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Abstract: Electron paramagnetic resonance (EPR) spectroscopy has emerged as an ideal biophysical
tool to study complex biological processes. EPR spectroscopy can follow minor conformational
changes in various proteins as a function of ligand or protein binding or interactions with high
resolution and sensitivity. Resolving cellular mechanisms, involving small ligand binding or metal
ion transfer, is not trivial and cannot be studied using conventional biophysical tools. In recent years,
our group has been using EPR spectroscopy to study the mechanism underlying copper ion transfer in
eukaryotic and prokaryotic systems. This mini-review focuses on our achievements following copper
metal coordination in the diamagnetic oxidation state, Cu(I), between biomolecules. We discuss
the conformational changes induced in proteins upon Cu(lI) binding, as well as the conformational
changes induced in two proteins involved in Cu(I) transfer. We also consider how EPR spectroscopy,
together with other biophysical and computational tools, can identify the Cu(I)-binding sites. This
work describes the advantages of EPR spectroscopy for studying biological processes that involve
small ligand binding and transfer between intracellular proteins.
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1. Introduction

Transition metals are key nutrients for almost all organisms, given their roles in critical
biochemical pathways, such as respiration, photosynthesis, and nitrogen fixation [1-3].
However, unlike other biomolecules, metals cannot be synthesized in the cell and, hence,
must be obtained from the environment. Once acquired, metals must be routed to the cor-
rect intracellular destination to prevent deleterious side-reactions or non-specific chelation
by other cellular components [4-9]. Consequently, most organisms contain metalloregula-
tor proteins that help maintain metal homeostasis. Considering the ubiquitous presence of
metals in the cell, it follows that even small errors in biometal regulation are likely to impact
cell function, growth, and survival. It is, thus, of tremendous importance to understand
each step in the cycle of metal uptake, usage, and clearance to achieve a fundamental
understanding of the sources of metal homeostasis disruption [10-12].

The binding of diamagnetic metal ions, such as Zn(Il), Mg(Il), Cu(I) and Ag(I), to pro-
teins, has been mostly studied by nuclear magnetic resonance (NMR) and X-ray absorbance
fine structure (EXAFS) spectroscopy, techniques that can provide information on the metal
coordination site at the molecular level, specifically those atoms and residues involved in
metal binding [12-16]. While electron paramagnetic resonance (EPR) spectroscopy cannot
provide information on residues directly involved in the coordination of diamagnetic metal
ions, it can, however, probe the dynamics and conformational changes in a biomolecule in
solution upon metal ion binding, thereby providing important structural and functional
information on the biomolecule as a function of metal coordination. These are useful data,
especially for studying the biological processes involved in metal coordination and transfer
between various proteins. In recent years, we have been applying EPR spectroscopy to
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study Cu(l) binding and the mechanism of Cu(I) transfer in eukaryotic and prokaryotic
systems [11,17].

1.1. Copper Homeostasis

Copper is an essential trace metal for living organisms. Many proteins that participate
in cellular respiration, anti-oxidant defense, neurotransmitter biosynthesis, connective
tissue biosynthesis, and pigment formation use copper as their prosthetic active group [2,4].
However, owing to its redox activity, copper can also be highly toxic when present in the
free ionic form. Free copper can participate in Fenton-like chemical reactions to generate
highly toxic hydroxyl radicals from hydrogen peroxide and superoxide [2,7]. Therefore,
both prokaryotic and eukaryotic systems have developed highly regulated mechanisms
for copper transport and intracellular distribution to allow only negligible changes (sub-
femtomolar concentrations) in the intracellular copper levels [10,11,18].

