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Metal clusters, such as iron—sulfur clusters, play key roles in sustaining life and are intimately involved in the
functions of metalloproteins. Herein we report the formation and crystal structure of a planar square
tetranuclear silver cluster when silver ions were mixed with human copper chaperone Atoxl. Quantum
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Introduction

Silver ions and silver nanoparticles have been widely used in
medicine with a long history."* They are best known as anti-
bacterial agents with excellent biocompatibility in industrial,
healthcare and domestic applications. Over the past few
decades, the antibacterial mechanisms of silver and silver
nanoparticles were intensively studied; the major mechanisms
include the destruction of the [4Fe-4S] clusters of proteins,>®
the displacement of the catalytic metals in metalloenzymes”
and the membrane disruption.®*** The interaction between
silver-containing substances and metal transporters directly
affects the toxicity and metabolism processes of silver in bio-
systems. Studies on the precise reaction mode between silver
and endogenous metalloproteins will not only provide an
important basis for understanding the metabolism and
biotransformation of silver in organisms, but also explore new
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counting rule (n = 0). This is the first time an all-metal aromatic silver cluster was observed in a protein.

coordination modes of silver in cells. Due to their tight coor-
dination with sulfthydryl groups in proteins, it was suggested
that silver ions interact with copper proteins in human cells.’**
For example, recently, Batista and Zhuang et al. reported that
the copper-regulated human odorant receptor OR2T11 showed
a similar effect with ionic and nanoparticulate silver.'® Never-
theless, there is still scarce structural evidence on the interac-
tion between copper chaperones and Ag.

In human cells, copper regulation and trafficking is strictly
controlled by complex systems including many cytosolic copper
chaperones.'” As an Atx1-like copper chaperone, Atox1 is mainly
in charge of delivering intracellular Cu(1) in eukaryotic cells
from copper transporter Ctrl at the plasma membrane and the
metal-binding domain (MBD) of copper-transporting ATPase
with a conserved CysXXCys metal-binding motif.'® An inspiring
report by He et al. showed that small molecules significantly
attenuate cancer cell proliferation by inhibiting the human
copper trafficking of proteins Atox1 and CCS.* Notably, an XAS
investigation of Ag coordination in Atox1 demonstrated that Ag
binds in digonal coordination to the Cu(i) binding loopin1:1
stoichiometry.”® Inspired by these pioneering studies, we set out
to explore the structural basis of the interaction between silver
ions and Atox1.

Results and discussion
Mass and NMR spectroscopy measurements

We first determined the binding conditions between Atox1 and
excessive silver ions (molar concentration: Atox1 = 0.135 mM,
Ag = 1.35 mM) in the solution state by liquid chromatography
electrospray ionization tandem mass spectrometry (LC-ESI-MS).
The data suggested that one equivalent of Atox1l could bind
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three to four equivalents of Ag under 0 to 0.1 mM dithiothreitol
(DTT) treatment (Fig. S1A-Ct). Since there is only one reported
metal-binding site in Atox1 (Cys12 and Cys15), the silver ions
might form a complex as a result of the protein-metal interac-
tion. However, when the concentration of DTT was raised to
1 mM, the binding of Ag with Atox1 appeared to be minimal
(Fig. S1D¥). The binding sites of Ag in Atoxl were further
analyzed by "H and ">N-HSQC NMR spectroscopy on the N
isotopic labeled Atox1 (Fig. S2). The overlap of two spectra in
Fig. S27 showed that the binding of Ag to apo-Atox1 resulted in
a significant shift of several peaks (Cys12, Gly14, Cys15 and
Ala16), while the majority of signals were barely perturbed by
the Ag binding. This result suggested that Cys12 and Cys15
residues are the binding sites of Ag in solution, and the overall
protein structure remains unchanged. The data are also in
agreement with the NMR measurement of Cu(i) binding to
Atox1.>"**

Mechanical stability study of the Ag complex in Atox1

Then we set out to study the mechanical stability of the Ag
complex in Atox1. Recently, the mechanical stability of metal
complexes within proteins has been studied in detail using
atomic force microscopy (AFM) based single molecule force
spectroscopy.”®” The mechanical stability of metal complexes
was found to be directly related to the folding, stability and
function of metalloproteins. We have revealed that the
mechanical strength of the Au-S bond in gold-binding protein
GolB is much weaker than that in the non-proteinaceous
complexes, which may provide insights into the gold detoxifi-
cation mechanism mediated by this protein.”® However, it
remains technically challenging to study inter-protein metal
complexes using single molecule AFM, because breaking
intermolecular metal coordination bonds does not provide
a clear mechanical signature in the force-extension curves.

