
Insights into the Molybdenum/Copper Heterometallic Cluster
Assembly in the Orange Protein: Probing Intermolecular Interactions
with an Artificial Metal-Binding ATCUN Tag
Biplab K. Maiti, Rui M. Almeida, Luisa B. Maia, Isabel Moura, and Jose ́ J. G. Moura*

UCIBIO, REQUIMTE, Departamento de Química, Faculdade de Cien̂cias e Tecnologia, Universidade Nova de Lisboa, 2829-516
Caparica, Portugal

*S Supporting Information

ABSTRACT: Orange protein (ORP) is a small bacterial protein,
of unknown function, that contains a unique molybdenum/
copper heterometallic cluster, [S2MoVIS2Cu

IS2MoVIS2]
3− (Mo/

Cu), non-covalently bound. The native cluster can be
reconstituted in a protein-assisted mode by the addition of CuII

plus tetrathiomolybdate to apo-ORP under controlled conditions.
In the work described herein, we artificially inserted the ATCUN
(“amino terminus Cu and Ni”) motif in the Desulfovibrio gigas
ORP (Ala1Ser2His3 followed by the native amino acid residues;
modified protein abbreviated as ORP*) to increase our
understanding of the Mo/Cu cluster assembly in ORP. The apo-ORP* binds CuII in a 1:1 ratio to yield CuII-ORP*, as
clearly demonstrated by EPR (g||,⊥ = 2.183, 2.042 and ACu

||,⊥ = 207 × 10−4 cm−1, 19 × 10−4 cm−1) and UV−visible spectroscopies
(typical d−d transition bands at 520 nm, ε = 90 M−1 cm−1). The 1H NMR spectrum shows that His3 and His53 are significantly
affected upon the addition of the CuII. The X-ray structure shows that these two residues are very far apart (Cα−Cα ≈ 27.9 Å),
leading us to suggest that the metal-induced NMR perturbations are due to the interaction of two protein molecules with a single
metal ion. Docking analysis supports the metal-mediated dimer formation. The subsequent tetrathiomolybdate binding, to yield
the native Mo/Cu cluster, occurs only upon addition of dithiothreitol, as shown by UV−visible and NMR spectroscopies.
Additionally, 1H NMR of AgI-ORP* (AgI used as a surrogate of CuI) showed that AgI strongly binds to a native methionine
sulfur atom rather than to the ATCUN site, suggesting that CuII and CuI have two different binding sites in ORP*. A detailed
mechanism for the formation of the Mo/Cu cluster is discussed, suggesting that CuII is reduced to CuI and transferred from the
ATCUN motif to the methionine site; finally, CuI is transferred to the cluster-binding region, upon the interaction of two protein
molecules. This result may suggest that copper trafficking is triggered by redox-dependent coordination properties of copper in a
trafficking pathway.

1. INTRODUCTION
Orange protein (ORP), first isolated from the sulfate-reducing
organism Desulfovibrio gigas,1 is found in several anaerobic
bacteria.2−4 It harbors a unique molybdenum/copper hetero-
metallic cluster, [S2MoVIS2Cu

IS2MoVIS2]
3− (Mo/Cu), revealed

by EXAFS (Figure 1A).1 The metal cofactor is stabilized in the
binding pocket through non-covalent interactions,5 but it does
not involve any of the common metal-binding amino acid side
chains, such as cysteine, histidine, and methionine side chains.
Moreover, ORP can be heterologously expressed and isolated
in an apo-form, which can be subsequently reconstituted in a
protein-assisted mode using CuII and tetrathiomolybdate
(TTM, MoS4

2−) salts, to yield a reconstituted protein that is
identical to the native holo-ORP.5,6

The biological function of ORP is still unknown; however, it
is tempting to suggest that it may be related to its ability to
“chelate” copper. Cells developed several copper sequestration
and trafficking mechanisms to prevent the metal from reaching
toxic levels, through which copper is scavenged and transferred
by transient and specific protein−protein interactions, without

dissociation of the “free” metal inside the cell.7−10 In this
context, TTM (part of the ORP Mo/Cu cluster) presents itself
as an ideal “trap” for copper. Due to its reactivity with copper,
TTM plays an antagonist role11,12 toward many copper-
containing13,14 and copper-transferring proteins.15,16 TTM
reactivity has also been explored for management of Wilson’s
disease and other copper-dependent diseases, where the dietary
supplementation of animal models with TTM allowed the
observation of the formation of hepatic Mo/Cu clusters.17−20

Yet, to our knowledge, in spite of this well-known chemistry,
the Mo/Cu complex is unique to ORP, and its identification in
the D. gigas ORP in 20001 was surprising.
Presently, the mechanism of the in vivo formation of the

ORP Mo/Cu cluster is unknown; in vitro, the reconstitution of
apo-ORP is achieved by the addition of CuII (1 equiv) followed
by TTM (2 equiv), in a process where the order of CuII and
TTM addition is critical to obtain a holo-ORP identical to the
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native protein. However, our understanding about the in vitro
reconstitution of ORP has not yet been linked to the in vivo
mechanism of Mo/Cu formation. In living organisms, CuII and
CuI are preferentially sequestered by histidine- and methionine-
rich protein regions, respectively.21−23 The (H2N)-X1X2His3
motif, with a histidine in the third position, is a well-known
high-affinity CuII-binding site, named ATCUN (from “amino
terminus Cu and Ni”), that is found in several naturally
occurring, biologically important, copper-binding proteins,24−28

but not in ORP.
It is noteworthy that, due to its small size (causing minimal

perturbation in protein structure and function), the ATCUN
motif is perfectly suited to be artificially introduced into
proteins for high-precision structure determination of inter-
molecular interaction studies, as the site for the introduction of
paramagnetic probes.29−32 The use of paramagnetic probes has
proven to be very useful to obtain valuable structural
information,33 and the introduction of an ATCUN motif can
be exploited to understand the ORP Mo/Cu cluster assembly
process, as well as to obtain additional structural information
about this intriguing protein.
In this work, we took advantage of the ATCUN motif,

