffer at the required concentrations
reported in the corresponding figures legends. All runs were
performed at 20°C and at a flow rate of 30µL/min. When
necessary, the surface was regenerated by a 15µL injection
of 350 mM EDTA at a flow rate of 5µL/min. For each CopH
concentration, a blank was run in parallel on a surface
without metal to subtract unspecific binding. For the pH
titration, solutions were buffered with Hepes (pH 7.5-7.0),
Pipes (pH 6.8-6.1), or Mes (pH 6.0-5.5).

Mass Spectrometry Analysis.Noncovalent (or native) mass
spectrometry measurements were performed by using Q-TOF
Micro mass spectrometer (Micromass, Manchester, U.K.)
equipped with an electrospray ion source. It operated with a
needle voltage of 3000 kV and sample cone and extraction
cone voltages of 150 and 15 V, respectively. The backing
Pirani pressure was set at 10 mbar. The mass spectra were
recorded in the 1500-3000 mass-to-charge (m/z) range. The
sample concentration was 10µM in 50 mM ammonium
acetate (pH 6.9) and continuously infused at a flow rate of
5 µL/min. Data were acquired in the positive mode, and
calibration was performed using a solution of 1µM GFP in
an acetonitrile/water/formic acid solution (50/50/0.2). Mass
spectra were acquired and data processed with MassLynx
version 4.0 (Waters).

RESULTS

OVerexpression of CopH.A first expression plasmid was
constructed with the full-length coding sequence of thecopH
gene, and the corresponding protein was expressed. The
SDS-PAGE analysis showed that the overexpressed protein
had a molecular mass lower than the expected one (not
shown). Thus, thecopH gene sequence was analyzed to
predict post-translational modifications using the ExPASy
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proteomics tools (http://www.expasy.org/tools/). A potential
signal peptide cleavage site was identified between Ser26
and Ala27, suggesting CopH is a periplasmic protein. Amino-
terminal sequencing of the overexpressed protein gave
ADKLEST, i.e., a sequence beginning at the predicted
cleavage site, thus confirming N-terminal splicing and
periplasmic localization of CopH. However, the overexpres-
sion yield was poor. To obtain a larger amount of protein, a
plasmid containing the DNA fragment encoding a protein
without a signal peptide was constructed and CopH was
expressed as its mature form in the cytoplasm ofE. coli
BL21(DE3). Maximal overexpression was observed after an
overnight culture at 20°C following addition of IPTG to
the growth medium, and CopH was recovered with an
excellent yield in the soluble extracts (∼25-30% of the total
soluble proteins).

Purification and Characterization of CopH.Soluble
extracts were first fractionated by ammonium sulfate pre-
cipitation. CopH was recovered from the pellet obtained at
50% final saturation and was then further purified to apparent
homogeneity by gel filtration on preparative Superdex-75.
The final yield was∼150 mg of protein per liter of cell
culture. Pure CopH was loaded on a calibrated analytical
Superdex-75 column, and its elution volume was compared
with those of chymotrypsinogen A (25 kDa) and ribonuclease
A (13.7 kDa). CopH and chymotrypsinogen A eluted at the
same volume (14.5 mL), while ribonuclease A eluted at 16.4
mL (not shown). As the CopH theoretical molecular mass
is 13 201.67 Da, we can conclude that this protein is a dimer
in solution. The capacity of CopH to bind divalent metal
was tested using metal affinity chromatography. When loaded
on Cu(II), Zn(II), and Ni(II) columns, CopH was eluted only
with buffer containing EDTA (not shown). However, no
binding could be observed when using a Co(II) column. As
expected, the CopK protein, used as a control because it is
specific for copper (15), only bound to the Cu(II) column.
This strongly suggests that CopH is a metal-binding protein.
As shown in Figure 1, CopH lacks any cysteines and
methionines but contains two histidines that can be suspected
to be involved in metal binding along with carboxylates.