In eukaryotic systems, it is known that copper is consumed and delivered to the cell
by the main copper transporter (Ctrl) in the Cu(I) oxidation state [19,20]. When Cu(l) is
transferred into the cell, specific Cu-recognizing chaperones are responsible for its delivery
to specific cellular pathways (Figure 1A) [2,21-23]. These chaperones include Atox1, which
delivers copper to the copper-transporting ATPases in the Golgi, CCS, required for copper
incorporation into cytoplasmic Cu/Zn superoxide dismutase, as well as Cox17, Scol, and
Sco2, which deliver copper to mitochondrial cytochrome c oxidase [21-26].
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Figure 1. Copper transfer pathways in (A) a human cell and (B) the bacterium Escherichia coli. Cu(I)
is denoted in yellow, whereas Cu(Il) is in blue.
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However, in prokaryotic systems, copper regulation is more sophisticated, since such
microorganisms can encounter changes in their environment. In Gram-negative bacteria,
four different mechanisms regulate cellular Cu(I) (Figure 1B) [10]. The first mechanism
involves proteins that export copper from the cytoplasm. Such proteins are P;p-type ATPase
membrane transporters responsible for pumping Cu(l) ions from the plasma membrane to
the periplasmic space. Examples of these proteins include Escherichia coli (E. coli) CopA and
Mycobacterium tuberculosis CtpV [18,27]. A second process relies on proteins that export
copper from the periplasm. These protein complexes are located in the periplasm, where
they control the transfer of Cu(I) ions from the periplasm to the extracellular medium. In E.
coli, the CusABC complex and its metallochaperone CusF are responsible for mediating
copper export across the inner and outer membranes, exploiting the proton motive force.
This tetrameric complex comprises an inner membrane proton-substrate carrier (CusA) and
an outer membrane pore (CusC), connected by the linker protein CusB, and the small CusF
metallochaperone [28,29]. The third mechanism used to regulate copper levels in the cell
employs multi-copper oxidases, which are responsible for reducing the potential for copper-
mediated damage by oxidizing Cu(I) to Cu(Il), which is less toxic to the cell. Bacterial
multi-copper oxidases known to confer copper tolerance include E. coli and Salmonella
typhimurium CueO, and M. tuberculosis MmeO [30,31]. The last mode of regulation relies on
proteins that act as copper sensors. These correspond to gene regulatory proteins, coined
metalloregulatory proteins, or metal sensor proteins that tolerate the metal transfer rate [32].
These specialized “metal receptor” proteins have evolved metal coordination sites that
“sense” specific metal ion(s) by forming specific coordination complexes that can present
zeptomolar (~1072! M) level affinities. This, in turn, serves to either activate or inhibit
DNA binding or transcription activation, leading to the expression of genes that mediate
what must be an exquisitely selective adaptive response [33-37]. In E. coli, the Cu(I) metal
sensor CueR activates the transcription of CopA and CueO metalloproteins [36-39].

Cu(I)-binding sites in proteins that are involved in the cellular copper regulation
system are characterized by cysteine- and methionine-based segments, such as CXXC or
MXXMXXM (where X stands for any amino acid). Some proteins also involve histidine
residues in their coordination sites [40—43]. In general, Cu(I) ions are mostly found in a
trigonal coordination with sulfur and nitrogen atoms [43,44].

1.2. EPR Spectroscopy

EPR spectroscopy is an experimental technique for characterizing the energy levels of
a system with unpaired electrons in an externally applied magnetic field. The separation of
these energy levels as a function of the magnetic field depends on the type of the unpaired
electron, and on the nature and structure of its surroundings. EPR has emerged as a pre-
ferred tool for resolving the structural properties of many proteins, such as metalloproteins,
membrane proteins, and intrinsically disordered proteins [45-55], which cannot be studied
by traditional biophysical methods. The power of EPR lies in its sensitivity to both atomic
level changes and conformational changes at the nanoscale [56-58]. EPR requires param-
agnetic species, such as free radicals or paramagnetic metal ions such as Cu(ll), Mn(II),
Gd(III), and Fe(IlI). Nitroxide radicals have been used for many years as paramagnetic
species for studying biological systems [49,57,59]. Such spin labels are stable and since a
great variety of functional groups can be introduced, these spin labels can be substituted
into different molecules at a variety of sites. In our studies, we employ the site-directed
spin labeling (SDSL) method developed by the Hubbell group [59-61]. The power of SDSL
lies in its ability to attach a spin-label to an amino acid, usually cysteine residue, by binding
to thiol reactive groups. Some nitroxide spin-labels suited for SDSL are the maleimide
spin-label (MSL) [13], the methanethiosulfonate group (MTSSL), or the iodoacetamide
group (IA-PROXYL) [62]. MTSSL (Figure 2) is the most widely used spin-label, owing to its
high selectivity to thiol groups, its stability in solution, and the fact that it causes minimal
to no perturbation to the protein or its function [59,60]. Other spin-labels that are often
used in SDSL are the trityl, Gd(III), Mn(Il), and the Cu(Il) based spin-labels [63—69].
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Figure 2. Spin labeling of a cysteine residue with methanesulfonthioate.