As most of the reported metal-Atox1 structures are dimers
(Fig. S31), we developed a novel single-molecule assay by engi-
neering a loop bypass in between two Atox1 domains to reliably
measure the mechanical stability of the Ag complex.>**® The
experimental design is depicted in Fig. 1A, which combines
a loop bypass to recognize the breakage of a metal complex with
clear mechanical fingerprinting domains to identify single
molecule events, and specific molecular anchoring sites for
efficiently picking up protein molecules. The engineered
chimeric polyprotein included two Atox1 domains with a long
unstructured loop in the center. Rupturing the metal cluster
would release the length of the loop as well as the unfolded
Atox1l sequences in between two metal binding sites in the
force-extension curves. Besides the two Atox1 domains, four
GB1 domains were flanked on both ends to serve as a mechan-
ical fingerprint to identify single molecule events. The C-
terminal SNAP domain was used to covalently link the poly-
protein to the glass surface and the N-terminal Cohesin domain
was used to form strong reversible binding with the XMod-
Dockerin motif linked to the cantilever tip to reliably pickup
single molecules. Then, the AFM experiment in buffer was
conducted. In Tris buffer without adding Ag ions, the force-

7270 | Chem. Sci.,, 2022,13, 7269-7275

View Article Online

Edge Article

extension curves showed mainly the mechanical features of
unfolding of GB1 domains (Fig. 1B) with contour length incre-
ments (ALc) of ~18 nm (Fig. 1C) and unfolding forces of ~150
pN (Fig. 1D) at a pulling speed of 400 nm s~'. The rupture of
Cohesin with XMod-Dockerin could occur in either a single step
or two steps (Fig. S41). The unfolding of apo-Atox1 occurred at
forces below the detection limit of our AFM (~5 pN). However,
when 1 ng mL~" of Ag ions was added to the system, in ~70% of
the events showing a clear mechanical fingerprint, we observed
an additional peak preceding the unfolding events of GB1 and
the ALc value of this peak was ~63 nm, consistent with the
expected length change for the breakage of the Ag complex
(Fig. 1C). In a few rare cases, we observed that the rupture of the
Ag complex proceeded in two steps (Fig. S37). Prior to the rupture
of the metal complex, partial unfolding of the sequence outside
the metal complex in an Atox1 domain could also be observed.
The rupture forces of the Ag complex in these events were similar
to that without partial unfolding of Atox1. Nonetheless, obser-
vation of the rupturing signature of the Ag complex suggests that
it can remain stable in solution before force is applied. The low
frequency of occurrence of this event (~70%) can be attributed to
its low stability in solution. The low stability is also evidenced by
the low average rupture forces for the Ag complex of ~64 pN
(Fig. 1D), which is much weaker than the mechanical stability of
GB1 and other metal chelation bonds reported in the litera-
ture.>?%% By comparing with other reported systems containing
metal-thiol bonds in proteins, the very low mechanical stability
of the Ag-Atoxl complex indicated that there might not be
a simple Ag-S bond formed when Ag interacted with Atox1
protein under solution conditions (Table S1t).>">%>-%3

Crystal structure of Ag-bound Atox1 protein

To reveal the detailed structure of the Ag complex in Atox1, next,
we started to resolve the crystal structure of Ag-bound Atox1
protein. As an Atxl-like copper chaperone, Atox1 is mainly
responsible for delivering intracellular Cu(1) in eukaryotic cells,
with very little perturbation by the Ag binding. The data are in
agreement with the NMR measurement of Cu(i) binding to
Atox1l from the copper transporter Ctrl at the plasma
membrane and the metal binding domain of copper-
transporting ATPase with a conserved CysXXCys metal
binding motif.*® Pivotal progress was made by Rosenzweig et al.
on several Atox1 crystal structures in the presence of Cu(m),
Hg(u), Cd(u), and cisplatin, and they elucidated the molecular
details of the metal transfer process between Atoxl and its
target MBDs (Fig. S371).2%3°

