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ABSTRACT: The bacterium Cupriavidus metallidurans CH34 is resistant to high
environmental concentrations of many metal ions. Upon copper challenge, it
upregulates the periplasmic protein CopK (8.3 kDa). The function of CopK in the
copper resistance response is ill-defined, but CopK demonstrates an intriguing
cooperativity: occupation of a high-affinity CuI binding site generates a high-affinity
CuII binding site, and the high-affinity CuII binding enhances CuI binding. Native
CopK and targeted variants were examined by chromatographic, spectroscopic, and
X-ray crystallographic probes. Structures of two distinct forms of CuICuII-CopK
were defined, and structural changes associated with occupation of the CuII site were
demonstrated. In solution, monomeric CuICuII-CopK features the previously elucidated CuI site in CuI-CopK, formed from four
Sδ atoms of Met28, -38, -44, and -54 (site 4S). Binding of CuI to apo-CopK induces a conformational change that releases the C-
terminal β-strand from the β-sandwich structure. In turn, this allows His70 and N-terminal residues to form a large loop that
includes the CuII binding site. In crystals, a polymeric form of CuICuII-CopK displays a CuI site defined by the Sδ atoms of
Met26, -38, and -54 (site 3S) and an exogenous ligand (modeled as H2O) and a CuII site that bridges dimeric CopK molecules.
The 3S CuI binding mode observed in crystals was demonstrated in solution in protein variant M44L where site 4S is disabled.
The intriguing copper binding chemistry of CopK provides molecular insight into CuI transfer processes. The adaptable nature of
the CuI coordination sphere in methionine-rich clusters allows copper to be relayed between clusters during transport across
membranes in molecular pumps such as CusA and Ctr1.

The bacterium Cupriavidus metallidurans CH34 is resistant
to high environmental concentrations of many metal ions.

It harbors two large plasmids, one of which (pMOL30)
includes a cop cluster of at least 21 genes that respond to
copper.1,2 This cluster features the copK gene whose protein
product CopK (8.3 kDa, 74 residues) is upregulated and
exported to the periplasm upon copper challenge.2 The
function of CopK in the copper resistance response is not
known, but CopK shows an intriguing copper binding
cooperativity: occupation of a high-affinity CuI binding site
generates a high-affinity CuII binding site, and the high-affinity
CuII binding enhances the CuI binding.3

CopK in its apo form is a loosely associated dimer, whose
dimer interface is stabilized by complementary interactions
between C-terminal β-strands.3 Each protein chain is composed
of seven β-strands forming two β-sheets that sandwich a
conserved methionine-rich core (see Figure 1a). With a KD

value of ∼10−5 M,3,4 structural investigations in solutions with
concentrations >10 μM and in crystalline phases tend to access
dimer forms.

Simple dilution of apo-CopK leads to dimer dissociation but
not to assembly of the high-affinity CuII site.3 Dimer
dissociation is also driven by CuI binding, but now occupation
of a high-affinity methinonine-rich CuI binding site (KD = 2 ×
10−11 M) generates a high-affinity CuII binding site (KD = 3 ×
10−12 M).3 Occupation of this CuII site, in turn, enhances CuI

binding by 2 orders of magnitude.3 There are seven methionine
residues in CopK, five of which are conserved (Met26, -28, -38,
-44, and -54). XANES and EXAFS data are consistent with CuI

in a tetrahedral environment with four thioether ligands, and
nuclear magnetic resonance (NMR) experiments on CuI-CopK
detected large downfield chemical shifts for Met-CεH3 for four
of the conserved Met side chains (Met28, -38, -44, and -54),
indicating that they are the CuI ligands in solution (Figure 1b;
denoted site 4S).5 These experiments also revealed that CuI

binding disrupts the C-terminal interactions, which results in
dimer dissociation and reorientation of the C-terminal region
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via a rotation of nearly 180° around a hinge formed by Asn57
(compare panels a and b of Figure 1).5 Attempts to crystallize
CuICuII-CopK led to loss of the CuII ion and crystallization of
dimeric CuI-CopK, whose overall structure is very similar to
that of the apo-CopK dimer.3 Met26, -38, and -54 provide
ligands for a pseudo-tetrahedral CuI site (Figure 1a; denoted
site 3S), with the fourth ligand provided by NCS− derived from
the crystallization solution. This site shares two of the ligands
(Met38 and -54) of site 4S (Figure 1a,b).
These observations in combination allowed formulation of a

hypothesis that holds that there are two potential CuI binding
sites (i.e., 3S and 4S) but only binding to the 4S site induces a
conformational change related to generation of the high-affinity
CuII site.5 However, the molecular property associated with
occupation of site 3S detected in crystals needs to be confirmed
in solution, and the nature of the CuII site and the effect of its
occupation on CopK remain to be defined. In this work, a set of
CopK protein variants were designed and generated, aiming to
address these issues. Structural (NMR and X-ray crystallog-
raphy) and mutational studies indicated that the CuII binding
site is formed from residues from the N- and C-terminal
regions. Furthermore, a point mutation can switch high-affinity
CuI binding between sites 3S and 4S, but high-affinity CuII

binding enforces CuI binding at site 4S only. The solution
structure of CuICuII-CopK is less well ordered than those of
apo- or CuI-CopK, with the CuII site lying in a disordered loop
that links the N- and C-terminal residues. These observations
add valuable new information about the molecular basis of the
cooperative binding of CuI and CuII to the CopK protein. In

addition, the versatility of the CuI coordination sphere in
methionine-rich clusters displayed in CopK indicates how
copper may be relayed between such clusters during transport
across membranes by pumps such as CusA and Ctr1.6

■ EXPERIMENTAL PROCEDURES
Protein Chemistry. Expression Plasmids. Plasmid

pCX07 for expression of native CopK has been described
previously.3 Plasmids for expression of CopK variants were
constructed by site-directed mutagenesis on the template
pCX07 plasmid via polymerase chain reaction with overlapping
primers that targeted the intended mutation site. An N-
terminally truncated form of CopK, CopK−VDM, with the first
three amino acids (VDM) removed, was expressed from a gene
using ATG encoding the third amino acid residue Met3 as the
initiation codon. An N-terminally extended CopK featuring
three extra amino acids (AAA), CopK+AAA, was expressed from
a gene with codons encoding MAAA replacing those encoding
the original CopK signal peptide. Each expression plasmid was
confirmed by DNA sequencing.