previously introduced into the D. gigas ORP sequence for
cloning and purification purposes, by the addition of three
residues to the N-terminus of the native protein sequence,
Ala1Ser2His3, followed by the native amino acid residues
(modified protein hereafter abbreviated as ORP*). The crystal
structure of apo-ORP* was previously determined (Figure
1B).5,34,35 The reconstitution of the Mo/Cu cluster in ORP*
from D. gigas5 was not straightforward, and later it was
modified6 by addition of DTT, but the role of the metal-
binding properties of this small ATCUN tag was overlooked.
Recently, we also described a simple, straightforward method
for reconstitution of other recombinant ORPs from Desulfovi-
brio alaskensis G20, where the ATCUN tag was absent.4 In this
simple process, CuII (free from ATCUN) is first reduced by
TTM (cysteine is absent in both D. alaskensis and D. gigas), and
finally TTM binds CuI to yield the native Mo/Cu cluster.
In biology, copper has two oxidation states (CuI and CuII),

but in vivo it is not clear if copper is inserted into ORP as CuII

and then reduced or directly inserted in the reduced form.

Since the ATCUN tag prefers binding CuII over CuI, it would
be helpful to understand this redox/insertion process. The
protein containing a methionine coordinating site may play a
relevant role when copper is reduced to CuI upon being
released from the ATCUN to the methionine site without a
dissociation pathway as observed in the copper trafficking
pathway. As the CuII (ATCUN) and CuI (methionine) binding
sites are opposite to the Mo/Cu cluster-binding region (His53),
we are motivated to understand the copper trafficking pathway
to the formation of Mo/Cu cluster in ORP by taking advantage
of a designed fusion protein, which mimics a protein−protein
interaction.
The ATCUN tag’s ability to coordinate CuII (CuII-ORP*)

was thoroughly studied in the work described herein, using
UV−visible, EPR, and 1H NMR spectroscopies. The para-
magnetic CuII-ORP* was exploited to determine the sites of
metal−protein interaction from NMR spectroscopic studies. In
addition, AgI was used as a probe (in place of CuI) to determine
the monovalent metal−thioether (MI-S-methionine) interac-
tion by 1H NMR. Since the X-ray crystal structure of the apo-
ORP* is known (Figure 1B),35 this allowed us to use
computational methodologies to model protein−protein
interactions and to discuss in detail the mechanism of copper
binding to ORP.

2. MATERIALS AND METHODS
Unless otherwise stated, all reagents were of analytical or higher grade
and were purchased from Sigma-Aldrich or Fluka.

2.1. General Procedure for the Reconstitution of CuII-ORP*
and AgI-ORP* Derivatives. Fusion D. gigas protein, ORP*, was
heterologously expressed in Escherichia coli BL21(DE3) and purified in
the apo-form as previously described.5,34 Subsequently, 1 mM CuCl2
(or AgNO3) was added to 1 mM apo-ORP* (in 50 mM Tris-HCl, pH
7.6, for CuII and 50 mM HEPES, pH 7.5 for AgI), and the mixture was
incubated for 5 min on an ice bath (4 °C).

2.2. Assays of CuII-ORP* Reduction and Mo/Cu-ORP*
Formation. The CuII reduction in CuII-ORP* was evaluated with
TTM in the presence of dithiothreitol (DTT). TTM forms a
[CuI(MoS4)2]

3− cluster and exhibits characteristic absorption bands at
340 and 480 nm.5,6 The reaction was monitored at room temperature
in a 1 cm quartz optical cell, which contained 100 μM CuII-ORP* (a
1:1 mixture of CuCl2 (100 μM) and apo-ORP* (100 μM)), 200 μM
(NH4)2MoS4, and 2 mM DTT over 2 h under air at room
temperature. The absorbance bands at 340 nm (ε = 11 800 ± 750
M−1 cm−1) and 480 nm (ε = 7850 ± 500 M−1 cm−1) at a given time of
reaction indicated conversion into the [CuI(MoS4)2]

3− complex by the
reduction of copper.5,6 One set of samples was tested without DTT
under similar conditions; their UV−visible spectrum at 317 and 469
nm (free TTM) does not shift any more over a period of 6 h.

2.3. Straightforward Method for Formation of [CuI(MoS4)2]
3−

in ORP*. To overcome the formation of a stable CuII-ATUCN
complex, 1 mM DTT was added into 75 μM apo-ORP* in 1 mL of 50
mM Tris-HCl, pH 7.6, in a 1 cm quartz optical cell to generate a
reducing environment, followed by addition of 75 μM CuCl2 and 150
μM (NH4)2MoS4 at RT. After this addition, the [CuI(MoS4)2]

3−

complex is formed immediately, as observed by the absorbance bands
at 340 nm (ε = 12 000 ± 700 M−1 cm−1) and 480 nm (ε = 8000 ± 400
M−1 cm−1).

2.4. Reconstitution of [AgI(MoS4)2]
3− Cluster in apo-ORP*.

The metal cluster, [AgI(MoS4)2]
3−, is reconstituted in the recombinant

protein employing a procedure similar to that described for Mo/Cu.4

First, 1 mM AgNO3 was added into 1 mM apo-ORP*, in 50 mM
HEPES, pH 7.5, followed by the addition of 2 mM (NH4)2MoS4; the
mixture was incubated for 30 min in an ice bath (4 °C). The protein
was subsequently separated from unbounded, small molecules (metal
ions and TTM) by size-exclusion chromatography (PD-10 column;
size exclusion of 5 kDa; GE Healthcare) equilibrated with 50 mM

Figure 1. (A) Structure of the Mo/Cu cluster of ORP, as revealed by
EXAFS1 (sulfur, gold spheres; copper, blue sphere; and molybdenum,
cyan spheres). (B) X-ray structure of D. gigas apo-ORP* (from PDB
file 2WFB),35 where key methionine and histidine residues are
highlighted (with ORP* numbering), as well as the distances
measured between sulfur atoms (golden sphere) and Cα atoms (gray
sphere).