In a continuous wave (CW) EPR experiment, CW-EPR spectra are collected by placing
a sample into a constant microwave frequency, and varying the magnetic field until the
resonance condition is satisfied [56,70]. The CW-EPR spectrum reports on all the inter-
actions present between the paramagnetic center and nearby magnetic sites, at the close
environment of the paramagnetic center (molecular level type of information). When
nitroxide spin-labels are used, changes in line shape (owing to changes in dynamics),
line width (AB), hyperfine (electron-nuclear interaction) (ayy), and g-values can be probed.
The extent of such changes depends on the type of the spin-label and the strength of its
interaction with the environment. In a pulse EPR experiment, the magnetic field is kept
fixed, and a set of microwave pulses are generated to isolate an individual interaction
that contributes to the shape and behavior of the CW-EPR spectrum [58]. One such in-
teraction is the dipolar interaction between two paramagnetic centers, which can report
on nanometer distances (usually at a range of 2.0-10.0 nm) between two paramagnetic
sites. The most common approaches to acquire nanoscale structural information are double
electron electron resonance (DEER), also referred to as pulsed electron double resonance
(PELDOR) [51,71-75], Double Quantum Coherence (DQC) [76-78], and relaxation induced
dipolar modulation enhancement (RIDME) [79,80]. In all experiments, the Fourier trans-
form (FT) spectra yield characteristic lineshapes and splittings that may be analyzed for
distances and distance distributions.

The combination of CW and pulsed EPR with SDSL has become widely used in bio-
physical research, where an electron spin introduced into diamagnetic proteins provides in-
formation on their local environment and on the mobility of the protein domain. When mul-
tiple spin labels are attached, distance distributions between them can be derived [45-55].

This review provides several case studies that demonstrate how EPR spectroscopy can
be utilized to follow the diamagnetic metal coordination, with the focus of copper in the
Cu(I) oxidation state, to biomolecules. We will discuss conformational changes induced in
proteins upon Cu(I) binding, as well as conformational changes induced in two proteins
involved in Cu(I) transfer. We will also discuss how EPR spectroscopy, together with other
microscopy and spectroscopy tools, as well as molecular dynamic (MD) simulations, can
identify Cu(I)-binding sites. Finally, this review presents the advantages of using EPR
spectroscopy to study cellular processes involved in small ligand binding and transfer.

2. Case Studies
2.1. Following Conformational Changes in Biomolecules upon Metal Binding

Methionine-rich sequence motifs are found in several proteins involved in copper
metabolism. These “Mets motifs” are capable of binding Cu(I) with micromolar affinity.
Although they are highly selective, Mets motifs lack sequence specificity, aside from
requiring three methionine amino acids [42,44]. In eukaryotes, methionine motifs are
present in the Ctr]l family of membrane transporters, particularly in the N-terminal domain
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of these membrane proteins. In prokaryotes, these motifs are found in chromosome- and
plasmid-encoded copper proteins, such as those encoded by the pco (plasmid-borne copper
resistance), cop (copper resistance) and cue (copper export) operons. These gene products
include PcoC from the pco operon [81], CopA and CopC from the cop operon, in addition to
many others [82,83]. Mets motifs have been found to bind Ag(I) and Cu(I) ions [13,44]. Some
studies have shown that the function of many proteins involved in Cu(l) transportation
can be inhibited by coordination to Ag(I). We, therefore, used EPR spectroscopy to study
the coordination of Ag(I) vs. Cu(l) to a general Mets motif, MTGMHKMS (named here
Met) [13]. To follow the conformational changes, we added two cysteine residues at the
termini of the peptide and spin-labeled it with MTSSL to generate RIMTGMHKMSR1 (R1
often refers to MTSSL attached to cysteine residue).

The CW-EPR spectra recorded at room temperature (RT) identified changes in the
line width (AB) and hyperfine value (ay) as a function of Cu(I) and Ag(I) coordination
(Figure 3). While a decrease in the hyperfine value as well as in the line width was detected
upon Cu(I) coordination, increases in both values were observed with Ag(I). The difference
in the behavior of the two metal ions shows that CW-EPR using SDSL can detect metal
ion binding to a biomolecule, even in a random-coil short peptide, with comparable high
mobility. Moreover, CW-EPR can distinguish between the binding of different metal ions.
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Figure 3. Cu(I) and Ag(l) induce different dynamic changes in the Mets motif. Top: Room temperature
CW-EPR spectrum of a Cu(I):Met ratio of 4:1. Bottom: AB is the line width measured and ay is
the isotropic hyperfine coupling measured. Changes in AB and ay; as a function of Cu(I) and Ag(I)
binding are shown. Adapted from reference [13].
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Figure 4 shows the DEER signals, the corresponding FT spectra, and distance distribu-
tion functions for RIMTGMHKMSRI1. For the Mets motif alone, the distance distribution
was found to be 2.6 £ 1.0 nm. In the presence of Cu(l), the distribution was similar, whereas
in the presence of Ag(l), a slightly narrower distance distribution function of 2.4 & 0.6 nm
was detected. This is also clear in a more resolved FT spectrum of Met + Ag(I), suggesting
that the structure of Met is less flexible in the presence of Ag(I). Here, the DEER data did
not detect large changes in the distance distribution function, owing to the large flexibility
of the short peptide.
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Figure 4. Cu(I) induces conformational changes in the Mets motif (Met). Q-band DEER time
traces (solid lines) with simulated time traces (dotted lines), corresponding to FT spectra, and the
corresponding distance distribution functions based on Tikhonov regularization for (A) Met, (B) Met
+ Cu(I) and (C) Met + Ag(I). Adapted from reference [13].