Analyses of the Metal Binding Capacities of CopH.Mass
spectrometry under nondenaturing conditions was used to
address the metal binding capacities of CopH. The protein
was diluted to 10µM in ammonium acetate buffer and mixed
with increasing amounts of different metals (CuCl2, ZnCl2,
or NiCl2) before analysis. Using the soft experimental
conditions described in Experimental Procedures, we were
able to detect the native dimeric form of CopH (Figure 2A,B)
along with the monomeric one (not shown). This is a further
demonstration of the dimeric structure of CopH and shows
that the two subunits are not linked through covalent
interactions. Moreover, the experimentally determined mo-
lecular mass of CopH fits the expected mass of the dimeric
apoprotein (26 404 Da), showing that pure CopH did not
contain any trace of metal. Figure 2A (top trace) shows the
mass spectrum of dimeric apo-CopH ions atm/z 2641 (z )
10). Upon addition of 1 equiv of copper (10µM CuCl2),
two extra peaks appear with a mass difference ofm/z ∼6
and∼12 with respect to the CopH native mass (middle trace).
This corresponds to the addition of one and two copper atoms
to the CopH dimer, respectively. Concomitantly, the propor-
tion of apo-CopH decreased dramatically. A full conversion

to Cu-bound CopH was observed for 2 equiv of copper (20
µM CuCl2). Under these conditions, the peaks corresponding
to the apoprotein and the protein with one copper atom were
virtually absent, and only the peak corresponding to the
binding of two copper ions was apparent (bottom trace). The
binding of copper was also observed for the dissociated
monomeric form of CopH with similar results (not shown).
Upon addition of 0.2 equiv of copper, one extra peak
corresponding to the binding of one copper atom appeared
along with the peak of the apoprotein. As more copper was
added, the proportion of CopH with bound copper increased
while the proportion of the apo form decreased until the full
conversion observed for 2 equiv of copper, i.e., one copper

FIGURE 2: ES-MS titration of CopH with CuCl2 or ZnCl2 under
native conditions. Only the part of the spectra corresponding to
the dimer is shown with az of 10 in the case of CuCl2 (A) and a
z of11 for the addition of ZnCl2 (B). Peaks corresponding to apo-
CopH and, to the forms of the protein loaded with 1 and 2 equiv
of metal, are indicated. The experimental conditions are described
in Experimental Procedures.
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ion per subunit. This shows that CopH contains two distinct
copper-binding sites, one per monomer, that are not located
at the interface of the dimer. ZnCl2 binding and NiCl2 binding
were also assayed by mass spectrometry and gave very
similar results. Figure 2B shows the mass spectra obtained
with ZnCl2. One and two extra peaks appeared upon addition
of 2 and 4 equiv of zinc, respectively. These peaks cor-
respond to the binding of one and two zinc atoms, respec-
tively. However, even in the presence of 4 equiv of zinc,
the preparation contained a mixture of apo-CopH along with
CopH with one or two bound zinc. This strongly suggests a
difference in the dissociation constants of copper, zinc, and
nickel for CopH. This was definitively demonstrated by a
competition experiment. NiCl2 and CuCl2 were chosen for
such an experiment because of the difference in the cation
molecular mass. CopH was first loaded with Ni(II) by mixing
the protein with 10 equiv of NiCl2. Then, 2 equiv of CuCl2

was added, and a native mass spectrum was recorded,
showing only the features of copper-bound CopH and thus
demonstrating that copper took the place of nickel within
the protein (not shown). Competition with glycine was also
performed. Two glycines are required to bind one copper
atom with a dissociation constant of∼500 nM at pH 7.5
(20). However, glycine was able to poorly compete with
CopH only when added in a very large excess. The
dissociation constant of Cu(II) for CopH is thus significantly
lower than 500 nM. The monomer of CopH was also able
to bind zinc or nickel (not shown). This common behavior
suggests that copper, zinc, and nickel use the same binding
sites within the CopH protein.