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.7b00840
Inorg. Chem. 2017, 56, 8900−8911

8901

http://dx.doi.org/10.1021/acs.inorgchem.7b00840


HEPES, pH 7.5, and the elution was carried out with the same buffer.
The fraction containing the protein was collected and concentrated by
ultrafiltration (centrifugation) using a YM5 membrane filter (size
exclusion of 5 kDa; Sartorius).
2.5. Metal and Protein Quantification. The metals (silver,

copper, and molybdenum) contents of Mo/Ag-ORP* and Mo/Cu-
ORP* derivatives were determined by inductively coupled plasma
(ICP) emission analysis in a Jobin Yvon Ultima instrument using the
Re-agecom 23 ICP multi-elements as a standard solution over a
concentration range of 0.05−6 ppm. The protein concentration was
determined by the Lowry method,36 using bovine serum albumin
(BSA) as a standard protein. ICP: (Mo/Ag-ORP*) Mo:Ag = 1.98:1
(Mo:Ag:ORP* = 1.85:0.92:1) and (Mo/Cu-ORP*)6 Mo:Cu = 1.90:1
(Mo:Cu:ORP* = 1.96:0.96:1).
2.6. Spectroscopic Studies. 2.6.1. UV−Visible. UV−visible

absorption spectra were collected using a Shimadzu UV-1800
spectrometer.
2.6.2. NMR. a. Sample Preparation. Fusion protein buffer was

exchanged for 50 mM Tris-HCl buffer, pH 7.6, 10 mM phosphate
buffer, pH 7.6, or 20 mM HEPES buffer, pH 7.5, prior to spectra
acquisition by dialysis over a 3.5 kDa cutoff membrane. Protein
samples were then concentrated to 0.6−1.5 mM using a Vivaspin
centrifugal concentrator with a 5 kDa cutoff membrane. All samples
contained D2O (10%, v/v; Eurisotop). For the acquisition of metal-
coordinated ORP* spectra, aliquots of 100 mM CuCl2 were added to
the sample in relevant ratios before spectra acquisition in 50 mM Tris-
HCl, pH 7.6. In some spectra, DTT and TTM were also added in
relevant concentrations. The apo-ORP* (1.2 mM) in 20 mM HEPES,
pH 7.5, was titrated with 0, 20, 40, 60, 80, and 100% of AgNO3.
b. 1H NMR. All spectra were acquired at 298 K on a Bruker Avance

III Ultrashield 600 MHz spectrometer equipped with a TCI cryo-
probe and a variable-temperature control unit. The pulse sequence
used in these experimentszgesgpcontains a water suppression
sequence based on excitation sculpting and gradient pulses. The
spectral window was centered on the water resonance over 29 761 Hz
(50 ppm), with a resolution of 128k points. Spectra were calibrated on
the basis of the position of the water resonance. A total of 128
transients were accumulated per scan. Processing was performed using
TOPSPIN 3.2 (Bruker).
c. 2D NMR. Spectra were acquired using 15N at natural abundance

samples at 298 K on a Bruker Avance III Ultrashield 600 MHz
spectrometer equipped with a TCI cryoprobe and a variable-
temperature control unit. 15N,1H-HSQC spectra were obtained by
using a phase-sensitive and water flip-back pulse sequence
(hsqcetfpf3gpsi2). The spectral widths were 12 019 Hz for 1H and
3226 Hz for 15N. A total of 2048 data points in t2 transients for each of
the 128 t1 points were used, and 400 scans were collected per sample.
NMR spectra were processed with TOPSPIN 3.2 provided by Bruker
and analyzed with CARA 1.8.4.37 Chemical shift perturbation for each
amide resonance, ΔδHN (ppm), was calculated as a combination of the
changes in the proton (ΔδH) and nitrogen (ΔδN) dimensions
according to the following equation:38

δ
δ δ

Δ =
Δ + Δ( /5)

2HN

2
H

2
N

2.6.3. EPR. The apo-ORP* (1.5 mM) was titrated with 0.3, 0.6, 1, 2,
3, and 4 equiv of CuCl2, in 50 mM Tris-HCl, pH 7.6, and the
formation of CuII-ORP* was followed by EPR spectroscopy. The EPR
spectrum of 1.5 mM CuCl2 (in the same Tris-HCl buffer) was also
acquired to guarantee that the spectra observed in the presence of apo-
ORP* are in fact due to the formation of a CuII-ORP* complex. The
CuII-ORP* formation was also studied in 50 mM phosphate buffer, pH
7.6. The spectra obtained in both buffers are identical, indicating that
buffer does not interfere in the complex formation at pH 7.6. To
follow the subsequent formation of the native Mo/Cu cluster, 2 equiv
of TTM was added to one sample of CuII:ORP* 1:1, followed by the
addition of 10 equiv of DTT. The spectra were acquired at 10−100 K,
and no significant differences were found. The X-band EPR (9.65
GHz) spectra of all samples were recorded using a Bruker EMX 6/1

spectrometer and a dual-mode ER4116DM rectangular cavity
(Bruker); the samples were cooled with liquid helium in an Oxford
Instruments ESR900 continuous-flow cryostat, fitted with a temper-
ature controller. The spectra were acquired at different temperatures
(as indicated) and with a modulation frequency of 100 kHz,
modulation amplitude of 0.1−0.5 mT, and microwave power of
0.633−2.01 mW.

2.7. Monomer−Dimer Determination. Molecular weight of
protein samples (apo-ORP* and CuII-ORP*) is determined by gel
filtration, comparing an elution volume between protein sample (apo-
ORP* and CuII-ORP*) and standard samples. GE Healthcare
Calibration Kits provide highly purified, well-characterized, globular
protein standards (Apr, aprotinin (6500 Da); R, ribonuclease A
(13 700 Da); CA, carbonic anhydrase (29 000 Da); C, conalbumin
(75 000 Da)) for protein molecular weight determination, and a
Superdex-75 10/300 GL column was used for this purpose. The
column was washed and run with 50 mM Tris-HCl, pH 7.6, with 50
mM NaCl. The concentrations of apo-ORP* and CuII-ORP* all are
150−200 μM, and the mix standard protein solution is 3 mg/mL.