The situation differs when larger proteins are involved. In one study carried out in the
laboratory, we explored the conformational changes in the full-length CusB protein [84],
which is part of the CusCBA periplasmic efflux transporter in E. coli. The crystal structure
of CusB was only reported in the apo-state, namely, in the absence of Cu(I) ions, with
the first 88 residues missing from the structure [85,86]. According to the crystal structure,
CusB is folded into an elongated structure (~120 A long and ~40 A wide) comprising four
domains (Figure 5A). The protein’s first three domains (i.e., domains 1-3, corresponding
to the membrane proximal, 3-barrel, and lipoyl domains) contain mostly 3-strands. The
fourth domain consists of only a-helices and is folded into a three-helix-handle structure.
We found out that in solution, CusB exists as a dimer. To resolve conformational changes
induced by Cu(I) (holo-state) binding, a DEER experiment was performed. However, since
CusB lacks cysteine residues, we selected a set of residues in the protein where a spin-label
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could be introduced. We then individually mutated each of these residues to cysteine
and spin-labeled the generated mutants with MTSSL (Figure 5A) [84]. Subsequently, the
inter-monomer distance distribution was evaluated at different regions of the protein.
Figure 5B shows the DEER time-domain signals for apo-CusB and holo-CusB, as well as the
corresponding distance distribution functions for the various CusB mutants. It is clear that
while several mutants underwent large changes in DEER distance distribution functions
upon Cu(I) binding, in other mutants, these changes were minor. The most substantial
changes were observed for the A248C, A236C, and S109C mutants, whereas, for N312C
and G173C, only slight changes in the DEER distance distribution functions were detected.
Moderate changes in the DEER signals were observed for A303C and A188C.

CusB monomer (residue 89-408) 1.008

CusC-Cus
intoraction
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Figure 5. Cu(I) induces conformational changes in E. coli CusB. (A). A ribbon view of the CusB
structure (PDB: 3H94), showing the various domains of the protein. The residue probes used in this
study are denoted in blue. (B). Q-band DEER signals for various spin-labeled CusB mutants and the
corresponding distance distribution functions based on Tikhonov regularization in the apo- (black
line) and holo-state at a ratio of 3:1 Cu(I):CusB (gray line). The dashed red line corresponds to the
distance distribution obtained from MMM. (C). A ribbon view of the CusB structure (red, molecule 1;
blue, molecule 2) obtained using the ENM program for the apo-state, overlaid on the CusB crystal
structure (PDB: 3NES5, gray). (D). A ribbon view of the CusB structure (solid colors) obtained using
the ENM program for the holo-state, overlaid on the CusB structure in the apo-state (gray). Adapted
from reference [84].
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To compare the DEER data with the CusB crystal structure, we performed multi-
scale modeling of macromolecular systems (MMM software, version 2015) [87,88]. MMM
is a computational approach for deriving a rotamer library based on a coarse-grained
representation of the conformational space of a spin-label. This method describes spin
labels as a set of alternative conformations or rotamers, which can be attached without
serious clashes with the atoms of other residues or cofactors. The rotamer library is derived
from molecular dynamics simulation with a total length of 100 ns at a temperature of
175K, which is an estimate of the glass transition of a protein sample. The program uses
third-party software developed by the group of Dunbrack, SCWRL4 [89]. The crystal
structure of CusB (PDB 3NE5) served as input to an MMM program. The dashed red line in
Figure 5B denotes the distance distribution obtained from MMM. Besides A303C, the DEER
distance distributions in the apo-state agree well with the crystal structure. In the next
step, we explored the effect of Cu(I) on the CusB structure using the elastic network model
(ENM) implemented in the MMM software. Inputs to the ENM are the PDB structure and
the distance distribution functions obtained by DEER. Based on the DEER constraints, a
suggested structure for the holo-state was purposed (Figure 5C,D). The holo-state of CusB
indicted that domains 3 and 4 of CusB fold towards the CusCBA pore while Cu(l) binding,
providing new insight into CusB function.