EPR Characterization of Copper Binding.X-Band EPR
measurements were performed to assess the binding of Cu
to CopH and the geometry of the binding sites. The results
are depicted in Figure 3A. Pure CopH (170µM in 50 mM
Hepes buffer) did not reveal any EPR signal characteristic
of Cu(II), showing again that the protein is in its apo form
as purified. The EPR spectrum of free copper at a concentra-
tion of 340µM was recorded as a control. Cu(II) in Hepes
gives a very slight signal compared to Cu(II) bound to CopH,
reflecting the heterogeneity of the solution in copper species
in this buffer. Such a phenomenon was very useful for the
copper titration experiment. CopH was then titrated with
increasing amounts of CuCl2. Only one signal was observed
as the amount of Cu(II) increased up to 2 molar equiv.
Further addition of Cu(II) led to the appearance of a new
signal with EPR parameters close to those of the free Cu(II)
sample. Double integration of the low-field hyperfine
resonance at 2750 G was plotted as a function of the copper
concentration. Figure 3B shows that the signal intensity
increases linearly up to 2 equiv of copper and that further
addition of this metal did not result in a further increase in
the magnitude of this EPR signal. This result confirms the
Cu(II)/CopH binding stoichiometry previously deduced from
the mass spectrometry experiments. Spectral characteristics
were extracted from the spectrum with 2 equiv of Cu(II).
The EPR parameters of this signal with ag|| of 2.238, ag⊥
of 2.053, and a hyperfine coupling of 182 G are compatible
with a model of type II copper in a square-planar geometry
with a coordination sphere of oxygen or nitrogen atoms. A
complex super-hyperfine structure with seven transitions can
be extracted from the high-field peak (see the inset of Figure
3B) with an apparent hyperfine constant (a) value of 16 G.

The number of super-hyperfine resonances suggests that there
are two nitrogen nuclear spins (I ) 1) in interaction with
the spin of the copper atom with different hyperfine constant
values (a1 ) 16 G anda2 ) 8 G). Therefore, we propose
that both His24 and His26 residues are involved in copper
binding in CopH but with distinct coordination in terms of
the Cu-N distance and/or orientation of the imidazole plane.

Surface Plasmon Resonance Analysis.Surface plasmon
resonance (SPR) spectroscopy was used to gain more insight
into the metal binding capacities of CopH. All experiments
were run with NiCl2 which is the metal recommended by
the manufacturer for the best interaction with the NTA sensor
chip. Figure 4A shows the dependence on pH of the
association of CopH with the Ni-NTA sensor chip. The
phase of association run at pH 7.5 confirmed that CopH could
bind Ni. During the dissociation phase, the pH was adjusted

FIGURE 3: X-Band EPR analysis of binding of copper to CopH.
(A) The protein was used at a final concentration of 170µM in
Hepes buffer. Copper was added as CuCl2 from a freshly prepared
solution in water. As controls, the spectra of apo-copH and of free
CuCl2 at a concentration corresponding to 2 equiv of Cu(II) are
shown. General conditions are as follows: temperature of 20 K,
microwave power of 0.101 mW, microwave frequency of 9.448
GHz, modulation frequency of 100 kHz, and modulation amplitude
of 10 G. (B) Plot of the double integration of the low-field hyperfine
resonance at 2750 G as a function of the copper concentration,
indicating the saturation of the signal for 2 equiv of copper. The
inset shows the complex super-hyperfine structure with seven
transitions extracted from the high-field peak.
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to 5.5 by replacing Hepes buffer with Mes buffer. CopH
fully dissociated instantaneously. After the sensor chip was
equilibrated again at pH 7.5, CopH was able to reassociate
(Figure 4), showing thus that the previous dissociation was
not due to removal of metal from the sensor chip. This result
is in agreement with the involvement of histidine residues
in copper binding as the dissociation was probably due to
histidine protonation at low pH. A pH titration between 7.5
and 5.5 was performed (not shown). Dissociation was
observed to start at pH 6.5 and was almost complete at pH
5.8.

SPR was also used to estimate the apparent dissociation
constant of CopH for Ni(II). Increasing amounts of CopH
were loaded on a Ni-NTA sensor chip under conditions
where saturation was obtained at the end of the association
phase. Figure 4B shows only the result obtained with 200
and 400µM CopH as an illustration. Between each CopH
loading, the surface was regenerated by a pulse injection of
EDTA followed by NiCl2 treatment. Sensorgrams are
characterized by an immediate and abrupt increase in

resonance followed by an equilibrium phase leading to the
saturation of the surface. The dissociation phase starts also
by an abrupt decrease in resonance, the amplitude of which
is different from that of the abrupt increase. Moreover, the
amplitude of both abrupt phases was dependent on CopH
concentration. As the binding and dissociation curves did
not fit a simple interaction-dissociation model, the kinetic
constants could not be determined. However, under these
conditions, one can assume that the free CopH concentration
corresponds to the protein concentration in the running buffer
and that 100% binding corresponds to the saturation ex-
pressed in resonance units. These values were used for the
Scatchard plot analysis reported in the inset of Figure 4B.
An apparentKd of 20 µM for Ni(II) was deduced from the
slope.

