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Complementary mass spectrometry-based approaches and molecu-
lar dynamics simulations were integrated to map Zn(i) distribution in
partially metalated Zn,_g-metallothionein-3 species relevant to zinc
metabolism. Sequential Zn(i) dissociation engages both the a- and -
domains through a structurally plastic, interdomain mechanism that
underpins regulatory zinc buffering at physiological pZn.

In mammals, the metallothionein (MT) protein family com-
prises four major isoforms (MT1-MT4) and multiple MT1 sub-
isoforms, which differ in metal-binding preferences, tissue
distribution, and cellular localization." While MT1 and MT2
are ubiquitously expressed across all tissues, MT3 is primarily
found in the brain. However, many reports suggest a critical
role for MT3 in other tissues as well.>™ In the central nervous
system (CNS), MT3 regulates synaptic zinc signaling and pro-
tects against neurodegeneration, swapping Zn(u) ions for excess
Cu(w)/Cu(1).>® Recent studies have expanded MT3’s functional
relevance beyond the CNS, for instance, Mo et al., showed that
MT3 is the dominant MT isoform expressed in osteoclasts, and
plays a vital role in osteoclastogenesis and bone metabolism by
regulating intracellular Zn(u) concentrations.” Salvagio et al.
showed that MT3 was a source of zinc spikes in neurons, acting
as a regulatory signal during neuronal development,® and Tran
et al. demonstrated a critical role for MT3 in Zn(u) homeostasis
underlying protective immune functions.’ Yet the molecular
basis of how MTs donate/accept Zn(u) remains poorly
understood.” This is largely because MTs are small
(~6-7 kDa), cysteine-rich proteins lacking stable secondary
structure and aromatic residues, whereas Zn(u) is spectroscopi-
cally silent. Consequently, only one X-ray structure of mammalian
MT (mixed complex of rat CdsZn,MT2) has been solved to date."
In that structure, the protein folds into a dumbbell-shaped
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structure, with two metal/sulfur clusters located in two o and B
domains.™" In the presence of soft or medium soft divalent metal
ions (M(u)), the 20 cysteine residues (21 in MT1b) can assemble
metal/sulfur clusters within the B- and o-domains resulting in
M;Cys, and M,Cys,; cores, respectively, when fully saturated.'>**
However, at physiological labile Zn(u) concentrations ([Zn(u)]iapite)
MT is present as partially metalated species (Zn,¢MT) due to
differences in zinc sites’ affinity."”'®> The unsaturated nature of
those species allows them to function as buffer molecules, as
shown for MT2, keeping labile Zn(u) at the right pZn level
(pZn = -log[Zn(u)iapie), and act as Zn(u) donors and acceptors
when needed.">™"® How Zn(n) is distributed within MT3 across
these Zn, «MT3 species, and how this distribution affects proper-
ties, remains unknown and is a focus of this study.

MT3 also differs functionally from other MTs, as unlike
MT1-2, MT3 is generally not strongly metal-inducible." Never-
theless, recent studies suggest MT3 is highly upregulated
during osteoclast differentiation and is crucial for Zn(u) buffer-
ing during osteoclastogenesis.”?® Structurally, MT3 is the only
isoform with two f-domain prolines in the TsCPCPy motif, and
an acidic hexapeptide loop in the o-domain. Despite these
differences, isothermal titration calorimetry (ITC) measure-
ments of Zn(u) binding to MT3 revealed three thermodynami-
cally distinct binding populations, similar to those observed
for MT2.>"

To investigate the structural and dynamical response of MT3
to Zn(u) binding and to define the microscopic organization of
these partially Zn(un)-loaded MT3 species, we combined
chemical labeling mass spectrometry (MS), top-down (TD)-
MS, ion mobility-MS, and molecular dynamics (MD) simula-
tions. The number of cysteine residues coordinating Zn(u)
across the Zn,_;MT3 series was determined using a differential
thiol-labeling strategy (Fig. S1). In the first step, iodoacetamide
(IAM; +57.0215 Da per modified cysteine residue) was used to
induce stepwise Zn(u) dissociation from Zn,MT3, and the
resulting Zn,_,JAM,MT3 species were measured by native
MS.”*> IAM alkylates cysteine residues via an Sy2 mechanism,
forming S-carbamidomethyl cysteine adducts and thereby

Chem. Commun.