At first, a lower resolution structure of the dimeric silver Ag,—
(Atox1), was determined with 2.70 A resolution (Fig. S51) (PDB
accession code 5FOW), In this structure, the two cysteine
residue pairs are coordinated to the Ag ion with average Ag-
Cys(S) distances of 2.34 A. And to solve its phase problems, the
method of molecular replacement was performed. In this case,
we considered the occupancy of all the non-hydrogen atoms to
be 1, including the Ag atoms. Instead, we introduced the B
factor as a signal to describe the variance of each atom. For the
four Ag atoms, the B factors are 35.62, 34.41, 30.60, and 32.94,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Single-molecule force spectroscopy analysis of the mechanical stability of the Ag,—(Atox1), complex. (A) Depiction of the experimental
pulling configuration, with XMod-Doc attached to the gold cantilever tip and Coh-(GB1)4-Atox1-linker-Atox1-(GB1)4-SNAP-tag attached to the
glass surface. (B) Single-molecule force spectroscopy experiments on the engineered chimeric polyprotein in the absence and presence of Ag.
The representative force-extension traces for the stretching of the polyprotein in the apo and holo forms are shown. (C) The distributions of
contour length increments for the stretching of the polyprotein in the apo and holo forms are shown respectively. Given that Atox1 and the linker
comprise 68 and 54 amino acids, respectively, and the N-C distance of the structured Atox1-Ag—Atox1 complex is 5.6 nm, the contour length
increment is expected to be 63.75 nm ((68 aa x 2 + 54 aa) x 0.365 nm/aa — 5.6 nm). (D) The unfolding force histogram for the stretching of the

polyprotein in the apo and holo forms is shown respectively.

respectively. The average B factor of these Ag atoms is 33.39.
That means the four Ag atoms have relative stationary and fixed
locations, suggesting the existence and validity of the tetranu-
clear silver clusters. It is worth noting that the two Atox1l
proteins in the asymmetric unit are linked by two other Ag ions
with an average distance of 2.95 A from the cysteine coordi-
nating Ag ions, indicating an unexpected Ag-Ag bond in the
Ag,—(Atox1), structure (Fig. S61).***” However, the 2.70 A reso-
lution structure of 5FOW is not sufficient to fully determine the
possible existence of the Ag-Ag bond. So, we continued to
optimize the crystallization conditions to get better quality
crystals. After several rounds of screening, a better structure of
Ag,—(Atox1), was determined with 1.75 A resolution (Fig. S7AY)
(PDB accession code 7DC1), and the superimposed 2F, — F.
electron density map is shown in Fig. S7B.}

The tetrasilver clusters in Atox1 dimer

The details of the tetrasilver cluster in Atox1 dimer (7DC1) is
shown in Fig. 2. In addition, the S-Ag-S bond angles of 168° are
also consistent with the average values in linear and two-
coordinate Ag-S complexes that are found in the small-
molecule Cambridge Structural Database.*® Notably, the four
silver ions have four Ag-Ag linkages with 3.17 A and 2.83 A. The
average dihedral angle of the four Ag-Ag linkages is 154°.
Interestingly, the only reported structure of Ag bound to
MNK4 containing an MTCXXC metal binding domain is

© 2022 The Author(s). Published by the Royal Society of Chemistry

a monomer with one equivalent of Ag."> And in all the reported
structures of metal bridged Atox1 dimer, only one metal (Cu/C/
Hg/cisPt) holds the two Atoxl monomers together with the
extended hydrogen bonding network near the metal binding
site (Fig. S31). Our symmetrical Ag,—-(Atox1), structure is more
similar to the reported structural geometry of a tetranuclear
copper cluster in the Bacillus subtilis Atx1-like copper chaperone
protein CopZ, but the coordination of the [Cu,(S-Cys)4(N-His),]
cluster is different.*

On the other hand, Wang et al. reported a designed synthesis
of tetranuclear silver clusters — by utilizing organic acetylide
ligands. In their structures, the silver atoms form a square
planar tetrasilver cluster through an Ag-Ag linkage (average
length of 2.96 A), which is held together by both o- and 7t-
bonding of the tert-butylacetylide anion in the p;n*n*n'n?
mode.* In our Ag,—-(Atox1), structure (7DC1), there are only two
oxygen atoms W1 and W2 from water around the four silver
ions. W1 is near Ag2 with the distance of 2.59 A, and the other
oxygen atom W2 is onto the four silver ions with the average
distance of 3.06 A. These two oxygen atoms probably act as
ligands to support and stabilize the tetranuclear silver clusters.
Interestingly, although the mass spectrometry and AFM data
implied that an uncertain polynucleated Ag cluster might form
in Atox1 in the solution state, the crystal structure of Ag-bound
Atox1 protein demonstrated the formation of a more stable
tetranuclear silver cluster in the solid state. Some previous
studies indicated that the growth of protein crystals promotes