Conformational changes induced by metal ion binding can be observed in the DEER
measurements, in comparable small soluble proteins (<10 kDa). We succeeded in detecting
such conformational changes in the small domain of the N-terminal domain of the ATP7B
human transporter [90]. The N-terminal domain of ATP7B contains six metal-binding
subdomains (MBDs) connected by linkers (see Figure 1A). Each MBD is about 7 kDa and
presents a ferredoxin-like fold with a compact fxffxf structure and a conserved metal-
binding motif MXCXXC (where X stands for any amino acid) [91,92]. In one study, we
explored the conformational changes induced by Cu(l) in MBD3-4 (Figure 6) [90].
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Figure 6. Cu(I) induces conformational changes in MBD3-4 of ATP7B. (A). The NMR structure of
MBD3-4 (PDB: 2ROP, reference [88]) showing the three cysteine (CYS) residues accessible for spin
labeling (yellow), as well as bound Cu(I) (gray). (B). The DEER distance distribution functions based
on Tikhonov regularization for native (WT) MBD3-4 (spin-labeled at three different positions (C431,
C358 and C305) in the absence (black line) or presence of Cu(I) (red line). (C). DEER distance distri-
bution functions based on Tikhonov regularization for the MBD3-4_C305A mutant (corresponding
to the C358R1-C431 distance), and the MBD3-4_C431A mutant (corresponding to the C305-C358
distance) in the absence (black line) or presence of Cu(I) (red line). Adapted from reference [90].
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There are seven cysteine residues in the MBD3-4 domain [93], four of which form the
two Cu(I)-binding sites of the protein (one in MBD3, and the second in MBD4). Accordingly,
only three cysteine residues are available for spin-labeling with MTSSL, namely, C305
(located in the loop between the MBD3 33 and «2 regions), and C358 and C431 (located in
the MBD4 (31 and (34 stretches, respectively). Figure 6 shows the DEER distance distribution
functions for native MBD3-4 and the MBD3-4_C431A and MBD3-4_C305A mutants. The
latter mutations were introduced to monitor the distance distributions relative only to the
two remaining cysteine residues, which were employed to detect C431-C358 and C305-C358
distance distributions in MBD4 and MBD3-4, respectively. The DEER data revealed that
Cu(I) induces conformational changes in MBD3-4, specifically, that MBD3 becomes more
separate from MBD4, and that the flexibility of 34 increases upon Cu(I) binding [90].

2.2. Following Conformational Changes in Biomolecules upon Metal Transfer

The human copper metallochaperone Atox1 is responsible for shuttling Cu(I) ions
from the hCtrl C-terminal domains to the MBDs of ATP7A/B. Atox1 is a small soluble
protein (68 amino acids) with an overall f &3 3 xp3-fold structure. It coordinates one copper
atom through the cysteine residues found in a conserved MXCXXC motif (much like
the MBDs of ATP7A /B) [94,95]. The hCtrl C-terminal domain contains 15 amino acids
(SWKKAVVVDITEHCH), where the last three residues (HCH) were suggested to comprise
the last site of Cu(I) binding in hCtr1; this site is responsible for shuttling Cu(I) ions to the
various Cu(I) chaperones in the cell [96,97]. Using DEER measurements, we investigated
the interaction between Atox1 and the C-terminal domain of hCtrl [98]. There are three
cysteine residues in Atox1, with two (C12 and C15) being involved in Cu(I) coordination.
As such, only Cys41 is available for spin labeling with MTSSL. Four different peptides
were synthesized in order to explore the interaction between the hCtrl C-terminal domain
and Atoxl1, as listed in the inset table of Figure 7. Pep1 corresponds to the native segment,
Pep2 is missing the last three amino acids (HCH), whereas, in pep3 and pep4, the cysteine
residue in SWKKAVVVDITEHCH (pep1) was mutated to glycine (pep3) and methionine
residue (pep4), respectively. The DEER distance distribution functions measured in the
absence or presence of Cu(]) are presented in Figure 7. The dipolar interaction between the
spin-labels in Atox1 confirms that this protein is a dimer in solution, a conclusion that is also
supported by NMR data [95,99] and cross-linking experiments [100]. DEER experiments on
Atox1 revealed a bimodal distance distribution of 2.8 & 0.7 and 4.5 &+ 0.4 nm. The addition
of Cu(I) somewhat narrowed the two distributions, suggesting a more packed and rigid
Atox1 structure. The distribution around 4.5 nm is consistent with the crystal structure
conformation, while the distribution around 2.8 nm suggested an additional conformation
of the Atox1 that is much more flexible. To better identify the two different conformations,
we performed additional DEER experiments as a function of pH, together with efforts
relying on computational methods. We assigned the distribution around 2.8 nm to an “open
structure”, a conformation in which the two C12 residues of the Atox1 dimer are involved
in Cu(I) binding, and the C15 residues do not necessarily coordinate to Cu(I) [101]. In the
“closed conformation”, corresponding to the 4.5 nm distribution, all four cysteine residues,
i.e., C12 and C15 from both monomers, coordinate to the Cu(l) ion.