Protein Expression, Isolation, and Characterization. Each
expression plasmid was transformed into Escherichia coli
BL21(DE3) and expressed and purified as described
previously.3 All proteins were isolated in their metal-free apo
forms and their identities confirmed by ESI-MS (Table S1 of
the Supporting Information). Native CopK protein was also
labeled with 15N and 13C by culturing the expression bacterial
cells in M9 minimal medium supplemented with 15NH4Cl and
[13C]glucose. ESI-MS data confirmed an average of 94%
incorporation of both labels. The conformation of protein
variants was assessed by examination of spectral features
indicative of a folded state (e.g., downfield Hα resonances for
β-strand residues and comparable methyl regions in 1H−13C
HSQC spectra).
Copper-bound forms were prepared by quantitative addition

of CuSO4 [in the presence or absence of NH2OH (∼1 mM)]
or [CuI(CH3CN)4]ClO4 in CH3CN to solutions of the various
apo-CopK proteins in Mops buffer (20 mM, pH 6.8).
Incubation was followed by gel filtration on an Econo-Pac
10DG desalting column (Bio-Rad) to remove unbound copper
ions. The copper content of protein samples was determined
spectrophotometrically by reaction with the CuI-specific
colorimetric reagent Bcs as described previously.7 The CuI

content was determined initially and the total copper content
(and hence the CuII content by difference) after subsequent
addition of the reductant sodium dithionite to the same
solution. Various metalated forms of CopK were also generated
and analyzed using cation exchange and/or size exclusion
chromatography and the copper contents analyzed as described
above.

Other Biophysical Analysis. UV−visible spectra were
recorded on a Varian Cary 300 spectrophotometer in dual-
beam mode with quartz cuvettes with a path length of 0.5 or 1
cm. Steady-state fluorescence spectra were recorded on a
Varian Cary Eclipse spectrophotometer. For fluorescence
emission spectra, the excitation wavelength was 280 nm with
a bandpass of 10 nm for both excitation and emission spectra.
The spectra were recorded between 295 and 500 nm at a scan
rate of 600 nm/min. The absorbance of protein solutions was
maintained below an A280 of 0.1 to minimize resorption effects.
Quantitative size exclusion chromatography was conducted

on a Superdex-75 gel filtration column (HR10/30, Amersham).
Protein samples (1.0 mg) were applied in a volume of 0.2 mL

Figure 1. Comparison of the CuI sites in CuI-CopK: (a) the 3S site in
the X-ray crystal structure of CuI-CopK (PDB entry 3DSO) (the
structure essentially superimposes with the apo-CopK structure) and
(b) the 4S site in the NMR structure of CuI-CopK (PDB entry
2KM0). CuI ligands are shown as green sticks, while the Met residues
that participate only in the 4S site are shown as blue sticks. The copper
atom is colored gray, and the nitrogen atom from the SCN− ligand is
shown as a blue sphere. The C-terminal region of residues 57−74 that
reorients upon CuI binding in solution is colored pink.
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and eluted in Mops buffer (20 mM, pH 7.0, 100 mM NaCl) at
a flow rate of 0.6 mL/min. All apo-CopK proteins (native and
protein variants) eluted at the same volume, and all CuICuII-
CopK and AgICuII-CopK proteins eluted at the same volume
[see indicators (i) and (ii) in Figure 3a].
Cation exchange chromatography employed a Mono-S HR5/

5 column (0.5 cm × 5 cm) equilibrated with Mops buffer (20
mM, pH 7.0). Protein samples (∼100 μg) were applied, washed
with buffer, and eluted with a NaCl gradient (0 to 200 mM).
NMR Spectroscopy. Sample Preparation and Spectral

Assignments. NMR samples of native CopK protein were
prepared in KPi buffer (50 mM, pH 6.7) from 13C- and 15N-
enriched samples. Na2H2EDTA (3 mM) and NaN3 (0.04%)
were included in the apo-CopK sample to remove trace metal
ions and to inhibit bacterial attack. The CuICuII-CopK sample
was generated by reaction of apo-CopK with Cu2+ (2.5 equiv)
in the presence of NH2OH, followed by removal of excess Cu2+

on a Mono-S column. The CuI-CopK sample was obtained by
quantitative anaerobic titration of EDTA-free apo-CopK with
[CuI(CD3CN)4]

+ in CD3CN (1.0 equiv). The final CD3CN
content of ∼4% had a negligible influence on the spectra. The
solution of [CuI(CD3CN)4]

+ in CD3CN was prepared by
dissolution of [CuI(CH3CN)4]ClO4 in CD3CN, followed by
incubation, lyophilization, and redissolution of the solid residue
in CD3CN. NMR samples of other CopK protein variants
(1.5−2.0 mM) were prepared similarly from unlabeled protein
samples but with Mops buffer (20 mM, pH 6.8) substituting for
KPi buffer. CopK protein variants generally bound CuI and CuII

with weaker affinities than native CopK, and the protein-bound
copper ions may be partially removed by the KPi buffer.
Control experiments demonstrated that substituting KPi for
Mops buffer had a minimal effect on the chemical shifts of
CopK.
NMR spectra were recorded at 25 °C on a Bruker AV-500,

-600, or -800 spectrometer equipped with cryogenically cooled
probes operating at 500, 600, or 800 MHz, respectively. A
series of heteronuclear three-dimensional (3D) NMR experi-
ments were recorded using doubly labeled (13C and 15N) native
CopK protein or unlabeled CopK protein variants.8 Spectra
were processed using TOPSPIN (Bruker AG) and analyzed
using XEASY.9 Assignments were obtained for residues 7−62
and 71−74. Resonances were absent for residues 1−6 and 63−
70. This represents an incompleteness of 19% of backbone
assignment. Figure S1 of the Supporting Information shows the
1H−15N HSQC spectra for CuICuII-CopK indicating the quality
of the data that can be acquired. Some amide resonances
(residues 7, 8, 10, 55, 56, and 58−62), which are absent from
spectra of CuI-CopK3 due to dynamic effects (chemical
exchange, pH, or motional averaging), are present in the
1H−15N HSQC spectra of CuICuII-CopK (Figure S1 of the
Supporting Information). 1H−13C HSQC spectra of variant
proteins were acquired at natural abundance, and assignment of
methionine methyl resonances was made on the basis of the
known assignments for CuICuII-CopK, CuI-CopK, and apo-
CopK.