Chem. Sci., 2022, 13, 7269-7275 | 7271
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Fig.2 Close-up view showing details of the tetrasilver cluster in Atox1 dimer. The distances are: Agl---Ag4 = 3.17 A, Agl---Ag3 = 3.65 A, Agl--
Ag2 = 2.83 A, and Ag2---Ag4 = 4.68 A. The atomic angles are ZAg4-Agl-Ag2 = 102.38° and £Agl-Ag2-Ag3 = 74.69°.

the packing of silver ions and direct silver cluster formation
through specific interactions with Atox1.**

Quantum chemical investigation of the [Ag,]?" cluster

To gain insight on the electronic structure and chemical
bonding of the tetra-Ag cluster, quantum chemical calculations
are performed by using density functional theory (DFT).
Although it is difficult to determine the charge state of the
[Ag,)?" cluster directly through experimental approaches, EPR
experiment shows no signal corresponding to the [Ag,]?"
cluster, as shown in Fig. S9,T implying that the system has
a closed-shell electron configuration. We therefore carried out
constrained DFT geometry optimizations on the [Ag,]?" clusters
in the cavity of 7DC1 by assuming Ag,"", Ag,*" and Ag,’,
respectively. As shown in Table S9,T the constrained DFT opti-
mization result of Ag,>* is in reasonable agreement with the
experimentally measured structure at 1.7 A resolution. In
contrast, the optimization of Ag,*" leads to much larger devia-
tion of both Ag-Ag distances and dihedral angles and the
optimization of Ag,® does not lead to a converged structure.

The partially reduced Ag,”* cluster is not completely
surprising given the usage of TCEP (tris(2-carboxyethyl)
phosphine), which is a relatively strong reductive reagent with
aredox potential of —0.33 V at pH 7. As a common redox reagent
also known as Cleland's reagent, TCEP can help to reduce Ag"
ions to form Ag,>" in the preparation of Ag-Atox1, especially
because of the extra stability of the aromatic Ag,”" cluster (see
below):

4Ag" + 2R-SH — R-S-S-R + Ag** + 2H*

The Ag,”* cluster is particularly stable because according to
the Hiickel molecular orbital (HMO) analysis of the three types
of [Ag4]?" cluster with D,y,, Dy, and Tq symmetries, respectively
(Tables $4-S67), the four 55 AOs form one bonding MO (a,), one
non-bonding MO (by), and two antibonding ones (b, + ag) in
D;p; one bonding MO (a;), two non-bonding MOs (e,), and one
antibonding MO (b,,) in Dyp; and one bonding MO (a;) and

7272 | Chem. Sci., 2022, 13, 7269-7275

three antibonding MOs (¢,) in Ty. All the three types of HMO
analyses show that there is only one strong bonding MO and
thus leads to a 2-electron counting rule, which shows that the
two s-electron system of Ag,”* is the most stable one for the
[Ag,]?" cluster. The calculated frontier MOs based on the
experimentally measured cavity and optimized D,y,, Dy, and Ty
geometries of Ag,>" are shown in Table S7,} which confirms the
above conclusion. The MO contours of these four clusters show
that the Ag,”" with C, symmetry is qualitatively closer to
a pseudo D, structure. The slightly reduced C, symmetry is
a result of the ligand effects and intermolecular interactions in
the complicated protein environment.

The correlation diagram for the orbital interaction along
with the frontier canonical Kohn-Sham valence MOs of Ag,>
are shown in Fig. 3.*> The delocalization bonding contributed by
the HOMO in the Ag,>" cation results in considerable aromatic
stabilization, where it follows the 2-electron counting rule, also

5 . S %

4d

Ag—
A=A

Ag Ad _\Ag/

Fig. 3 Schematic representation of the Kohn—Sham MO energy levels
and the contours of four frontier Kohn—Sham canonical valence MOs
(isosurface = 0.03 a.u.) at the PBE/TZP level of the Ag,2* cation,
illustrating the bonding interactions between Ag atom and the Ag,>*
dication.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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described by the Hiickel 4n + 2 rule (n = 0). The normalized
multicenter bond index of 0.46 between the four Ag atoms is
comparable to 0.46 in square C4H,>". The ELF color-filled map
(Fig. S87) also shows non-negligible electron-pair density in the
center of the cluster, supporting a type of delocalized, albeit
weak, 4-center bonding interaction. The calculated nucleus-
independent chemical shift (NICS) indices at the molecule-
center, two triangle face-center, and 1 A above the molecule-
center display considerable negative values, which are compa-
rable to those in benzene, also confirming the all-metal sigma-
aromaticity of the Ag,>" cluster (Table $87).*3-