https://orcid.org/0000-0002-5025-9614
https://orcid.org/0000-0002-7753-8170
https://orcid.org/0000-0002-2405-4404
https://orcid.org/0000-0001-9252-5784
http://crossmark.crossref.org/dialog/?doi=10.1039/d6cc00567e&domain=pdf&date_stamp=2026-04-18
https://rsc.li/chemcomm
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6cc00567e
https://pubs.rsc.org/en/journals/journal/CC

Open Access Article. Published on 03 March 2026. Downloaded on 5/7/2026 1:25:46 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Communication

a)

2
7 0 0 1

7300 7400 7500 7600 7700 7800 7500 8000 8100 8200
mass (Da)
b)

u “““llumm ol ll l“ lmwuuu M«lmwll Ilhuwu wll“mww ”Jmeu mmﬂm } JJml\llhm

mosoo T s mass (o0 mamon T o

1213

b, A

s ow)

Fig.1 Zero-charge mass distribution of Zn;MT3 and reaction products
after incubation with 25 mM (top) or 150 mM (bottom) iodoacetamide
(IAM) (a). Experimental mass distributions were fit to the simulated theo-
retical isotopic distribution for candidate composition, and the best-fitting
model is shown (b). Theoretical isotopic distributions were plotted as stem
plots. Numbers above peaks in (a) label the assigned species and are used
as identifiers throughout the manuscript.

increasing the protein mass by +57.0215 Da per modified
cysteine residue. As this reaction requires the availability of
nucleophilic thiolates, the weakest Zn(u)-thiolate sites are
expected to react first.>* To annotate the Zn(u):IAM stoichio-
metries, theoretical isotopic distributions for candidate com-
positions were simulated and compared with the experimental
spectra, and the best-fitting model was selected (Fig. 1).

The deconvolved mass distribution of Zn,MT3 incubated
with 25-50 mM IAM showed that up to two IAM molecules react
without Zn(u) dissociation, suggesting that up to two cysteine
residues are free or only weakly coordinated to Zn(u) (Fig. 1, peak
2-3). We therefore verified the number of Zn(u)-coordinating
cysteine residues by chelating the remaining bound Zn(u) and
labeling the newly accessible thiols with N-ethylmaleimide
(NEM), which reacts with cysteine residues via Michael addition
to form thioether adducts (+125.0477 Da per modified Cys). This
provides a readout of the cysteine residues previously bound to
Zn(u). These experiments confirm that 19 cysteine residues
selectively coordinate all seven Zn(u) ions and that one cysteine
is only weakly involved in Zn(u) coordination (Fig. 2).

Next, we aimed to identify the IAM-labeled cysteine residues
in Zn,MT3 using native top-down MS. However, overlapping
ions between ZngIAM;MT3>" and Zn,IAM,MT3>" prevented
quadrupole isolation and fragmentation of the latter species
(Fig. 1b, peak 3). Instead, Zn,IAM,;MT3"" ions were quadrupole-
selected and subjected to collision-induced dissociation (CID).
The resulting spectra showed limited backbone fragmentation,
preventing localization of the IAM modification, most likely
because Zn(u) shields the backbone from cleavage (Fig. S2).
Only terminal »- and high-mass y-ions were observed, neither of
which provided site-localization information.

We therefore performed TD CID-MS on the doubly labeled
NEM;,IAM,MT3>" ions, with IAM reporting on free cysteine
residues and NEM identifying cysteines that had previously coor-
dinated Zn(n). Specifically, quadrupole-isolated NEM,;JAM,MT3"*
ions were subjected to collisional activation (CA), generating
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Fig. 2 Zero-charge mass distribution of products formed after the dual-
labeling strategy. Zn;MT3 proteins (30 uM) were incubated with 25, 50, 75,
125, or 150 mM iodoacetamide (IAM) in the dark at 25 °C for 15 min.
Samples were desalted, and 50 mM N-ethylmaleimide (NEM) was added
(30 min, 25 °C). Numbers above the plot indicate the number of incorpo-
rated IAM and NEM moieties.

b-fragment ions b6-b11 that show Cys6 and Cys8 are IAM-
labeled. The y-fragment ions y60-y66 further corroborated this
assignment (Fig. S3).