2.8. In Silico Docking. The HADDOCK algorithm39 was used to
calculate likely binding poses between two different ORP monomers.
HADDOCK was accessed via the WeNMR portal.40 The structure of
D. gigas apo-ORP* was downloaded from the Protein Data Bank
(PDB file 2WFB) and prepared for the procedure using UCSF
Chimera’s41 Dock Prep tool. The single ambiguous interaction
restraints used for HADDOCK determined that H53 from one
polypeptide chain had to be in the vicinity of H3 from the other chain.
Interaction interfaces were evaluated using the binding affinity
algorithm PRODIGY.42

3. RESULTS AND DISCUSSION
3.1. Synthesis. The ATCUN tag-containing D. gigas apo-

ORP* was overexpressed and purified without the Mo/Cu
cluster, as previously described.34

Upon addition of CuCl2 into apo-ORP*, the CuII interacts
with a particular region (ATCUN) of the ORP* sequence
directly, and failed to continue the further process of cluster
formation in the presence of TTM, in spite of TTM’s
extraordinary affinity toward copper and reducing ability. To
overcome this problem, we first added TTM into the apo-
ORP*, and only after this step, CuCl2 was added to this
mixture, to form a different clusterCuI-TTMas judged by
its UV−visible spectrum.5,6 The Mo/Cu cluster is formed only
when the CuII ion in the CuII-ORP* complex is reduced to CuI

and subsequently binds TTM in the presence of DTT.
Therefore, it can be anticipated that, during cluster assembly,
copper enters in the CuI oxidation state in apo-ORP (in vivo),
and then TTM binds CuI in the cluster-binding region. From
this observation, we became highly interested in the study of
the binding site of CuII using UV−visible, NMR, and EPR
spectroscopies. AgI is used as a probe of CuI to support the CuI-
binding site by 1H NMR spectroscopic studies.

3.2. Absorption Spectroscopy of ORP* in the
Presence of Added Metals. 3.2.1. Copper. We first focused
on copper-coordination chemistry after addition of CuCl2 into
apo-ORP*. CuII binding was monitored by visible electronic
absorption spectroscopy upon titrating of apo-ORP* with
increasing amounts of CuII. At stoichiometric CuII:ORP* ratios,
a single visible electronic absorption band appeared at 520 nm
(ε ≈ 90 M−1 cm−1), saturating at one equivalent, typical of a
CuII d−d transition (Figure 2) (pH range 7.0−8.0).
Deprotonation of amide nitrogen in aqueous medium ion
requires strongly basic conditions (pKa ≈ 15) in the absence of
metal. But the process is significantly enhanced in the presence
of CuII when the imidazole ring of the histidine residue is
available to act as an anchor for the metal ion.43−45 An excess of
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CuII relative to apo-ORP* leads to a band shift toward higher
wavelengths, with a change in color from purple to blue (618
nm) indicative of excess free CuCl2. Upon removal of excess
CuCl2 (PD-10 desalting column), it returns to the purple color.
The peak at 520 nm with low molar absorptivity (ε ≈ 90 M−1

cm−1) is in agreement with a d−d transition of a coordinated
CuII ion, probably due to 4N-donor set of peptide sequence/
motif of ORP*. A vast body of literature supports the
assignment of coordination modes of these spectroscopic
species as those with four nitrogen atoms coordinated
equatorially to the CuII ion. Peptides with histidine residue in
the third position from the amino-N-terminus display
absorbance at 520 nm characteristic of a typical CuII-
ATCUN-binding site.46

The Mo/Cu cluster formation is shown in Figure 3. The
stable CuII-ATCUN complex cannot bind TTM. However,

when TTM is added into CuII-ORP* solution in the presence
of DTT, the peaks at 469 and 317 nm (free TTM) slowly
shifted to 480 nm (ε = 7850 ± 500 M−1 cm−1) and 340 nm (ε
= 11 800 ± 750 M−1 cm−1) respectively, an indication of the
formation of [CuI(MoS4)2]

3− cofactor, which is monitored by
UV−visible spectra over 2 h at RT (Figure 4A). DTT reduces
CuII-ORP* to CuI-ORP*, which can bind TTM to form the
metal cofactor, but neither TTM nor DTT alone can reduce
CuII to CuI. The DTT (2- to 10-fold excess)-dependent

reduction of CuII-ORP* was tested under anaerobic conditions,
with the copper reduction being monitored by a decrease of the
CuII-ORP* signal at 520 nm. The intensity of this peak remains
unchanged over a period of 2 h, indicating an inability of DTT
to reduce copper. Upon addition of TTM into this solution
(CuII-ORP* + DTT), the CuII is reduced to CuI, and clusters
form even under aerobic conditions. Here TTM acts as a CuI-
chelator with strong affinity, which enforced to reduction in the
presence of DTT (Figure 3A) to cluster formation. When DTT
(2-fold excess) was first added into apo-ORP* followed by the
CuII salt, no CuII-ATCUN signal was observed at ∼520 nm
under anoxic conditions. Under reducing environment (DTT),
addition of CuII leads to its reduction to CuI, which is unable to
bind the ATCUN site and immediately yields [CuI(MoS4)2]

3−

in the ORP pocket in the presence of TTM (2-fold) (Figure
4B). CuI may be binding the thiol groups of DTT molecules
since thio-ether is a weaker coordinating ligand than thiol.
However, as described in the literature, ATCUN favors only
CuII binding over CuI.21−23 So, the coordination mode of CuII

in this system now understood but the coordination site at CuI

remains elusive. Under physiological conditions, copper
preferably binds histidine, cysteine and/or methionine side
chains, based on the oxidation state of copper. Since CuII

preferably binds histidine and is well known to bind the
ATCUN site, CuI may bind a soft sulfur site,21−23 methionine
(as cysteine is absent), which is close to the ATCUN site (see
crystal structure; Figure 1B).