Distance and Dihedral Angle Restraints. Distance re-
straints were measured from the 120 ms mixing time 3D
15N-edited NOESY, 13C-edited NOESY, and 2D NOESY
spectra. Hydrogen bond constraints were applied within α-
helices at a late stage of the structure calculation. Backbone
torsion angles ϕ and ψ were derived using TALOS,10 and
dihedral angle restraints for ϕ and ψ angles were used as

summarized in Table S2 of the Supporting Information. 3JHNHα
values were derived from a 3D HNHA spectrum.11 The
sequence distribution and the number of distance constraints
are shown in Figure S6 of the Supporting Information.

Structure Calculation and Analysis. Initial structures were
calculated using CYANA 2.112 and refined using XPLOR-
NIH.13 The CuI center was placed in a tetrahedral environment
(site 4S) with the Sδ atoms of Met28, -38, -44, and -54 as ligand
atoms at a Cu−Sδ distance of 2.3 Å and imposed tetrahedral
bond angles of 109.5° (see ref 5). Ligands for a model of a
square planar CuII center were chosen initially on the basis of
the characterization of variant proteins indicating the amino
terminus and Nδ of His70 as likely ligands. The carboxylate of
Asp2 was added to the coordination sphere after initial
calculations showed that it was nearby and could be
accommodated without violations of either experimental or
standard geometry (bonds, angles, and impropers). In the
absence of another candidate, a water molecule was chosen as
the fourth ligand to satisfy standard CuII coordination
chemistry, as UV−visible absorption spectroscopy indicated
that the CuII site in CuICuII-CopK was a typical T2 site.
Attempts at using other potential ligands (e.g., Lys69)
introduced large unfavorable energy contributions. Cu−O
and Cu−N bond lengths were set at 2.0 and 2.2 Å, respectively.
Structural statistics for the final set of 20 structures, chosen on
the basis of their stereochemical energies, are presented in
Table S2 of the Supporting Information. PROCHECK_NMR14

and MOLMOL15 were used for the analysis of structure quality.
The final structures had no experimental distance violations
greater than 0.5 Å or dihedral angle violations greater than 5°.
X-ray Crystallography. Crystal Growth and Data

Collection. Concentrated CuICuII-CopK (∼21 mg/mL, 10
mM KPi, pH 6.7, 70 mM NaCl) was used for screening at room
temperature using the hanging-drop vapor diffusion method
with commercially available screens (Qiagen). Crystallization
drops were set up in 96-well plates (Greiner Bio-One) using a
Mosquito nanoliter liquid handling robot (Molecular Dimen-
sions). Reservoir solution (200 nL) was mixed with an equal
volume of a CuICuII-CopK stock solution. Initial crystals of
CuIIbr-CopK were observed in condition 12 of the Classics
screen [0.2 M KNO3, 20% (w/v) PEG 3350]. The subscript br
identifies CuII atoms that bridge protein dimer units. Crystal
growth was optimized in larger drops (1 μL each of protein and
reservoir solutions), and diffraction-quality crystals of CuIIbr-
CopK grew at room temperature from reservoir solution
containing KNO3 (0.2 M) and PEG 3350 (24%).
Initial CuICuIIbr-CopK crystals were obtained in condition 86

of the Classics screen [0.2 M ammonium acetate, 0.1 M sodium
acetate, pH 4.6, 30% (w/v) PEG 4000]. However, standard
optimization failed to produce diffraction-quality crystals, so a
96-condition additive screen (Hampton Research) was applied.
An additive solution (500 nL) was mixed with a protein
solution (2 μL) and a reservoir solution [2 μL, 0.1 M sodium
acetate, 0.2 M ammonium acetate, pH 3.8, 32% (w/v) PEG
4000]. Single plates of CuICuIIbr-CopK were observed in
additive condition 12 [0.1 M nickel(II) chloride].
All data were acquired on cryoprotected crystals at 100 K at

GM/CA-CAT beamline 23ID-D at the Advanced Photon
Source (Argonne National Laboratory, Argonne, IL) and
recorded on a MAR300 CCD detector (MAR research). To
positively identify copper atoms, data were collected at energies
both above (9000 eV) and below (8349 eV for CuICuIIbr-CopK
and 8900 eV for CuIIbr-CopK) the Cu Kα absorption edge. The
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high-energy data sets were used for refinement. All images were
processed and scaled using HKL-2000,16 and a summary of data
processing statistics is presented in Table S3 of the Supporting
Information.

Structure Solution and Refinement. Structures were
determined by molecular replacement using PHASER.17 The
high-resolution crystal structure of CuI-CopK (PDB entry
3DSO) was employed as a search model. All waters, Cu atoms,
and the SCN− ion were removed from the model prior to
molecular replacement. Structures were refined with phenix.re-
fine,18 including TLS parametrization of atomic temperature
factors.19 Manual model building and the addition of waters
were performed in COOT.20 Models were validated using
MolProbity,21 SFCHECK,22 and WHAT IF.23 Refinement
statistics for both structures are listed in Table S3 of the
Supporting Information. All structural figures were prepared
with PyMOL (http://www.pymol.org/).
CuIIbr-CopK and CuICuIIbr-CopK crystallized in space group

C2 and contain two CopK molecules in the asymmetric unit.
Refinement of CuIIbr-CopK converged with the following
residuals: Rwork = 0.199, and Rfree = 0.267. The final model
contains residues 5−63 for chains A and B, two Cu atoms, and
six water molecules. Rwork and Rfree values for Cu

ICuIIbr-CopK
were 0.210 and 0.277, respectively. The model contains
residues 5−63 of chain A, residues 6−21 and 25−63 of chain
B, three Cu atoms, and seven water molecules. Full-length
mature CopK contains 74 amino acids, and the disordered
regions at the N- and C-termini of both structures represent
∼20% of the sequence.

Validation of Copper Sites. Anomalous difference Fourier
maps were constructed with data collected at energies both
above and below the Cu Kα absorption edge (8978.9 eV). In
the maps constructed with the high-energy data, there were two
peaks (of heights 28σ and 27σ) for CuIIbr-CopK and three
peaks (of heights 28σ, 19σ, and 17σ) for CuICuIIbr-CopK. As
nickel salts were present in the crystallization medium for

CuICuIIbr-CopK and the Kα absorption edge for nickel (8332.8
eV) is lower in energy than that of copper, the low-energy data
were collected at the nickel edge. All peaks were absent in the
map constructed with the low-energy data set, positively
identifying the metal atoms as copper.