The addition of the hCtrl C-terminal domain (pep1) to the Atox1 solution yielded a
bimodal distribution of 2.5 + 0.4 and 4.2 4+ 0.3 nm. The addition of Cu(I) to this solution
slightly changed the population between the two distributions. It is clear, however, that the
addition of pepl to Atox1 resulted in a narrowing of the distance distribution functions,
confirming the interaction between the two biomolecules, as was also confirmed by changes
seen in the CW-EPR spectra [98]. DEER experiments were also performed on Atox1 in
the presence of pep2, pep3, and pep4. In the presence of each of these peptides, the Cu(I)-
binding site was either absent or mutated. Strikingly, in the presence of these peptides,
Atox1 accommodates only one conformation, the open conformation. These results indicate
that DEER experiments can follow interactions between two biomolecules that are sensitive
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to metal ion transfer between them. When one of these metal sites is lacking, there is an
immediate effect on the target protein and its structure.

Atox1
+pepd
Atox1
/\Q:
Peptid
Atox1 eptide | Sequence
+pep2 pep1 | SWKKAVVVDITEHCH
Pep2 | SWKKAVVVDITE
Pep3 | SWKKAVVVDITEHGH
Pep4 | SWKKAVVVDITEHMH
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Figure 7. Following the interaction between C-terminal domain of the human copper transporter
hCtrl and the Atox1 metallochaperone. Q-band distance distribution functions based on Tikhonov
regularization in the absence (black solid lines) or presence of Cu(l) (red solid lines). The gray area
marks the distribution around 2.5 nm. The Cu(I)- binding site in the C-terminal domain of hCtr1l
(HCH) was mutated to generate different sequences, as listed in the inset table. Adapted from ref [98]

with permission.

Using DEER measurements, we also explored transient interactions that occur between
Atox1 and MBD3-4 [90,102]. Interestingly, adding spin-labeled Atox1 to spin-labeled MBD3-
4 solution led to the disappearance of the distribution around 4.2 nm, suggesting that
Atox1 no longer exists as a homodimer, as confirmed by cross-linking experiments [90].
Moreover, the additional peak appearing at 3.4 & 0.3 nm (the gray area in Figure 8) can
be assigned to the formation of an MBD3-4-Atox1 complex (corresponding to the distance
between C41 of Atox1 and C431/C358/C305 of MBD3-4). In the presence of Cu(l), the
distributions are narrower, suggesting the formation of a less dynamic and more rigid
complex. The DEER experiments on MBD3-4_C305A, where only MBD4 is spin-labeled,
presented results very similar to those obtained with native MBD3-4, suggesting that Atox1
mostly interacts with MBD4, and less so with MBD3 (Figure 8B), which was also confirmed
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by MD simulations [90]. This was later supported by EPR experiments performed on MBD1-
3 and MBD4-6 [102]. These experiments showed the sensitivity of EPR to the interaction
between two biomolecules as a function of metal ion binding.

A
ﬁ WT-MBD3-4 + 2Cu(l) ///\\ C305A + 2Cu(l)

WT-MBD3-4 C305A

WT-MBD3-4
+ Atox1+ 2Cu(l)

C305A + Atox1
+2Cu(l)

WT-MBD3-4 + Atox1 C305A + Atox1

Atox1 /\Atox1
T T T ¥ T

20 30 40 ' 50 20 30 40 50
r [nm] r [nm]

B face-to-face model

Figure 8. Following the interaction between MBD3-4 of ATP7B and the Atox1 metallochaperone.
(A). Q-band distance distribution functions using Tikhonov regularization of spin-labeled (WT)
MBD3-4 and the MBD3-4_C305A mutant in the presence and absence of spin-labeled Atox1 and
Cu(I). The gray area marks the distance distribution raised owing to the interaction between Atox1
and MBD4. (B). A structural model for the interaction between MBD3-4 and Atox1. Adapted from
reference [90].