3.2.2. Silver. The solubility of CuI in aqueous buffer, as well
as stability/folding of ORP in organic solvent (%), is
problematic. To overcome these limitations, silver (AgI) was
used as a surrogate probe of CuI, since CuI and AgI ions exhibit
similar charge and behavior.47,48 The [AgI(MoS4)2]

3− cluster is
synthesized in apo-ORP* in the presence of AgNO3 and TTM,
as shown by UV−visible spectrum (Figure S1). The UV−
visible spectrum shows two characteristic bands at 322 nm (ε =
13 600 ± 700 M−1 cm−1) and 475 nm (ε = 8550 ± 400 M−1

cm−1) which are ascribed to the [AgI(MoS4)2]
3− cluster.49,50

Therefore, AgI does not bind the ATCUN site and may actually
bind at the methionine site first. This hypothesis is supported
by the NMR study (see below). It has been also shown both in
vivo and in vitro that AgI can replace CuI in its native binding
sites in copper proteins.51,52

3.3. 1H NMR Spectroscopy of ORP* in the Presence of
Added Metals. 3.3.1. Copper. The slow electron spin
relaxation of paramagnetic CuII ions causes broadening of
proton NMR resonances linked to paramagnetic centers
through-bond (contact) or through-space (pseudocontact)
interactions.53,54 1D (1H) NMR experiments were carried out
analyzing the amide, the aromatic, and the aliphatic regions of
the NMR spectra of apo-ORP* and apo-ORP* titrated with
CuCl2 at pH 7.6 in 50 mM Tris-HCl buffer and used to assign
the signals of the key amino acids residues. The addition of
CuCl2 (0−70%) into a tube containing apo-ORP* (1.5 mM)
caused selective broadening of resonances, which provided an
indication of the location of copper binding in ORP* as shown
in Figure 5. Specific NMR signal alterations were observed
through out the CuCl2 titration experiments, suggesting that
the metal ions selectively interact with the His3 and His53
(Figure 5). In the aromatic region, the spectrum is significantly
affected in the following regions: 7.66−7.60 ppm (7.634 (a)
and 7.617 ppm (b)) and 6.95−6.85 ppm (6.903 (d) and 6.889
ppm (e)). Histidine aromatic 1H peaks usually appear as two
singlets between 6.5 and 8.5 ppm.55,56 The 7.66−7.60 and

Figure 2. UV−visible spectra of apo-ORP* (∼400 μM) with CuCl2
(black lines, 400, 800, 1200, and 1600 μM CuCl2) and 400 μM CuCl2
(alone) in 50 mM Tris-HCl buffer, pH 7.6 (gray line). Inset:
enlargement to show the peak intensity of the d−d transition.

Figure 3. Chemically synthesis of Mo/Cu cluster in ORP* (CBR,
cluster-binding region).
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6.95−6.85 ppm regions are assigned to Hε and Hδ protons of
two histidine residues, His3 (Hε = ‘a’ and Hδ = ‘e’) and His53
(Hε = ‘b’ and Hδ = ‘d’), respectively according to previous
NMR data of ORP*.34,57 In presence of 70% CuCl2, peaks ‘a’
and ‘b’ suffer a downfield chemical shift to 7.641 and 7.624
ppm, respectively, with peak ‘a’ being more affected compared
with peak ‘b’. Peaks at 6.886 (e) and 6.902 ppm (d) suffer the

same fate, shifting to 6.889 (e) and 6.903 ppm (d), respectively;
likewise, the intensity of peak ‘e’ is more affected than that of
peak ‘d’. This result indicates that one histidine (His3) directly
interacts with CuII while the other histidine (His53) suffers the
pseudo-contact effects of paramagnetic CuII ions. Thus, CuII

binds tightly at His3 site in N-terminus. This result is also
comparable with copper binding to other ATCUN containing
peptide/proteins.55,56 The peak at 7.267 ppm (c) is also
affected; this peak may be ascribed to a glutamine (Q61) or
arginine (R6) side chain. At alkaline pH, the amide resonances
were in fast exchange with the solvent and could not be
observed in the NMR spectrum.
Peaks in the aliphatic region of the 1H NMR spectrum were

also affected, namely those at 3.05−2.8 (m−n), 1.987 (f), 1.890
(g), 1.310 (h), and 1.298 ppm (i). The resonance peaks at ‘h’
and ‘i’ are broadening and chemically shift downfield to 1.325
and 1.313 ppm, respectively; they likely belong to the methyl
group (doublet peaks) of alanine (A1),

34,57 the N-terminus
amino acid. Multiple resonances at 3.1−2.8 ppm, assigned to
the histidine β-protons, and a singlet peak at 1.987 ppm may be
assigned to the -S-CH3 of methionine whose intensity also
significantly decreased. This peak assignment is confirmed by
addition of H2O2 into apo-ORP*, where only this particular
peak is highly affected. The peak at 1.987 ppm (f) decreased
while a resonance peak at 2.623 ppm appeared and saw its
intensity rise,58,59 which indicated the formation of oxidized
methionine peak, (−S(O)−CH3) (Figure S2).

1H NMR was employed to gain insights into the precise
location of cofactor binding in ORP. Upon titration of CuII-
ORP* with TTM (2 equiv), the overall spectrum is affected

Figure 4. (A) UV−visible spectra of apo-ORP* (100 μM) with 100 μM CuCl2 (lower trace, single; inset shows magnification at ∼520 nm region)
and added 200 μM (NH4)2MoS4 in the presence of 2 mM DTT in 50 mM Tris-HCl, pH 7.6, over 2 h every 15 min at RT. (B) UV−visible spectra of
apo-ORP* (75 μM) (gray) with 1 mM DTT (black) and after addition 75 μM CuCl2 (dotted) and 150 μM (NH4)2MoS4 (red) in 50 mM Tris-HCl,
pH 7.6, over 5 min at RT.

Figure 5. 1H NMR (600 MHz) spectra of apo-ORP* (1.5 mM)
(dotted black) and apo-ORP* (1.5 mM) titrated with CuCl2 (0−
70%)] (black) in 50 mM Tris-HCl at pH 7.6/D2O (80/20%). The
only regions represented and expanded are those are highly affected by
paramagnetic CuII, labeled as a, b; c; d, e; m−n; f, g; and h and i peaks.