■ RESULTS

Generation of Protein Variants. Previous studies have
identified the five Met residues (Met26, -28, -38, -44, and -54)
as ligands participating in CuI binding at sites 3S and 4S (Figure
1).3,5 CopK variants M44L and M54L were generated to target
those sites. Residues His19, His70, Glu58, and Asp63 have
been suggested as possible ligands for the high-affinity CuII

binding site, and CopK point mutants H19F, H70F, E58L, and
D63L were designed to examine the role of these potential CuII

ligands. Previous structural studies had indicated that residues
near the N-terminus may be involved in binding CuII.3

Consequently, N-terminally truncated CopK−VDM (CopK
with the three N-terminal residues deleted) and extended
CopK+AAA (CopK with three additional Ala residues at the N-
terminus) forms were generated to probe this possibility. The
identity of each variant was confirmed by DNA sequencing and
ESI-MS of the isolated protein (Table S1 of the Supporting
Information). All proteins were isolated in their metal-free apo
forms, and their elution positions on an analytical gel filtration
column are indistinguishable from that of native apo-CopK,
confirming that each variant is dimeric in solution.
Protein Variants That Affect the High-Affinity CuI

Binding Sites. NMR experiments with apo- and CuI-CopK
samples detected large downfield chemical shifts for Met-CεH3

for four of the seven Met side chains (Met28, -38, -44, and -54)
upon binding of CuI, which was consistent with these residues
constituting the CuI binding site in solution [site 4S (Figure
1b)].5 Downfield chemical shifts for Met-CεH3 resonances
observed for CuICuII-CopK were equivalent to those seen for

Figure 2. Identification of CuI-binding methionine residues using 1H−13C HSQC spectra at 800 MHz. Only the Met-Cε region is shown: (a) apo-
CopK (black), CuI-CopK (red), and CuICuII-CopK (green), as reported previously by Sarret et al.,5 and (b) apo-M44L (black) and CuI-M44L (red).
Upon CuI binding, significant downfield shifts were observed in both the 1H and 13C dimensions for Met28, -38, -44, and -54 in wild-type CopK and
Met26, -38, and -54 in M44L. Resonances from Mops are colored blue.
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CuI-CopK, confirming that site 4S is occupied in both forms of
the protein (Figure 2a).5

Our earlier study demonstrated that metalation of native apo-
CopK solutions (≥50 μM) is accompanied by characteristic
changes in molecular properties in solution.3 In particular, (i)
the comparative elution volumes on gel filtration columns
identify association states [monomer vs dimer (Figure 3a)]. (ii)

Dimer dissociation following high-affinity binding of CuI

perturbs the environment of the unique tyrosine residue
Tyr10, changing its fluorescence intensity (Figure 3b). (iii)
Elution profiles on a Mono-S cation exchange column are
related to association states and to metal ion stoichiometry and
affinity (Figure 4). (iv) Creation of a high-affinity CuII binding
site leads to isolation of a stable monomeric CuICuII-CopK (or
AgICuII-CopK) protein, as detected by cation exchange
chromatography and confirmed by quantitative analysis for
both CuI and CuII. These four probes allowed assessment of the
ability of the variant dimeric apoproteins to bind CuI and then
CuII (Table 1).
Met44 is a CuI ligand of site 4S but not of site 3S (Figure 1).

Like native CopK, apo-M44L is dimeric in solution (Figure 3a).
One-dimensional and 1H−13C HSQC NMR spectra confirm
that M44L-CopK maintains its folded state: the presence of
downfield α-proton resonances is indicative of β-strands, and
the positions of methyl resonances in the HSQC spectra are

consistent with folded protein. The natural abundance 1H−15N
SOFAST-HMQC spectrum of apo-M44L-CopK is depicted in
Figure S7 of the Supporting Information showing that the
backbone amide protons have a spread of chemical shifts
associated with a folded protein. The effects of titrating Cu+ or
Ag+ into an apo-M44L solution differed markedly from those
observed for native apo-CopK. (i) The products remained
dimeric (Figures 3 and 4d). (ii) Copper analysis of the sole
copper protein product from the gel filtration column
confirmed the presence of 1 equiv of CuI only and the absence
of CuII. (iii) As AgI is not susceptible to aerial oxidation,
dimeric AgI-M44L eluted cleanly from the Mono-S cation
exchange column (Figure 4d,f). In contrast, the CuI form
underwent partial loss of metal ion upon aerobic elution
(Figure 4d,e), apparently because of a combination of the high
affinity of the resin for CuII and a decreased affinity of the
M44L protein for CuI. (iv) Neither CuI-M44L nor AgI-M44L

Figure 3. Experiments demonstrating different forms of CuI binding to
various CopK variants in Mops buffer (20 mM, pH 7.0, 100 mM
NaCl). (a) Size exclusion chromatographic elution profiles of (i) CuI-
M44L (various apo-CopK proteins were eluted at the same position)
and (ii) CuI-H70F (CuI-CopK+AAA and CuICuII-CopK were eluted at
the same position). The elution positions of molecular standards are
indicated above the chromatograms. (b) Changes in relative
fluorescence emission intensity at 310 nm upon titration of
[CuI(CH3CN)4]

+ into apoprotein solutions (50 μM) of (i) M44L
and (ii) H70F (similar changes were observed for CopK+AAA and wild-
type CopK).

Figure 4. Cation exchange elution profiles of CopK proteins
demonstrating variation of CuI and CuII binding and molecular states
upon M44 or H70 mutation: (a) apo-CopK, (b) CuI-CopK (AgI-
CopK eluted at the same position), (c) CuICuII-CopK (AgICuII-CopK
eluted at the same position), (d) apo-M44L, (e) CuI-M44L (CuI

bound in CuI-M44L is not stable and is oxidized partially during
elution by air, promoted by the affinity of the Mono-S resin for the
Cu2+ ion), (f) AgI-M44L, (g) apo-H70F, and (h) CuI-H70F.