2.3. Identifying Metal Coordination Sites

In the previous section, we showed how DEER could resolve structural changes that
occur in E. coli CusB as a function of its interaction with Cu(l). The crystal structure of holo-
CusB has yet to be solved, leaving numerous open questions regarding its mechanism of
action. One question refers to the number of Cu(I)-binding sites that are in CusB. Although
CusB lacks cysteine residues, it contains ten methionine residues that can play a role in
Cu(I) coordination. We hypothesized that deletion of a single methionine residue in CusB
would affect cell viability upon copper stress. Therefore, we generated cells transformed
to express CusB in which one of these methionines was mutated to isoleucine. When cell
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growth under copper stress conditions was addressed, it was observed that of the ten
methionine residues in the protein, replacing four of them (M64, M227, M241 and M398)
affected cell viability and growth much more than did the replacement of the other six [103].
Based on these findings, we then expressed and purified various CusB mutants for DEER
analysis. More specifically, we introduced cysteine residues for MTSSL labeling in domains
2 and 3 at A236C and A248C, respectively, positions which were previously shown to
undergo major changes upon Cu(l) binding (Figure 5). Additionally, we replaced each
time one of the following methionine residues (M641, M2271, M2411, and M398I) [103]. The
DEER data from the analysis are presented in Figure 9.

CusB_M398 CusB_M398
+Cu(l) +Cu(l

:

CusB_M241I CusB_M2411

F

i +Cu(l) +Cu(l
\ CusB_M2271 CusB_M227|
i e +Cu(l) +Cu(l
\\/v CusB_M64l CusB_Médl
- +Cu(l) ' +Cu(l)
\\_\//»—\ CusB + Cu(l) \.___CusB + Cu(l)
7 \/v apo-CusB . apo-CusB
00 04 o8 | 12 "T20 30 40 50
T [ms] r[nm]

Figure 9. Distance distribution measurements (DEER) on CusB mutants. (A). DEER time domain
signals (solid lines) and fits (dashed lines) based on Tikhonov regularization for apo-CusB and CusB
+ Cu(I) (at a Cu(I):CusB ratio of 3:1) and various CusB + Cu(I) mutants spin-labeled at the A236C
and A248C positions. (B). Corresponding distance distribution functions. The dashed lines represent
calculated distribution functions obtained for the apo-CusB and CusB + Cu(I) structure models.
(C). The positions of the spin labels in WT-CusB (A236C, A248C). The red dotted lines denote the six
distances targeted here under the broad distance distribution. Adapted from reference [103].

The distance distribution consists of all distances derived from the four spin-labels
attached to the CusB dimer. For CusB mutated only in A236C and A248C for spin labeling,
distance distributions of 2.5 &= 0.5 nm for the apo-state and 2.8 &= 0.3 nm for the holo-state
(in the presence of Cu(I)) were detected. Since it is a four-spin system, ghost distributions
may exist. Hence, we also used the ghost suppression method for a multi-spin system
(implemented in the DeerAnalysis program) [104]. MMM software was then used to
compare these distances with the structures obtained from the DEER experiments in
Figure 5. The dashed lines in Figure 9B show that the distributions obtained are consistent
with what was expected. The DEER data also confirmed that when M64, M227 or M241
was mutated, structural changes in CusB associated with Cu(I) binding were affected;
no structural effect was detected for the M398I mutant. For simplicity, we used a linear
composition of the apo-CusB distance distribution with the holo-CusB distance distribution.

For CusB_M398]I, the best fit was obtained with the 100% holo-state, for CusB_M227I,
with 50% of the holo-state, for M2411, with 10% of the holo-state, while for CusB_M64I,
the best fit was obtained with 0% of the holo-state. This indicates that the most impor-
tant methionine residues for Cu(I) coordination can be ranked in the following order:
M64 > M241 > M227 > M398. These results were also confirmed by microscopy experi-
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ments, as well as by UV-Vis experiments. Microscopy experiments showed that the viability
of the cell, when exposed to copper, was lowest when the M64I mutation was introduced in
CusB, and that no effect was seen in the M398I mutant. UV-Vis confirmed that the affinity
of Cu(I) to CusB was lowest with the M64I mutant.