Figure 6. (A) 1H NMR (600 MHz) in the aromatic region (7.7−6.8 ppm) of apo-ORP* (1.5 mM) (dotted black) in 50 mM Tris-HCl at pH 7.6/
D2O (80/20%) with 50% CuCl2 (black), 100% of TTM, and DTT (10 mM) over 1 h (dotted gray) and 2 h (gray). ‘a’, ‘b’, ‘c’, ‘d’, and ‘e’ represented
highly affected peaks. (B) Magnification of the a and b peaks. (C) Magnification of the d and e peaks. Arrows indicate the direction.
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(not shown), likely as a result of TTM adsorbing onto the
protein surface. The addition of a 10-fold excess (10 mM) of
DTT sees the particular peaks (a, b, c, d, and e), which are
highly affected by CuII, return to their initial intensity (Figure
6). The proposed histidine resonance site intensity increased,
meaning that the CuII reduced to CuI in the presence of DTT
and subsequently binds TTM to form the ORP cofactor; the
CuI cannot bind histidine residue directly anymore. In the
presence of 50% CuCl2 in 1.5 mM apo-ORP*, the five
resonances in the aromatic region, ‘a’, ‘b’, ‘c’, ‘d’, and ‘e’ suffered
considerable broadening and shifted to 7.641, 7.624, 7.270,
6.889, and 6.903 ppm, respectively. In the presence of 100%
TTM and 10-fold excess of DTT (10 mM), the ‘a’, ‘b’, ‘c’, ‘d’,
and ‘e’ peaks return almost to their initial intensity (Figure 6).
This result indicates the formation of the metal cofactor in
ORP in this region. The un-coordinated histidine side chain
may interact with sulfur atoms of the metal cofactor by H-
bonding to stabilize, resulting in a resonance shift. Figure 6
(cluster formation) shows that the particular ‘d’ peak is shifted
toward higher ppm while its intensity decreases. This result
indicates that the Nε atom of the His53 imidazole side chain is
specifically hydrogen bonded to a bridging sulfur atom. This
interaction is also found in nitrogenase, where the structure of
nitrogenase revealed that the α-His195 residue provides one of
three NH−S hydrogen-bonding interactions with one of the
bridging S atoms of the FeMo cofactor.60

Since the protein binds the anionic cluster via non-covalent
interactions, phosphate anions (in the buffer) were introduced
as competitors with the metal cofactor for protein binding. The
apo-ORP* in 50 mM Tris-HCl was dialyzed overnight at 4 °C
in 10 mM phosphate buffer, pH 7.6. The 1H NMR spectrum is
considerably different at the histidine site (Figure 7). In

phosphate buffer, the main resonances are found at a′ = 7.701
(a = 7.635), b′ = 7.676 (b = 7.617), d′ = 6.925 (d = 6.904), and
e′ = 6.905 ppm (e = 6.886). The main difference between two
buffer systems is that the two resonances ‘a’ and ‘b’ exchanged
peak positions with one another. These findings support the
hypothesis that phosphate interacts with histidine-NH through
hydrogen bonding to modify the configuration/orientation of
histidine side chain. Upon adding CuCl2 into apo-ORP* in
phosphate buffer, the UV−visible spectrum displays a d−d
band at 520 nm (ε ≈ 90 M−1 cm−1) which is similar to CuII-

ORP* in Tris-HCl buffer (not shown). It means that the CuII-
ligation site (4-N) remains same. CuII can strongly bind His3
yielding other non-covalent interactions in the direction of the
CuII−N coordination bond; as a result, the UV−visible (not
shown) and EPR spectra (Figure S3) are the same in both
buffers. Furthermore, CuII is more stable in amine buffer than
in phosphate buffer, resulting in CuII being more affected in
phosphate buffer.

3.3.2. Silver. An analogous behavior was observed when a
silver salt (AgNO3) was used instead of CuI in the interaction
studies with thio-ether of model peptides/proteins.47,48 The
titration 1H NMR spectra (Figure S4) of apo-ORP* with AgI

displayed dramatic downfield shifts of Hε (-S-CH3) resonances
of methionine residues, indicating a specific binding of AgI to
the methionine site, in accordance with the other methionine-
rich peptide/proteins.47,48 This result supports coordination
between thioether (side chain of methionine) and CuI (or the
AgI probe), with no affinity for divalent metal ions.

3.3.3. 15N,1H-HSQC Spectra of apo-ORP* and CuII-ORP*.
The 15N,1H-heteronuclear single quantum coherence spectra
(HSQC) of CuCl2 incubated apo-ORP* showed the affected
region (Figure 8). Backbone and side-chain chemical shift
assignments were obtained in the N-terminus region, as well as
some residues in the cluster-binding region. A wide range of
amide protons, including the N-terminus Ala1, Ser2, Met4, His3,
and His53, were missing in the 15N,1H-HSQC spectrum of apo-
ORP* because of fast exchange with a bulk solvent.61,62 In the
presence of CuCl2, chemical shift changes were found to be
significantly higher for residue 26 from the N-terminus site
(His3) and residues 26 (R26), which, in the three-dimensional
structure, are located near the cluster-binding site (His53) (see
Figure 10). These data suggest that residues from both the
ATCUN site and the cluster-binding site of ORP* are involved
in the interaction between two ORP* molecules. Comparison
of the assignments obtained for apo-ORP* with CuII-ORP*
revealed that most chemical shift perturbations also map
(Figure 8) close to the metal-binding site, which are supported
by our previous NMR spectroscopic analysis of the
reconstituted holo-ORP from D. alaskensis G204 and D. gigas5

in that the cluster-binding region includes a set of conserved
residues D21PRFGRA27, H53GAGIN58, and L72TGYVGPKAF81.