Conclusions

In summary, we have demonstrated the interactions between Ag
ions and human copper chaperon Atoxl in crystal states. A
tetranuclear silver cluster with 1.75 A resolution is obtained,
and the structural analysis of the Ag bound crystal structures
and quantum chemical calculations have revealed surprising
Ag-Ag bonding features and c-aromaticity regarding the tetra-
silver cluster geometry.

Our results might have implication on the involvement of
Atox1 in the silver transportation and detoxification. The Ag,
clusters were largely buried in two Atox1 domains and became
less solvent accessible, which may also potentially minimize
their impact on the redox equilibrium of the cell. As atox1 is
a key protein involved in Cu(i) homeostasis in eukaryotic cells,
these results suggest that silver ion toxicity relies on its direct
binding to human copper chaperon and leads to the formation
of an unusual complex. By studying the interaction between
cisplatin and Atox1, Rosenzweig et al. suggested that there was
a direct relationship between cisplatin resistance and copper
homeostasis in vivo.*>*** Recently, Lombi et al. reported that
the biotransformation of AgNPs was dominated by sulfidation
in cells, which can be viewed as one of the cellular detoxification
pathways for Ag.®® In view of the relatively weak stability of the
Ag-Atox1 complex, the interaction between the Ag cluster and
Atox1 is quite dynamic. Further work is desirable on the
detailed crystal structure analysis of silver clusters and metal-
loproteins. Atox1 may be required to competitively bind toxic
silver ions without affecting the function of copper transporters.
This mechanically weak Ag-S binding enabled Atox1 to robustly
maintain its biological function, suggesting a potential prin-
ciple of metal ion transport in vivo. Our work might contribute
to the understanding of the silver trafficking and detoxification
mechanism of cellular internalized Ag from a precise structural
point of view. This work may also stimulate future research
towards interactions between silver and Atox1 in vivo.

On the other hand, the size-controlled synthesis of nano-
silver clusters has been a challenge. Nanosilver materials,
composed of several to a few hundred silver atoms, are not only
best known as antibacterial agents with excellent biocompati-
bility in industrial and healthcare applications, but are also
useful for their unique optical, catalytic, electronic and
magnetic properties.”**® The intrinsic properties of nanosilvers
including clusters and particles are mainly determined by their
size, shape, and structure.**** Hence, simple and size-controlled

© 2022 The Author(s). Published by the Royal Society of Chemistry
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synthesis of nanosilver products has received great atten-
tion.*»***” In addition to the commonly reported synthesis of
silver nanoparticles, some significant studies on silver nano-
clusters were reported for their unique optical properties,***?
such as Ag6, Ag8, and Ag12 silver nanoclusters with predictable
sizes and emission energies,* protein-based silver (Ag) nano-
clusters with fluorescence excitation and excitation anisotropy
spectra for revealing spectral and structural patterns,® and
highly luminescent Ag9 and Ag16 nanoclusters with tunable
emissions.® Thus, our work might suggest a new approach to
synthesize nanosilver clusters by using protein template with
applications probably in antibacterial studies, catalysis, or
imaging.

More importantly, not only for aromatic compounds but also
for all-metal clusters, aromaticity is a significant property to
account for their stability. Since the groundbreaking work on
the aromaticity observation in a series of bimetallic clusters was
first reported by Boldyrev and Wang in 2001, the aromaticity
concept was expanded into the arena of all-metal species.®” A
large number of aromatic all-metal clusters including coinage
metal clusters have been discovered in the gas phase.***®
However, traditional chemical synthesis of the aromatic all-
metal clusters often requires high temperatures, and complex
procedures. Since the last two decades, proteins have been used
as templates for the synthesis of metal nanomaterials in solu-
tion, and these approaches have been used to successfully
encapsulate and stabilize a number of different enzymes with
applications in biological catalysis.**”*® The aromatic tetrasil-
ver clusters formed by Atox1 dimer herein may point out a new
approach to the biocompatible protein-templated synthesis of
aromatic metallic clusters. The chemical and physical proper-
ties of the reported aromatic tetrasilver cluster are under
investigation. The metalloaromatic clusters are likely to attract
much interest for their unique structures.
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