Mutagenesis and EPR were used to explore the role of Cys12 and Cys15 in Cu(I)
binding by the Atox1 metallochaperone [101]. To determine the importance of these
residues to Cu(I) binding, we introduced C12A, C12M and C15A, and C15M mutations.
The CW-EPR spectra of the apo- and holo-forms of Atox1_C15A are characterized by
an increase in dynamics, as compared to the native protein, and disappearance of the
dipolar interaction (Figure 10). This suggests that in the presence of C15A, Atox1 is in
the monomeric state. Indeed, the DEER signal of apo-C15A did not show any dipolar
modulation, demonstrating that Atox1 is in a monomeric state when the C15A mutation
is present. In addition, in the presence of Cu(l), a reduction in the signal-to-noise ratio
was observed, suggesting aggregation of the protein, and instability in the presence of
the C15A mutation and Cu(l). In the presence of the C15M mutation, the protein is a bit
more stable and is also partially found in the dimeric state in the presence of Cu(I) ion
(i.e., the holo-state), suggesting that this mutation partially retrieves the functionality of
Atox1. The C12A and C12M mutations did not affect dimerization of Atox1, although
instability of the protein was greatly increased in the presence of Cu(I), with aggregates
appearing. In conclusion, the CW-EPR experiments suggest that the Cys15 residue is
important for Atox1 dimerization, while Cys12 is important for protein stability in the
presence of Cu(l), suggesting that Cys12 is critical for Cu(I) binding. Multi-scale MD
simulations were carried out to confirm this [101]. These simulations also identified Cys12
as a critical residue for Cu(I) binding, while coordination of Cu(I) with Cys15 could be
exchanged. The coordination of Cu(I) to Cys15 controlled the conformational changes
between the open and closed states of Atox1.

apo-C15A

WA

apo-C12A

holo-C15M

apo-C12M

holo-C12M

T T T T T T T T T
3480 3500 3520 3540 3560
Magnetic Field [G]

Figure 10. Effect of cysteine mutagenesis on Cu(I) binding to Atox1. RT CW-EPR spectra of various
Atox1 mutants in the presence or absence of Cu(I). Adapted from reference [101].
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3. Conclusions

Here, we showed that EPR spectroscopy can follow a cellular process that involves
small ligand transfer at the structural level. While NMR and X-ray crystallography can re-
solve the complete 3D structure of a metal-binding protein, including the metal-binding site,
these techniques are limited by protein size and by its ability to crystalize. Likewise, EXAFS
can provide information on the metal-binding site but not on conformational changes
induced in the protein upon metal binding. Fluorescence resonance energy transfer (FRET)
can provide useful information on the kinetics of the mechanism of metal transfer between
proteins yet offers less insight at the structural level. In this contribution, we provided
examples of the advantages of using EPR spectroscopy for such efforts, as EPR spectroscopy
is not limited by protein size. As such, the formation of complexes upon metal ion binding
can be monitored by this approach. EPR spectroscopy can follow conformational changes
in small and large proteins, as well as in highly dynamics proteins, upon metal ion binding.
EPR spectroscopy is also sensitive to the properties and characteristics of the metal ions,
with different metal ions inducing different conformational changes. In addition, minor
conformational changes can be targeted in two proteins when a metal ion is transferred,
providing important information on the mechanism of metal ion transfer. Finally, by
combining EPR spectroscopy and mutagenesis, metal-binding sites can be characterized.

In other studies, which were not discussed here, diamagnetic metal sites have been
resolved by EPR spectroscopy by replacing the diamagnetic metal ions with a similar param-
agnetic metal ion. For example, by replacing Mg(II) or Zn(II) with Mn(II) or Cu(II) [105,106],
which possess similar properties, and, in most cases, they bind to the biomolecule similarly
to the diamagnetic metal ion.

At the same time, EPR spectroscopy cannot provide a full 3D structure of the protein or
protein complexes being studied without the use of modeling and computational methods.
In addition, the most used spin-label, MTSSL, is highly flexible, which leads to broad
distance distributions. The use of other spin-labels, such as dHis-Cu(ll), can lead to much
narrower distance distribution [17,107], and can overcome the limitations associated with
the use of MTSSL. dHis-Cu(Il) spin-labeling has recently been shown to hold high affinity
and stability against competitor metal ions (even in an acidic environment) to biomolecules.
In this study, a nanomolar concentration of the protein was studied by EPR spectroscopy,
which is also applicable for in-vivo research [80,108]. In addition, the combination of several
techniques, such as microscopy [103,109], copper uptake experiments using ®*Cu [110],
UV-Vis and NMR [13,111], can provide a better and more complete picture on Cu-related
biological processes.
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