Circular Dichroism and UV-Visible Spectroscopic Char-
acterizations.Circular dichroism (CD) studies were con-
ducted in the UV region (190-260 nm) to explore the
structural properties of CopH as a function of the pH or of
the presence of copper. The recorded spectra remained
strictly similar regardless of the pH (7.5 and 5.7) or the
presence of 3 equiv of copper at pH 7.5. Figure 5A shows
the result obtained at pH 7.5 in the absence of Cu as an
example. Analysis of this spectrum using Selcon3 found in
Dichroweb (21, 22) suggested that CopH is composed of

FIGURE 4: SPR analysis of the interaction of CopH with the Ni-
NTA sensor ship. (A) Influence of the pH on CopH binding. Apo-
CopH (50µM in 250 µL) was loaded at a rate of 30µL/min on a
Ni-NTA sensor ship at pH 7.5 (arrow 1). During the dissociation
phase, the pH was lowered by a pulse addition of Mes buffer (pH
5.5) (arrow 2). After re-equilibration at pH 7.5, the whole
experiment was repeated. (B) Determination of the apparent
dissociation constant for immobilized nickel. Increasing amounts
(from 50 to 400µM in 250 µL) of CopH were injected at a flow
rate of 30µL/min. After each analysis, the surface was regenerated
as described in Experimental Procedures. For simplification, only
the results of the injections of 200 and 400µM CopH are shown.
All the data were used for the Scatchard plot analysis shown in the
inset.

FIGURE 5: CD and UV-visible spectroscopic characterization of
CopH. (A) UV (190-260 nm) CD spectrum of apo-CopH in 20
mM potassium phosphate buffer (pH 7.5). (B) UV-visible Cu(II)
titration of 0.5 mM CopH in 50 mM Hepes (pH 7.6). A 1 mL
cuvette was filled with the protein solution, and the first spectrum
was recorded. Stepwise additions of 100 mM CuCl2 were carried
out (1, 3, 4, 6, 7, 8, 9, 10, 12, 14, 16, 20, 20, 25, and 30µL). The
absorbance at 610 nm increased linearly up to 10µL of added CuCl2
(horizontal dotted line), corresponding thus to the addition of 1
mM copper. Further addition of copper led to an absorbance
increase characterized by the bathochromic shift illustrated by the
deviation from the vertical dotted line.
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21% helix and 24.6% strands. This fits perfectly with the
secondary structure prediction shown in Figure 1. According
to the Selcon3 analysis, the protein should also contain 38%
random coil and 20.2% turn structures. No major confor-
mational changes occurred when the pH was lowered to 5.7,
strengthening the hypothesis of the histidine protonation to
explain the copper dissociation observed by SPR at acidic
pH. In addition, the CD analysis also allows us to conclude
that the binding of copper does not significantly affect the
secondary structure content of CopH.

Upon addition of copper to CopH, the solution turned
instantaneously deep blue. The spectral changes were
analyzed between 350 and 900 nm as a function of increasing
amounts of CuCl2 added to CopH in Hepes buffer. The
results are shown in Figure 5B. Addition of copper first led
to the appearance of a large band centered at 610 nm. This
absorbance increased linearly up to the addition of 2 equiv
of copper with respect to the amount of dimeric CopH
protein. Further addition of CuCl2 led to a further increase
in absorbance along with a bathochromic shift showing the
appearance of a new species. In perfect agreement with the
results of the EPR and mass spectrometry analyses, one can
deduce that CopH can specifically bind two copper atoms
per dimer. From the spectrum of the fully Cu(II)-loaded
protein, an extinction coefficient of 150 M-1 cm-1 at 610
nm can be deduced which is characteristic of a type II Cu-
(II) d-d transition (23).