3.4. EPR Spectroscopy of ORP* in the Presence of
Added Metals. 3.4.1. Copper. The apo-ORP* was titrated
with CuCl2 to determine the number of copper ions bound per
ORP* molecule and to obtain independent information about
the coordination sphere of the copper ion in CuII-ORP*. In the
presence of 0.3, 0.6, and 1 equiv of CuII (Figure 9A, orange, red,
and dark red lines, respectively), ORP* gives rise to a single S =
1/2 signal, characteristic of a CuII complex in a square-planar
geometry (or square-planar with weak axial ligand(s)), with g||,⊥
= 2.183, 2.042 and ACu

||,⊥ = 207 × 10−4 cm−1, 19 × 10−4 cm−1,
hereafter designated “signal a” (simulated in black line of Figure
9A). This signal is clearly distinct from the one originated from
CuCl2 alone (g|| = 2.232, ACu

|| = 198 × 10−4 cm−1; Figure 9A,
gray line), thus demonstrating that it arises from a CuII-ORP*
complex. A plot of the signal intensity (double integration of
the EPR spectra) versus the amount of copper added
demonstrates that “signal a” arises from a 1:1 Cu:ORP*
complex (Figure 9B).
Further addition of 2, 3, and 4 equiv of CuII to apo-ORP*

(Figure 9A, light blue, blue, and dark blue lines, respectively)
leads to the emergence of other signals that eventually
dominate the spectrum, hereafter designated as “signals b”

Figure 7. 1H NMR (600 MHz) in aromatic region (7.8−6.8 ppm) of
apo-ORP* in 50 mM Tris-HCl, pH 7.6/D2O (80/20%) (gray, 1.5
mM), and 10 mM phosphate, pH 7.6/D2O (80/20%) (black, 600
μM).

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.7b00840
Inorg. Chem. 2017, 56, 8900−8911

8905

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00840/suppl_file/ic7b00840_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00840/suppl_file/ic7b00840_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.7b00840


(ACu
|| features indicated by blue arrows in Figure 9A). Because

“signals b” are also distinct from the one of CuCl2 alone, they
must arise from copper bound to ORP*. Yet, “signal a” and
“signals b” originate from CuII ions bound to different sites of
ORP* (different compositions and/or geometries), as
evidenced by their different g|| and ACu

|| values. The significant
absence of the signal from CuCl2 alone in the Cu:ORP* 4:1
spectrum shows that the 4 equiv of copper is bound to ORP*
(∼91% according to Figure 9B) and that “free”, “aquoso”
copper is negligible. Therefore, ORP* is able to bind at least ∼4
equiv of copper through both the ATCUN motif and other
sites.
The “Truth Diagram” derived originally by Peisach and

Blumberg can give insights into the type of ligands involved in
the copper coordination.63 The “signal a” g|| and ACu

|| values
(2.183 and 207 × 10−4 cm−1) are typical of both a four-nitrogen
coordination site and a two-nitrogen and two-oxygen
coordination site. However, only a four-nitrogen coordination
site is also supported by the UV−visible data (a d−d transition
band at 520 nm; ε = 90 M−1 cm−1).
The wavelength of the maximum visible absorption can be

used as an indication of the number of nitrogen ligands of a
CuII complex,64 with a increasing number of nitrogen ligands
causing a decrease in the wavelength of the maximum visible
absorption (765 nm for one nitrogen, to 540 nm for four
nitrogen ligands).65 Moreover, “signal a” displays partially
resolved nitrogen super-hyperfine interaction(s) in the g⊥
region (325−335 mT) (Figure 9A, orange, red, and dark red
lines), even though it is impossible to determine the number of
nitrogen atoms involved.

The “signal a” is remarkably similar to other signals
originated from proteins and small peptides known to bind
copper through an ATCUN motif.66−68 As in those proteins, it
is highly probable that ORP* coordinates one CuII ion in a
tetradentate mode by one histidine imidazole nitrogen, one N-
terminus amine, and two deprotonated amide nitrogen atoms.
To follow the formation of the native Mo/Cu cluster, one

sample of Cu:ORP* 1:1 was treated with 2 equiv of TTM. Yet,
the spectrum of the Mo:Cu:ORP* 2:1:1 sample is indis-
tinguishable from that of the Cu:ORP* 1:1 sample. After the
addition of 10 equiv of DTT, the spectrum intensity begins to
decrease with time; after 2 h, the spectrum is completely
abolished (not shown), thus showing that CuII was totally
reduced to CuI and suggesting that the native Mo/Cu cluster
was formed, in accordance with the NMR and UV−visible data
described above.

3.5. Probable Structure, Protein−Protein Interaction,
and Cluster Formation Mechanism. The spectroscopic data
gathered reveal only one metal-binding site at the N-terminus
ATCUN-binding motif26 coordinating in a square planar
geometry by the N-terminus amine, the imidazole, and the
two amide nitrogens in between (Figure 10). 1H NMR clearly
indicates that two histidines (His3 from the ATCUN motif and
native His53) are highly affectedthe former more than the
latter. This implies that His3 is directly bound to the metal
center while His53 is affected by the paramagnetic effect;
however, their relatively large distance (dCα‑Cα = 27.9 Å)
precludes any metal-induced, long-distance paramagnetic effect.
We propose herein an intermolecular protein−protein
interaction to explain the observed effect. The N-terminus

Figure 8. 15N,1H-HSQC spectra of CuII-ORP* (red) compared with apo-ORP* (blue), showing some of the most affected residues, including R26
(broadened beyond detection), Y75 (largely shifted), and V76 (broadened beyond detection) in the copper variant in 50 mM Tris-HCl, pH 7.6, at
RT.
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metal-binding ATCUN site interacts with the cluster-binding
region in a head-to-tail fashion via non-covalent interactions,
explaining the possibility of metal paramagnetic effects or H-
bonding affecting these resonances (Figure 10). Protein−
protein interactions are often found in biological systems
contributing to several cellular pathways.10

Apo-ORP* and CuII-ORP* were subjected to analytical size
exclusion column chromatography, the elution volume of the
protein displays two peaks which confirm dimer (small trace)
and monomer state of ORP* (Figure S5). The apo-ORP* and
CuII-ORP* gave the same result. Such behavior is characteristic
of a self-associating protein.69

The more polar, charged residues (Arg, Lys, Gly, Gln, His,
etc.) in the interfaces of protein surface are the most likely
candidates to mediate the specific interactions in these
regions.70 From the 10 analyzed clusters from HADDOCK39

(Figure 11), each complex is stabilized on average by 5.9 ± 3.4
and 3.5 ± 2.9 interactions between the side chains of charged
and apolar or polar and apolar amino acids, respectively. The
overall Kd predicted for the 10 best complexes is 1.0 ± 0.8 mM
in the absence of metal, supporting the metal-mediated
formation of a dimer, as this value is characteristic of very
weakly binding partners.
A proper cluster assembly is essential for protein function.