Table 1. High-Affinity Binding of CuI and CuII to Dimeric
Apo-CopK Proteins in Solution

protein affinity for CuI association state
affinity for

CuII

wild type high (site 4S) monomer high
M44L high (site 3S) dimer low
M54L low dimer low
H19F lowera (site 3S or 4S) dimer and monomer highb

H70F high (site 4S) monomer low
+AAAc high (site 4S) monomer low
−VDMd high (site 4S) monomer lowera

E58L high (site 4S) monomer high
D63L high (site 4S) monomer high
aRelative to that of the wild-type protein. bFor the monomeric
protein. cThree Ala residues added to the N-terminus. dThree residues
(VDM) removed from the N-terminus.
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reacted with Cu2+ to produce isolable CuICuII-M44L or
AgICuII-M44L, respectively.
The properties described above are consistent with those

expected for dimeric forms of CuI-M44L and AgI-M44L. A
1H−13C HSQC experiment detected large downfield chemical
shifts for Met-Cε methyl resonances of three (Met26, -38, and
-54) of the six methionine residues present in the CuI-M44L
protein (Figure 2b). These three residues constitute binding
site 3S defined by the X-ray structures of dimeric native CuI-
CopK (Figure 1a)3 and CuICuIIbr-CopK (as described below).
The latter contains a [CuI(S-Met)3(OH2)]

+ site featuring aqua
and Met26, -38, and -54 ligands (Figure S8 of the Supporting
Information). The results indicate that mutation of Met44 to
Leu disables binding at site 4S. As a consequence, CuI cannot
be transferred from site 3S to site 4S and dissociation of the
dimer and creation of the high-affinity CuII site are inhibited. It
is apparent that the CuI binding site observed in the CuI-CopK
and CuICuIIbr-CopK crystals has been reproduced in solution
with the M44L-CopK protein variant.
Met54 is proposed to be a ligand of both sites 3S and 4S.

Titration of Cu+ into the protein variant apo-M54L led to
recovery of dimeric apoprotein only. As judged by criteria (i)−
(iv) above, mutation of Met54 to Leu has led to the loss of
high-affinity CuI binding, consistent with its assignment as a
common ligand for sites 3S and 4S (Figure 1).
The potential for His19 to be a CuII ligand led to generation

of the H19F-CopK variant to test its impact on high-affinity
CuII binding. Unexpectedly, this mutation affected binding of
CuI to the protein. Addition of 1 equiv of Cu+ to apo-H19F
under anaerobic conditions led to an increase in fluorescence
intensity, similar to that observed for native CopK (Figure 3b),
signaling that CuI binding induced dimer dissociation.
However, application of the reaction mixture to the cation
exchange column resulted in recovery of apo-H19F-CopK,
rather than the anticipated CuI-H19F species (Figure S2a,b of
the Supporting Information). On the other hand, equivalent
experiments with addition of excess Cu+ (>2 equiv) led to
isolation of a dominant protein species identified as monomeric
CuICuII-H19F (Figure S2c of the Supporting Information).
Titration of an apo-H19F-CopK solution with 1.0 equiv of Cu+

detected two different sets of resonances in the 1H−13C HSQC
spectra, indicating the presence of two CuI species (Figure S3a
of the Supporting Information). In contrast, a 1H−13C HSQC
experiment with a CuICuII-H19F sample isolated via size
exclusion chromatography detected a single mode of binding of
CuI to site 4S only (Figure S3b of the Supporting Information).
We conclude that mutation of His19 to Phe has weakened the
CuI affinities of both sites 3S and 4S, but differentially, one
consequence being that the added CuI up to 1 equiv may
equilibrate between the two sites. However, subsequent
cooperative high-affinity CuII binding appears to enforce CuI

binding at the site 4S only in a monomeric protein (Figure 3a
and Figures S2c and S3b of the Supporting Information). As
expected, sequential titration of apo-H19F-CopK with Ag+ and
Cu2+ generated the stable monomeric AgICuII-H19F protein.
Protein Variants That Affect the High-Affinity CuII

Binding Sites. Apo-CopK exists as a weakly associated
dimer in solution (KD ∼ 10−5 M). At concentrations of
<10−5 M, the equilibrium favors the monomer. However, under
such conditions, apo-CopK does not bind CuII with high
affinity. The CuII ligands may be well separated in the
apoprotein. A number of challenges are presented in the
structural study of metalated CopK proteins in solution. The

1H−15N HSQC spectrum of CuI-CopK lacks resonances from
the C-terminal region, an apparent consequence of exchange
processes occurring on an intermediate chemical shift time
scale.3 This aspect is complicated further by the fact that
binding of paramagnetic CuII to CuI-CopK bleaches side chain
resonances.24 In particular, residues V1−V6 of the N-terminal
region and D63−H70 of the C-terminal region in the spectrum
of CuICuII-CopK. Absorbance and EPR spectra of the CuICuII-
CopK samples in solution suggested the presence of a type 2
CuII center with superhyperfine coupling to at least one 14N
ligand, most likely derived from His19, His70, or the N-
terminus.3 The combined influence of exchange and para-
magnetic broadening demanded the application of site-directed
mutagenesis to assist in the identification of the high-affinity
CuII binding site.
The amide resonance of His70 is apparent in NMR spectra

of CuI-CopK (BMRB entry 16408)5 but could not be detected
in a 1H−15N HSQC spectrum of native CuICuII-CopK,
suggesting indirectly that it may be a CuII ligand.3 Titration
of Cu+ into an apo-H70F-CopK solution reproduced all the
characteristics typical of high-affinity CuI binding at site 4S
(Figures 3 and 4g,h). The sole protein product contained 1
equiv of CuI only, confirming its identity as stable monomeric
CuI-H70F. It did not react with Cu2+ further, demonstrating
that His70 in the C-terminal region plays an essential role in
high-affinity CuII binding. Unlike the CuI sites, the potential
CuII ligands are not strongly conserved positionally, although
all CopK sequences bear a C-terminal His residue.3

As discussed above, mutation of His19 to Phe weakens CuI

binding on sites 3S and 4S differentially such that the added
CuI seems to be equilibrated between the two sites (Figure S3a
of the Supporting Information). However, the protein can bind
1 equiv of CuII further with high affinity, and this enforces all
CuI to bind at site 4S only, producing stable monomeric
CuICuII-H19F species (Figures S2c and S3b of the Supporting
Information). Consequently, His19 does not contribute
significantly to high-affinity CuII binding. It is not highly
conserved in CopK proteins.3