NMR Spectroscopy.CopH was labeled with15N, and
1H-15N HSQC experiments were recorded at two different
pHs. In the spectrum recorded at pH 7.5 (data not shown),
only 85-90 peaks over the 119 expected resonances (127
residues minus seven prolines and the N-terminal amino
group) could be observed. These resonances display a broad
distribution of the NMR frequencies, typical for folded
proteins. However, the absence of a large number of expected
resonances from the1H-15N HSQC spectrum suggests
that the corresponding amino acids are either in slow
conformational exchange or highly solvent accessible. Sol-
vent exchange can be slowed by lowering the pH, and indeed,
several sharp and intense resonances appear in the center
of the spectrum at pH 6.5 (Figure 6A, spectrum shown
in black). This indicates the poorly structured nature of
the corresponding amino acids. At pH 6.5, roughly 110
peaks can be identified in the1H-15N HSQC spec-
trum. Additional evidence for the low degree of ordered
structure of CopH also comes from the analysis of1H-15N
HET-SOFAST correlation experiments (18). These experi-
ments were designed for a semiquantitative determina-
tion of structural compactness and heterogeneity of pro-
teins in solution and provide measures for the solvent
accessibility and proton density at the amide proton sites (18).
Figure 6B shows the distribution ofλnoe values calculated
for the 811H-15N correlation peaks for which the intensity
could be measured with confidence. Lowλnoevalues indicate
a high proton density around the amide proton, which can
be related to its localization in a structured protein region.
A λnoedistribution as observed for CopH is a typical example
for a very heterogeneous protein comprising structured and
disordered protein segments (18). In this case, one can
conclude that roughly 50 amino acids are situated in a well-
structured protein core (λnoe e 0.4), which correlates well

with the secondary structure prediction depicted in Figure
1.

Cu(II) is paramagnetic, and the magnetic moment of its
unpaired electron affects the NMR parameter of nearby
nuclei (24). 1H-15N HSQC and1H-15N HET-SOFAST
experiments were performed to follow the spectral and
structural variations due to copper binding. To a freshly
prepared CopH sample (0.4 mM) at pH 6.5 was added CuCl2

step by step to a final concentration of 0.9 mM. Figure 6A
shows the superposition of the1H-15N HSQC spectra of
apo-CopH and copper-bound CopH protein. It can be seen
that the addition of Cu(II) to CopH does not induce any major
chemical shift changes, confirming that copper binding does
not lead to conformational changes. As expected, several

FIGURE 6: NMR characterization of CopH. (A) Superposition of
1H-15N HSQC spectra acquired for CopH (0.4 mM) in the absence
(black) and presence (red) of 0.9 mM Cu(II). Both spectra were
recorded with the same protein sample in 50 mM MES (pH 6.5) at
25 °C. (B) Protein compactness expressed asλnoedetermined from
the 1H-15N HET-SOFAST-HMQC experiment.λnoe is plotted for
individual residues (resonance peaks), which are sorted for increas-
ing λnoe values in the apo form of CopH ([). Low (λnoe e 0.35)
values are expected for buried amide groups in the structured part
of the protein, whereas aλnoe of g0.35 indicates increased solvent
exposure. Gray squares correspond toλnoevalues measured for the
same resonance peaks but in the copper-loaded protein. Arrows
denote resonances which disappeared upon Cu(II) binding due to
paramagnetic line broadening.
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peaks disappear from the spectrum due to the enhanced
proton relaxation by the unpaired electron of the nearby Cu-
(II). The corresponding residues are situated in both the
structured and the more flexible part of the CopH protein as
shown by theλnoe values measured for the same correlation
peaks on the apoprotein. Comparison of theλnoe values of
the apo form and the copper-bound form of CopH also
demonstrates that copper binding does not lead to a higher
degree of ordered structure (Figure 6B).