The third and fourth IAM modifications triggered Zn(u)
dissociation, yielding ZngIAM;MT3 and ZnglAM,MT3 species
(Fig. 1, peak no. 3-4). After dual labeling, we estimated that 16-
17 cysteine residues predominantly coordinate the six Zn(u)
ions (Fig. 2). When NEM,4IAM,;MT3">" ions were quadrupole-
isolated and analyzed by TD CID-MS, the resulting spectra
contained b-fragment ions b6-b10, consistent with IAM mod-
ification of Cys6 and Cys8, together with y-fragment ions y55-
y66 that confirm this assignment. Although we could not
unambiguously locate the remaining two Cys-IAM modifica-
tions, the overall fragmentation patterns hint that the seventh
Zn(u) ion is bound in the B-domain (Fig. S4). Because the
structural resolution was limited, we complemented these MS
experiments with steered molecular dynamics (SMD) simula-
tions. SMD was used to rank Zn(u) binding sites according to
the work required for metal dissociation, thereby inferring
plausible partially Zn(u)-loaded MT3 forms.

Consistent with the TD CID-MS results, SMD identified the
weakest Zn(u) site as a f-domain site in which Zn(u) is coordi-
nated by Cys6, Cys8, Cys22, and Cys25 (Fig. 3a). The resulting
ZngMT3 structure features a Zn,Cysg cluster in the B-domain,
with three cysteines completely free and solvent molecules
entering the coordination sphere (Fig. S5).

Subsequent IAM modification led to dissociation of a sec-
ond Zn(u) ion, forming ZnsIAM;_¢MT3 species (Fig. 1b peak 4-
5). Dual-labeling experiments determined that 14-15 cysteine

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Representative frames of ZngMT3 (a), ZnsMT3 (b), and ZnyMT3 (c)
species from steered molecular dynamics simulations (SMD) trajectories.
The total work required to dissociate each Zn(n) ion from its binding site in
each Zn(i)-loaded MT3 protein is shown in Table S1. Sulfur atoms and Zn(i)
ions are shown in yellow and gray, respectively, and the protein backbone
in licorice representation. Zn-S interactions, defined by a distance of
<2.5 A, are shown as red dashed lines.

residues coordinate the five Zn(u) ions (Fig. 2). TD CID-MS of
NEM, ,JAMgMT3°" showed multiple C-terminal y-fragment ions
that were IAM-labeled, indicating Zn(u) dissociation from the o-
domain (Fig. S6). Moreover, y-fragment ions y52-y66 supported
that Cys6 and Cys8 were also IAM-labeled. In line with this,
SMD simulations identified Zn(un) dissociation from the
a-domain, yielding a structure with a Zn;Cyso cluster in the
a-domain and a Zn,Cyse cluster in the B-domain (Fig. 3b).
Dissociation of the third Zn(u) ion generated Zn,JAMg ;MT3""
ions (Fig. 1, peak no. 6-9). Conventional top-down MS using CID
did not provide any new additional fragmentation, either when
comparing the singly labeled Zn,JAM; ;,MT3 and ZnsIAM; ¢
MT3 species or when comparing the doubly labeled species
NEM, ,JJAMMT3 and NEM,,_1,IAM;,_sMT3. Electron-based frag-
mentation methods have previously been shown to enable metal-
binding site localization in several metalloproteins.>* We there-
fore employed top-down electron transfer dissociation (ETD) and
electron transfer/higher-energy collisional dissociation (ETheD),
but only nondissociative electron transfer dissociation (ETnoD)
was observed, leading to electron-capture charge reduction
(Fig. S7). To improve fragmentation and site localization, we
applied top-down ultraviolet photodissociation (UVPD) on
quadrupole-isolated NEM;,IAM;,MT3>" ions, which yielded
extensive protein backbone fragmentation and sequence cover-
age (Fig. S8).

The resulting fragmentation map shows that up to 3
cysteines are IAM-modified and 6 are NEM-modified in the
B-domain, consistent with SMD simulations, which depict a
Zn MT3 structure in which the B-domain contains a Zn,Cyss
cluster and 3 free cysteine residues. TD-UVPD and SMD results
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Fig. 4 Collision-induced unfolding (CIU) heat maps (a) and (c) and travel-
ling wave (TW)-derived collision cross sections ("WCCSys) profiles (b) and
(d) for quadrupole-selected Zn;MT3°* and ZnsMT3°* ions. Proteins
(10 uM) were nanokESl-sprayed from 200 mM ammonium acetate
(pH 6.8) in the presence of 1 mM neutralized TCEP (pH 7.4). Note that
the alpha and beta numbering in the figure refers to folded and unfolded
states, not to the protein domain.

point toward a configuration in which Zn(u) is redistributed
between the a- and B-domains (Fig. 3c).