N-Terminally truncated CopK−VDM and extended CopK+AAA
variant forms provided further revealing information. The CuI

and CuII binding characteristics of CopK+AAA are very similar to
those of H70F (Table 1 and Figures 3 and 4g,h), suggesting the
N-terminus and/or Asp2 as a second CuII binding ligand.
Interestingly, the truncated form CopK−VDM can still bind both
CuI and CuII to produce isolable monomeric CuICuII-
CopK−VDM protein. However, its CuII binding affinity is more
than 10 times weaker than that of the native protein, CuICuII-
CopK, as demonstrated by the following experiments. Like
native CopK,3 CopK−VDM also reacts sequentially with AgNO3
and CuSO4 to produce isolable monomeric products AgI-
CopK−VDM and AgICuII-CopK−VDM by elution from an
analytical cation exchange column (Figure 5a,b). Reaction of
AgICuII-CopK−VDM and AgI-CopK in a 1:1 molar ratio,
followed by analysis of the reaction mixture on the cation
exchange column, revealed partial transfer of CuII ion from the
former species to the latter species (Figure 5d):

(1)

With reference to a control elution of equimolar AgICuII-CopK
protein only (red dashed line in Figure 5d), the well-separated
protein peak for product AgICuII-CopK that eluted at the same
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position allowed an estimation of ∼80% of CuII transfer in the
reaction. This estimates an exchange constant of ∼16 for eq 1;
i.e., the CuII affinity in AgI-CopK is ∼16 times stronger than
that in AgI-CopK−VDM. On the other hand, <20% of CuII

transfer was observed in the reverse reaction of eq 1 between
AgI-CopK−VMD and AgICuII-CopK, further confirming the
difference in CuII affinity between the two protein species.
These results indicate that one CuII ligand (His70) originates

from the C-terminal region of residues 57−74, consistent with
the fact that a translation of the latter upon CuI binding is
essential for cooperative assembly of the CuII site (Figure 1).
The fact that the N-terminal region provides at least one CuII

ligand (N-terminus and/or Asp2) supports this analysis.
Attempts to identify additional CuII ligands were unsuccess-

ful. Other potential CuII ligands such as Glu58 and Asp63 were
also mutated, as their HN resonances were not detected in the
1H−15N HSQC spectrum of CuICuII-CopK. However,
mutation of either residue to Leu had little effect on the
overall CuI and CuII binding character of the CopK protein
(data not shown), consistent with these residues not being
involved directly in high-affinity CuII binding.
Solution Structure of CuICuII-CopK. Backbone super-

position of the 20 structures derived for CuICuII-CopK is
shown in Figure 6. Residues 1−6 and 62−74 in the N- and C-
terminal regions are disordered. A comparison of the apo, CuI,
and CuICuII structures in solution is displayed in Figure 7.
CuICuII-CopK features two short antiparallel β-sheets,
consisting of two and three strands (β1, residues 10 and 11;
β2, residues 17 and 18; β3, residues 28 and 29; β4, residues 44
and 45; β5, residues 51 and 52; strands numbered as for the
apo-CopK structure) and a turn of 3:10 helix (α 3:10, residues

59−62). A small hydrophobic core is formed by the side chains
of conserved residues Met28, -44, and -54 projecting from the
β-strands with Met38 located in the β3−β4 interstrand loop.
Apart from Met3 and Met36, the methionine residues are
buried, and this methionine-rich core also defines the CuI

binding site. The metal ion occupies the solvent inaccessible
tetrahedral 4S site provided by the Sδ atoms of Met28, -38, -44,
and -54 (Figure 6). The methyl resonances of these conserved
residues of CuICuII-CopK are shifted downfield of their
positions in the 1H−13C HSQC spectrum in apo-CopK (Figure
2a).5 Resonances of the structural core are not highly perturbed
by the presence of CuII, indicating that the paramagnetic ion is
≥11 Å from these residues.
While the CuI site occupies a well-ordered region, the CuII

ligands are located in unstructured regions of the N- and C-
termini. Results discussed in the previous section identify H70
in the C-terminal region as a likely ligand. In addition, the
resonance for Met3-CεH3, while detected in the apo and CuI

forms, is absent from the 1H−13C HSQC spectrum of CuICuII-
CopK (Figure 2a), consistent with its proximity to the
paramagnetic CuII center. The observations suggest the
presence of a ligand(s) close to the N-terminus. In fact,
resonances for residues 1−6 and 63−74 are all absent,
apparently because of their proximity to the paramagnetic
CuII ion. This further documents the likelihood of CuII ligands
being provided by both the N- and C-termini. A square planar
CuII site was modeled using the N-terminal amine and His70 to
form a loop. Asp2 was added as another ligand without an
energetic penalty. The fourth ligand was modeled as water,
because of the absence of a suitable proximal candidate among
residues 1−6 and 63−74. Attempts to use other residues (such
as Lys69) led to energetically unfavorable structures. A
summary of restraints and structural statistics for the 20
lowest-energy structures of CuICuII-CopK is given in Table S2
of the Supporting Information.
The most notable structural difference between the apo and

copper-bound forms of CopK [solved here or by Sarret et al.

Figure 5. Cation exchange elution profiles demonstrating a weaker
CuII affinity in CopK−VDM. Equivalent masses of protein (∼100 μg)
were used in all experiments. The intensities were monitored at 280
nm and were not normalized. The molar extinction coefficients at 280
nm of CuII-containing proteins are more than double those of the
corresponding CuII-free forms. Traces a−c have been displaced for the
sake of clarity: (a) AgI-CopK−VDM, (b) AgICuII-CopK−VDM, (c) AgI-
CopK, and (d) AgICuII-CopK (red dashed line). The black solid line
shows the trace for an equimolar reaction mixture of AgICuII-
CopK−VDM (b) and AgI-CopK (c). An essentially superimposed
elution profile was observed for an equimolar reaction mixture of AgI-
CopK−VDM and AgICuII-CopK (see eq 1). The integrated intensity of
the first elution peak for AgICuII-CopK was ∼80% of that of the
control elution of equimolar AgICuII-CopK, shown as the red dashed
line.