DISCUSSION

CopH is the product of one of the 19 ORFs found in the
copcluster of theC. metalliduransCH34 pMol30 plasmid.
CopH is an almost unique protein that is significantly
homologous only with a paralog fromC. metalliduransCH34
named CzcE (Figure 1). CzcE was identified as a periplasmic
protein that is able to bind to Cu2+, Zn2+, Ni2+, or Co2+-
NTA columns. The involvement of the only histidine residue
(His24) in metal binding was ascertained by chemical
modification with diethyl pyrocarbonate (12). We found that
CopH also is a periplasmic protein. We have expressed it as
its mature form in the cytoplasm ofE. coli, and large amounts
of protein were purified after ammonium sulfate fractionation
and gel filtration. The mature form contains two histidine
residues in positions 24 and 26 surrounding an aspartate.
His26 of CopH can be aligned with His24 of CzcE (Figure
1). CopH was also found to bind to Cu2+, Zn2+, and Ni2+

columns but not to Co2+-NTA columns. This prompted us
to study the metal binding properties of CopH by different
spectroscopic techniques. The protein was first characterized
as a dimer by gel filtration and native mass spectrometry.
Absorption spectroscopy, EPR, and mass spectrometry
showed that CopH was purified in its apo form and was able
to bind two metal atoms per dimer with a high specificity
for copper. Additional unspecific binding of Cu(II) at higher
Cu(II)/protein ratios could be detected but was not further
characterized. A full conversion of the apo form to the Cu-
(II)-loaded form was observed by native mass spectrometry
after addition of 2 equiv of copper, while more than 4 equiv
of Zn or Ni did not transform CopH to a fully metal-loaded
form. Competition experiments between Cu and Zn or Ni
demonstrated the specificity for copper, and competition with
glycine suggests a low dissociation constant (<500 nM) (20).
As native mass spectrometry allows detection of both the
CopH monomer and the dimer in the same experiment, we
could demonstrate that each subunit of CopH contains its
own metal binding site. EPR and UV-visible spectroscopies
confirmed the metal binding stoichiometry of two copper
atoms per dimer of CopH. These two techniques also allowed
the characterization of the copper binding sites. Upon Cu-
(II) binding, CopH turned blue and exhibited a broad
absorbance centered at 610 nm. This absorbance character-
ized by a low extinction coefficient (150 M-1 cm-1 for the
fully loaded protein) is indicative of a type II copper with
typical Cu(II) d-d transitions in a nitrogen ligand field (23).
EPR parameters are in agreement with this conclusion and
suggest a coordination sphere of nitrogen and oxygen for
copper (25, 26). The involvement of the histidine residues
was confirmed by SPR analysis. CopH, able to bind a Ni-
loaded sensor ship at pH 7.5, started to dissociate when the
pH decreased to 6.5 and fully dissociated at pH 5.8. Knowing
that the pKa for free histidine is 6.04, this relatively large

range of pH over which CopH dissociation occurs, suggests
that both His24 and His26 residues are involved in Cu(II)
binding, each being situated in a distinct environment. This
is corroborated by the analysis of the super-hyperfine
resonances observed at high field (between 3200 and 3400
G), suggesting different Cu-N distances or geometries for
the two histidine residues. The proximity of carboxylates also
likely to be involved in copper binding would contribute to
the increase in the pKa of His, resulting in a protonation at
higher pH. Moreover, from CD experiments recorded at
different pHs, it is clear that dissociation was not due to
structural reorganization of the protein. SPR experiments
were carried out with nickel. An apparentKd of 20 µM was
deduced for Ni(II) from a Scatchard plot analysis. Even if
this value is an upper limit because of the technical conditions
(the metal was not in solution but already bound to NTA),
it illustrates the difference in affinity found by mass
spectrometry between copper and nickel or zinc. CD and
NMR spectroscopies were used for a structural characteriza-
tion of CopH. Both techniques led to the conclusion that
this protein is partially unstructured as already suggested by
the secondary structure prediction (Figure 1). Compared to
CzcE, CopH contains, immediately downstream of His26,
an insertion of 17 probably unstructured amino acids. The
results of the1H-15N HET-SOFAST-HMQC experiments
suggest that CopH is highly heterogeneous with∼30 residues
situated in unstructured protein segments. Binding of copper
did not induce any significant changes in CopH folding, but
the NMR spectral changes reveal that amino acids from both
the folded and the unfolded part of the protein are situated
in the proximity of the paramagnetic Cu(II) ion (Figure
6A,B). As the protein resonances have not yet been assigned,
the corresponding amino acids could not be identified.