To assess whether this redistribution is accompanied by
global conformational changes, we examined partially Zn(m)-
loaded MT3 species by native travelling-wave ion mobility MS
(TWIM-MS). Zn,MT3 shows a collision cross-section
("™WCCSy,) distribution dominated by a single conformer
centered at ~1071 A? (Fig. S9). Zn(u) dissociation from
Zn;MT3 to form Zn,MT3 does not induce a major shift to a
more extended conformation, only a low-intensity conformer
appears centred at ~1180 A? (Fig. S9).

To probe conformational families and unfolding path-
ways, we applied collisional activation to quadrupole-
selected ions and recorded TWIM-MS spectra (Fig. 4). CA of
the ~1071 A% y conformer leads to a minor & conformer at
~1180 A? (Fig. 4a).

The same conformer is also observed for quadrupole-
selected Zny,MT3”" ions and becomes the predominant confor-
mation upon activating conditions. Together, these data indi-
cate that the ~1180 A? conformer is present in all Zn(u)-loaded
MT3 forms and is therefore not uniquely determined by metal
content. While TWIM-MS reports on gas-phase conformational
families and does not directly reflect in solution-phase struc-
tures, the broadly similar unfolding behavior observed for
Zn;MT3 and Zn,MT3 suggests comparable global stability
features. In combination with TD-UVPD and SMD results, this
supports a model in which four Zn(u) ions are coordinated
across both domains, since a configuration with one comple-
tely metal-free domain would be expected to induce a more
pronounced conformational shift. Therefore, both the o- and B-
domains appear to be required features of metallothioneins for
regulatory Zn(u) buffering.
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In our previous study, Zn,MT2 was observed to undergo
complete unfolding to a highly extended conformation at
~100 eV.>* By contrast, Zn,MT3 exhibits only partial unfolding,
with the compact ~1071 A? y conformer dominating the
conformational landscape. This indicates that Zn,TM3 adopts
a more stable conformation than Zn,MT2. This observation
agrees with previous studies showing an enhanced resistance of
MT3 to proteolysis, suggesting that MT3 is stabilized in a
thermodynamically favorable conformation that may be rele-
vant to its specific biological function.>?® Despite this
increased structural stability, MT3 binds Zn(u) more weakly
than MT2.>°* Experiments with EDTA demonstrate that
Zn,MT3 has a higher metal-transfer potential than Zn,MT2,
indicating that resistance to unfolding is not directly correlated
with Zn(u)-binding affinity, but instead confers MT3 with
unique functional properties, which might be connected to
its intra- and extracellular functions.”*** For example, studies
using Zn(u)-reconstituted domain peptides have shown that
S-nitrosothiols dissociate Zn(u) from both the a- and B-domains
of MT3, but not from MT2.>* Consistently, cell-based studies
demonstrate that MT3 provides significantly stronger protec-
tion against S-nitrosothiols, as it is the only metallothionein
isoform containing consensus acid-base sequence motifs for S-
nitrosylation in both domains. Functional studies further indi-
cate that the N-terminal f-domain is necessary for growth-
inhibition activity, whereas the C-terminal o-domain may be
dispensable for GIF activity.>*°

Mutational studies identified two conserved prolines and a
threonine within a distinctive TCPCP motif in the N-terminal f
domain of MT3 as essential for GIF activity.”>*>*” This TCPCP
motif, which is absent in other metallothionein isoforms,
contributes to the unique structural and metal-binding proper-
ties of MT3. Through its B-domain, MT3 protects against
copper toxicity by scavenging free Cu(u) ions or removing
Cu(n) bound to B-amyloid and a-synuclein.*®*° The enhanced
structural plasticity of the B-domain likely underpins these
functions. Altogether, MT3 is a unique biologically active
neuronal growth-inhibitory factor.

Overall, our study provides new insights into the architec-
ture, stability, and dynamics of Zn(u)}-MT3 and links these
features to its metal buffering properties, underscoring its key
role in regulating zinc and copper levels in the human body.
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