Figure 6. Solution structure of CuICuII-CopK. Backbone (N, Cα, and
C′) superposition of the 20 NMR-derived structures of CuICuII-CopK
over residues 8−61. Methionine side chains forming the CuI binding
site are colored yellow, and the CuI ion is colored orange. The CuII site
exists in a disordered region and links the N- and C-terminal regions.
The CuII center is colored blue. N and C denote the N- and C-termini,
respectively, and the CuI binding methionines are numbered.
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(PDB entry 2KM05)] is the loss of the C-terminal strand of the
β-sandwich upon binding of CuI. The decreased order in
CuICuII-CopK is reflected in the chemical shift index plot
(Figure S5 of the Supporting Information); fewer Hα and Cα
resonances appear in ordered regions (i.e., three or more
consecutive residues with the same index) of the CSI plot when
compared to that of apo-CopK.
CuI Site in Crystalline CuICuIIbr-CopK. Previous attempts

to crystallize CuICuII-CopK produced crystals of dimeric CuI-
CopK whose structure essentially superimposes on that of apo-
CopK with CuI occupying site 3S (Figure 1a).3 Further
crystallization attempts in this work under different conditions
using the same isolated monomeric CuICuII-CopK led to
crystallization of two polymeric forms, CuIIbr-CopK and
CuICuIIbr-CopK. Both structures contain CuII that bridges
adjacent protamers and mediates crystal packing. These copper
sites are designated br for bridging in the CuIIbr-CopK and
CuICuIIbr-CopK notation employed here. Both CuIIbr-CopK
and CuICuIIbr-CopK crystallized with dimers in the asymmetric
unit (protomer chains labeled A and B in Figure 8). The dimer
interface is equivalent to that observed for apo-CopK and CuI-
CopK described previously3 and is formed from intermolecular

interactions between terminal β-strands [residues 59−63
(Figure S4 of the Supporting Information)].
In CuICuIIbr-CopK, a Cu

I atom in site 3S present in chain A
only. It is bound by the side chains Met26, -38, and -54 [Cu−Sδ
distances of 2.6, 2.5, and 2.6 Å (Figure 8 and Figure S8a of the
Supporting Information)]. Structure refinement showed a
sphere of residual positive FO − FC electron density adjacent
to the copper atom that was modeled as a water molecule
(Cu−O distance of 2.1 Å). This 3S site is similar to that
observed in crystalline CuI-CopK where the fourth ligand is
supplied by NCS−, a component of the crystallization medium.3

A search of the Cambridge Structural Database (CSD) failed to
locate any three-coordinate CuI(SR2)3 centers. However, there
were two structures with tetrahedral four-coordinate geometry
containing three thioether ligands and an oxygen atom as the
fourth ligand.25,26 The oxidation state of the copper in the
crystal structure of CuI-CopK was confirmed as 1+ by a scan of
the copper absorption edge.3 Hence, the equivalent site in our
CuICuIIbr-CopK structure has been assigned as [CuI(S-
Met)3(OH2)]

+. The assignment is consistent with the presence
of soft ligands for CuI and confirms the essential nature of the
3S CuI site (Figure 1a).

Figure 7. Solution structures of CopK showing the CuI site: (a) apo-CopK (PDB entry 2K0Q), (b) CuI-CopK (PDB entry 2KM0), and (c) CuICuII-
CopK. Side chains of CuI-ligating methionines (Met28, -38, -44, and -54) are colored yellow and side chains of Met26 and -36 cyan. The CuI ion is
colored orange and the CuII ion blue. The orientation shown is the same as that in Figure 6.

Figure 8. Positions of Cu sites in (a) CuICuIIbr-CopK and (b) CuIIbr-CopK. The asymmetric unit is colored blue, and symmetry-related molecules
are colored gray. CuII atoms are shown as dark gray spheres, and CuI atoms are shown as yellow spheres. The CuII site I exists between chains A and
A*, while site II exists between chains B and B*.
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An overlay of the methionine ligands in their apo and CuI-
bound conformations is shown in Figure S8b of the Supporting
Information. In the apo crystals, Met38 projects into the
binding pocket while Met54 is oriented away from the binding
site and is hydrogen bonded to the backbone amide of residue
Asn57. This hydrogen bond has an Sδ−N distance of 3.3 Å,
which is typical for weak hydrogen bonds of this type.27 The
binding of CuI to form site 3S induces structural rearrangement
of Met38 and Met54. Met38 is shifted out of the site to
accommodate the metal, while Met54 reorients toward it. The
movement of Met54 involves breakage of the Sδ−N hydrogen
bond that is present in the apo rotamer. The orientation of
Met26, the third ligand, is the same in its apo and holo states.
Site 3S is occupied only in chain A, and the equivalent site in

chain B is empty (Figure 8a), suggesting an inherent selectivity
in crystal packing. Superposition of CuI-bound chain A onto
apo-chain B shows only one region of significant difference in
their Cα positions. This region (residues 35−40) has a root-
mean-square deviation of 2.5 Å and includes residue Met38,
one of the three CuI ligands. In the absence of CuI, the protein
backbone and the side chain of M38 shift inward and project
into the CuI binding site. The two possible backbone
conformations of this region can thus be defined according to
the metalated state: the holo conformation when CuI is bound
and the backbone is away from the binding site and the apo
conformation when the CuI site is empty and the backbone
projects into the binding site.
Copper(II) Sites in Crystalline CuII

br-CopK and
CuICuIIbr-CopK. Both CuICuIIbr-CopK and CuIIbr-CopK con-
tain bridging CuII ions. In each structure, the two CuII atoms lie
on crystallographic 2-fold rotational symmetry axes and are
bound to neighboring CopK asymmetric units at sites distal to
the dimer interface (Figure S9 of the Supporting Information).
One CuII ion is bound to chains A and A* (site I) while the
second to chains B and B* (site II). Molecules A* and B* are
related to the asymmetric unit by symmetry operations −x − 1,
y, −z and −x + 1, y, −z + 1, respectively. The copper atoms
bridge adjacent asymmetric units and mediate crystal packing.
As they lie on a 2-fold axis, they each were assigned a fractional
occupancy of 0.5, generating two fully occupied copper sites
upon application of the relevant rotational symmetry operators.
CuII sites I and II in each structure (Figure 8) may be

assigned to a center trans -[CuII(N-His)2(O-Glu)2] with His19,
His19*, Glu29, and Glu29* providing a distorted square planar
site with hard ligands (Figure S9 of the Supporting
Information). Although this is the first CopK CuII site to be
characterized structurally in the solid state, it should be noted
that, while Glu29 is conserved fully in all CopK homologues,
His19 is partially conserved only.3 Low-affinity CuII sites (KD >
10−6 M) exist in both monomeric and dimeric forms in
solution, and it is possible that His19 is a contributing ligand
for weak binding.3 However, these weak bridging CuII sites
differ distinctly from the high-affinity CuII site generated upon
CuI binding at site 4S, highlighting protein conformation-
dependent CuI and CuII locations in the monomeric CopK
protein.