The assembly and metalation of metalloenzymes is a complex
process in vivo, requiring a large number of accessory proteins:
CuA assembly,71 Mo−Cu−CODH,72 FeMoco-nitrogenase,73

etc. Although Mo/Cu cluster formation in ORP in vivo is
complex, we can put forward a proposal for the Mo/Cu cluster
formation. The X-ray structure35 of apo-ORP* also showed
that all methionine residues are located in the ATCUN-His3
side, which is opposite to the cluster-binding site His53 (Figure

Figure 9. Titration of apo-ORP* with 0.3, 0.6, 1, 2, 3, and 4 equiv of CuCl2 followed by EPR spectroscopy at 40 K (orange, red, dark red, light blue,
blue, and dark blue lines, respectively). (A) The EPR spectra were multiplied by different factors to facilitate the comparison (the spectra obtained
with 0.3, 0.6, 1, 2, 3, and 4 equiv of CuII were multiplied by 3, 3/2, 1, 1/2, 1/3, and 1/4, respectively). The spectrum of CuCl2 alone is also presented
(gray line). Simulation of the signal obtained with 1 equiv of CuII, herein designated “signal a”, is presented as a black line. The main ACu

|| features are
indicated by arrows. Samples were prepared and spectra acquired as described in the Materials and Methods. (B) The intensity of each spectrum
(obtained by double integration of the EPR spectrum) was plotted against the amount of copper added per equivalent of ORP* (points are color-
coded with the same colors used in the spectra). The intensity of the spectra was normalized considering that the spectrum of 1 equiv of CuCl2 alone
has an intensity of 1 (AU, arbitrary units). The line slope was 0.905 (r2 = 0.995).
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1B). In biological systems, copper is bound predominantly by
the three main amino acid with different side chain chemical
groupsimidazole, thiolate, and thioetherto optimize
copper acquisition under different environmental condi-
tions.22,23 The thioether functional group provides a neutral
sulfur donor that does not have the same pH dependence of
histidine, is more hydrophobic than histidine, and generally
prefers CuI rather than CuII. So cluster formation may be
proposed as reduced CuI may be ligated by two methionine
residues which are located in the vicinity of each other (Met4
and Met114; dS−S = 7.025 Å), yielding an intermediate {Met4-
CuI-Met114} structure that may interact with the cluster-binding
site of another apo-ORP molecule. This distance can be fitted
in Cu−Sthioether bond distances (2.25−3.3 Å) in synthetic
compounds as well as in copper-proteins.74−76 Finally, in the

presence of TTM, the {Met4-Cu
I-Met114} unit releases the Cu

I

to bind with TTM to afford final metal cofactor.
Based on our results, we suggest that CuI does not bind in

the same way that CuII does to the ATCUN site alone. This is
not surprising because the soft CuI would disfavor the harder
donor character of amide and amine nitrogen according to
Pearson’s HSAB principle.77 The unique feature of methionine
in ORP selectively binds CuI and transports it to the cluster-
binding site by transient interactions between two proteins.
The fusion amino acid, His3, binds Cu

II, and the stable copper
complex gives solid information about cluster assembly through
protein−protein interactionsthanks to the ATCUN tag.

4. CONCLUSIONS

In this study, we have investigated the binding of CuII to the
fusion ORP protein containing the ATCUN motif, ORP*. The
EPR and UV−visible spectra clearly show that the ORP* binds
CuII stoichiometrically, to form a 1:1 CuII-ORP* complex,
where the copper ion is coordinated by four nitrogen atoms of
the ATCUN motif. In the presence of higher amounts of
copper, the emergence of different EPR signals suggests that
ORP* is able to bind at least ∼4 equiv of copper, through both
the ATCUN motif and other sites. NMR results extend the
UV−visible and EPR results and clearly show that metal ions
interact not only with the N-terminus ATCUN motif (His3)
but also with the cluster-binding site (His53), which is very far
away (His3---His53; Cα−Cα ≈ 27.9 Å), suggesting the
intermolecular protein−protein interaction that is also
supported by docking analysis. 1H NMR of AgI-ORP* supports
the coordination chemistry of CuI-thiother in a specific
methionine site which may play an additional, copper-sensing
role in the cluster formation pathway. In cluster assembly in
ORP*, the probable mechanism is that CuII is first reduced to
CuI, and then the coordination site changes from ATCUN to
the thioether site to afford the {Met4-Cu

I-Met114} intermediate,

Figure 10. Schematic diagram of metal-binding ATCUN motif and protein−protein interaction between two M-ORP* molecules through non-
covalent interaction (blue dotted lines). Two interfacing surfaces of two M-ORP* molecules are highlighted: M-ATCUN region (A1S2H3) with
M4G5R6 residues (blue) and metal-binding region containing conserved residues D21PRFGRA27, H53GAGIN58, and L72TGYVGPKAF81 (reddish-
orange). Structures of apo-ORP* are deduced from PDB file 2WFB35 and represent distances between two histidine(s).

Figure 11. Proposed docking interactions predicted by HADDOCK.39

Ten structures of ORP* are shown as superimposed dark gray ribbons,
with interacting H53 in magenta. For clarity reasons, only His3 of each
of the 10 best interacting clusters is shown (light blue), with the rest of
the protein omitted.
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which is directed toward the cluster-binding site of the other
molecule through a non-covalent interaction, and finally TTM
binds with CuI to afford native Mo/Cu-metal cofactor, releasing
CuI from the methionine site. This model protein/peptide
provides a new insight into copper recruitment/transport via
intermolecular protein−protein interaction and is also relevant
to copper trafficking pathways involving proteins, which
transport copper ions into final target proteins in bacteria
and eukaryotes.
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