CopH is expressed from thecop cluster of the C.
metalliduransCH34 pMol30 plasmid, which is one of the
two clusters identified in this strain (11), conferring peri-
plasmic copper resistance. Whereas the copper minimal
inhibitory concentration (MIC) for a plasmid-free strain
containing only the chromosome and the megaplasmid is
∼0.6 mM in Tris mineral salts medium, it increases to a
value of 1.2 mM in the presence of the pMol30 plasmid (11).
It appears thus that thecopcluster from pMol30 is required
for maximal resistance. Moreover, it has been shown by
exploring a cosmid library composed of large pMol30
fragments used to complement a plasmid-free derivative that
the lack ofcopH led to a slightly lower resistance to copper
and a MIC of 0.8-1 mM (ref 11 and personal communica-
tion with T. Vallaeys). CopH is thus not essential for
resistance to copper but helps to reach the higher levels of
resistance. Resistance to copper is a complicated process
involving genes from the two different clusters, encoding
proteins responsible for periplasmic as well as cytoplasmic
copper detoxification. Whereas the function of the proteins
belonging to the basic resistance mechanism is quite well
characterized (1), several genes of the pMol30 cluster encode
proteins of completely unknown function for which no or
only a few equivalents are found in the protein databases.
The proteins encoded by the pMol30cop cluster can be
sorted into two main groups: those with methionine-rich
motifs and those with cysteine-rich motifs involved in
periplasmic or cytoplasmic copper detoxification, respectively
(11). As demonstrated from quantitative RT-PCR, most of
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these genes are highly expressed after incubation of the cells
for 30 min in the presence of up to 1 mM Cu(II). CopH is
an exception for at least two reasons. The maximum
expression ofcopH was observed after 1 h, and the
corresponding protein lacks any methionine or cysteine.
CopH should thus be involved in a late resistance mechanism,
but its exact role is still unknown.

CzcE, the CopH paralog, is supposed to be involved in
a nonessential metal-dependent induction of theczcoperon
(12) conferring copper, zinc, and cadmium resistance. The
regulation of theczc operon is quite complex and occurs
via the concerted action of several different promoters,
probably regulated in the function of the periplasmic and
cytoplasmic concentrations of the different metals. It should
be noted that two of these metals are essential, whereas
the third is purely toxic, which certainly is the reason for
the elevated number of regulatory proteins in theczcoperon
(12). CzcE has been proposed to be a sensor using the
periplasmic cation concentration as a signal for regulating
expression of a specific multisubunit efflux pump formed
by CzcA, CzcB, and CzcC (27). Hence, CzcE would repress
czcNp, the main in vivo promoter ofczc, at low periplasmic
metal ion concentrations by inhibiting the phosphorylation
of CzcS. At higher metal cation concentrations, the signal
transduction pathway should lead to the controlled expression
of the CzcCBA efflux system. However, this implies that
the sensor protein is already present even at low metal cation
concentrations and must interact with CzcS. Besides the
sequence homology, CopH and CzcE also share a periplasmic
localization and belong to a regulon encoding a two-
component regulatory system (28, 29). It is therefore
tempting to speculate that the physiological role of CopH
could be related to the regulation of copper detoxification.
It has already been mentioned that the regulation of copper
homeostasis acts on two gene clusters, one of which seems
to be specialized in the response to high Cu(II) concentra-
tions, with a possible coordination of periplasmic and
cytoplasmic copper sensing (11). CopH, whose maximal
induction is observed 1 h after copper challenge, could be
involved in the sensing of periplasmic copper once the
detoxification machinery is active and therefore in the
regulation of the late response to copper. As also proposed
for CzcE, the regulatory function could be performed via an
interaction with CopS, thus regulating phosphorylation of
CopR (29).

Besides this latter hypothesis, CopH could have a very
specialized role for copper management. For instance, CopH
could be a Cu(II) acceptor from the multi copper-oxidase
CopA (1, 30), thus serving to recycle copper-loaded CopA
in the periplasm. CopH could also serve for copper traffick-
ing between different Cop proteins, as suspected for CopC
(31). All the hypotheses suggest an interaction between
different partners, and we can speculate that these interactions
could be favored by the lack of stable tertiary structure of
CopH. Finally, the simplest hypothesis should be that CopH
is a copper sequestering protein playing the role of a copper
sponge and thus helping the cell to reach the highest capacity
of resistance. A more detailed functional and structural
characterization of the entirecop regulon is needed to
decipher the fairly complex interplay between the different
proteins that are involved.
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