■ DISCUSSION
Nature of the High-Affinity CuI Binding Sites. CopK

exhibits two neighboring high-affinity CuI binding sites, 3S and
4S (Figure 1). Met38 and Met54 are ligands shared by these
sites. Because of both the steric consequences of sharing ligands
and the potential destabilization induced by cation repulsion in

adjacent sites with neutral ligands, only a single site (either 3S
or 4S) may be occupied at any given time. CuI binding at site
3S induces little overall structural change, whereas CuI binding
at site 4S causes major structural change with rotation of the C-
terminus, dissociation of the protein dimer, and creation of a
high-affinity CuII binding site. In the solution state, CuI binds
preferentially at site 4S. In crystalline forms, however, dimeric
interactions are favored because of high protein concentrations
and/or crystal packing, imposing the apo-CopK conformation
with CuI being forced to occupy site 3S. Alternatively, point
mutation and high-affinity CuII binding may alter the relative
affinity of CuI binding at sites 3S and 4S, as seen for protein
variants M44L and H19F.
Site 3S in apo-CopK is positioned to bind CuI without major

structural change, but occupation of site 4S is possible only with
the structural change. Notably, the shared ligand Met54 is
located on a strand of the C-terminal β-sheet that contributes
importantly to the dimer interface in apo-CopK. Coordination
of CuI to this ligand at site 4S appears to play a major role in
triggering the large structural change with consequent
disruption of the C-terminal dimer interface and β-sheet
structure. The energy required for such major structural change
must arise from the free energy of CuI binding. Although the
experimental value of KD, 2 × 10−11 M, for site 4S in CuI-
CopK3 suggests that >60 kJ/mol is available overall, it is only
the difference in CuI affinities between sites 3S and 4S that is
available for construction of the CuII binding site, i.e., the
difference associated with the transformation from [CuI(S-
Met)3(OH2)]

+ to [CuI(S-Met)4]
+. Consequently, the prefer-

ence of CuI binding between sites 3S and 4S is modulated
sensitively by a number of factors such as high-affinity CuII

binding, enhanced dimer interaction, and different point
residue mutations.
Nature of the High-Affinity CuII Binding Site. In the

structures of apo-CopK or crystalline CuI-CopK dimers, His70
and the N-terminus are well-separated (Figure 1a) and neither
binds CuII with high affinity. Identification of the N-terminal
region and His70 side chain as the key components of the high-
affinity CuII binding site allows rationalization of two other
observations. (i) Apo-CopK does not bind CuII with high
affinity, either in the dimer form favored at higher
concentrations (>10−5 M) or in the monomer form favored
at lower concentrations (<10−5 M). Dimer dissociation alone
does not lead to the structural change required for the assembly
of the high-affinity CuII site. (ii) High-affinity CuII binding is
associated with and enhances CuI binding at site 4S but not at
site 3S. Only CuI binding at site 4S can induce rotation of the
C-terminus and create the high-affinity CuII binding site
(Figures 1 and 7).
Molecular Basis of Cooperative Binding of CuI and

CuII. As discussed above, the free energy of high-affinity
binding of CuI to apo-CopK drives the cooperativity,
generating the conformational change necessary to create the
CuII binding site. In the process, the structure becomes less
ordered overall. While a detailed mechanistic explanation is
beyond the work presented here, the major structural change in
the orientation of the C-terminus, based at hinge residue Asn57
with loss of a β-strand of the β-sandwich structure, as observed
by us and others,5 allows assembly of the high-affinity CuII site
that incorporates His70 and other ligand(s) at the N-terminus
(Figure 7).
Reorientation of the C-terminus induces dimer dissociation,

occurring as a result of loss of contacts across the dimer
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interface that involves the C-terminal region. When the transfer
of CuI from site 3S to 4S is suppressed (e.g., in the M44L
variant), the copper ion is locked at site 3S and is unable to
induce the major change in protein conformation required for
CuII binding. On the other hand, high-affinity CuII binding
imposes a structural change that promotes the transfer of CuI

from site 3S to site 4S, as seen for the copper binding chemistry
of the H19F variant.
Implications for Biological Function and Copper

Transport. The versatile coordination chemistry of CuI (bis,
tris, or tetra coordination) aids in CuI binding and transport in
biological systems. While cysteine side chains dominate binding
of CuI in the cytosol,28 methionine ligands play important roles
in the more oxidizing environments of mammalian cell
membranes and bacterial periplasms.29 Well-documented
examples include the soluble periplasmic proteins CusF and
PcoC/CopC and the membrane CuI transporters CusA and
Ctr1.6,29

The protein conformation-dependent CuI location in CopK
provides interesting insights into the mechanism of transfer of
CuI across Met-rich metal channel proteins such as CusA and
Ctr1. The trimeric membrane protein CusA binds CuI at a
three-methionine cluster in its periplasmic domain.30,31 The
binding is proposed to induce a conformational change that
promotes transport of CuI across the membrane via a central
pore. There are eight additional sets of paired methionine
residues that are essential to metal ion transport and appear to
bind and relay the metal ion through the inner membrane.
Similarly, the eukaryotic copper transporter Ctr1 appears to
translocate CuI into the cell via a series of methionine-rich sites.
Like CusA, Ctr1 forms a trimeric membrane pore and bears a
series of MxxM and MxM motifs that are proposed to bind and
transport CuI through the pore.6,32−34 However, an atomic-
level structure of the Ctr1 transporter is not available currently,
and the mechanism by which the methionine triads translocate
Cu(I) is not known.
The knowledge now available from the multiple structures of

CopK allows some interesting parallels to be drawn with
copper transfer reactions involving methionine-rich clusters
such as those in the CusA and Ctr1 systems. The CopK
structures provide the first snapshots of distinct states sampled
during CuI binding and transfer by methionine residues. The
initial CuI binding event at site 3S, captured in the structures of
crystalline CuI-CopK and CuICuIIbr-CopK, requires little
movement of the relevant methionine side chains (Met26,
-38, and -54). However, this initial encounter complex places
the side chain of Met54 further into the protein core where it
then needs to rotate only slightly to coordinate CuI in the final
4S site. This transfer of the copper into the protein core is
accompanied by rearrangement of Met38, whose Sδ atom
moves approximately 7 Å to its final CuI-bound conformation.
In this way, the transfer of copper between adjacent sites is
mediated not only by the adaptable nature of the CuI

coordination sphere but also by the multiple degrees of
freedom accessible to the methionine side chain. This unique
feature further rationalizes the prevalence of methionine
residues in copper translocation systems such as Ctr1 and
CusA. It appears that the structural snapshots of the small
CopK protein, captured at different stages of copper binding
and transfer, provide a simple model for copper shuttling by
methionine-rich clusters.
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