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Arsenic poisoning is of great concern with respect to its neurological toxicity, which is especially significant

for young children. Human exposure to arsenic occurs worldwide from contaminated drinking water. In

human physiology, one response to toxic metals is through coordination with the metallochaperone

metallothionein (MT). Central nervous system expression of MT isoform 3 (MT3) is thought to be

neuroprotective. We report for the first time on the metalation pathways of As3+ binding to apo-MT3

under physiological conditions, yielding the absolute binding constants (log Kn, n = 1–6) for each

sequential As3+ binding event: 10.20, 10.02, 9.79, 9.48, 9.06, and 8.31 M−1. We report on the rate of the

reaction of As3+ with apo-MT3 at pH 3.5 with rate constants (kn, n = 1–6) determined for each

sequential As3+ binding event: 116.9, 101.2, 85.6, 64.0, 43.9, and 21.0 M−1 s−1. We further characterize

the As3+ binding pathway to fully metalated Zn7MT3 and partially metalated Zn-MT3. As3+ binds rapidly

with high binding constants under physiological conditions in a noncooperative manner, but is unable to

replace the Zn2+ in fully-metalated Zn-MT3. As3+ binding to partially metalated Zn-MT3 takes place with

a rearrangement of the Zn-binding profile. Our work shows that As 3+ rapidly and efficiently binds to

both apo-MT3 and partially metalated Zn-MT3 at physiological pH.
Introduction

Chronic arsenic poisoning of populations has been reported
throughout history and continues today. According to the
World Health Organization, there are 200 million people
exposed to dangerous levels of arsenic from a variety of sources
including air, minerals, water, and soil, and most commonly
ingested as a component of food or water.1,2 Other sources of
arsenic include occupational exposure from mining and the
electronics industry.1 Arsenic can be leached into food and
water under reducing conditions from surrounding soil and
minerals.3,4 Arsenic can exist in the inorganic form as As(III) or
As(V), as well as organic arsenicals of monomethylarsonic acid
(MMA), dimethylarsinic acid (DMA), and trimethylarsine
oxide.3,5 As3+ is particularly toxic because of its ability to enter
cells and bind to thiol groups of cysteine-containing proteins
important in human physiology.1,3,5–9

Chronic and acute arsenic exposure leads to a multitude of
symptoms, including abdominal pain, skin lesions, diabetes,
neuropathy, hepatic and renal dysfunction, and reproductive
consequences.3,10 One of the concerns raised is its neurotoxicity,
which may lead to developmental adverse outcomes, especially
with children.11 This could manifest as epilepsy, lower IQ
scores, lower vocabulary scores, higher risk of intellectual
disability diagnosis, and lower visuospatial skills, as suggested
ern Ontario, 1151 Richmond St., London,

an@uwo.ca

tion (ESI) available. See DOI:

67
by cross-sectional studies ranging from populations in Bangla-
desh to the United States.12–14 While symptoms related to As3+

exposure are relatively well-established, the methodology of
action is less established. As3+ is known to cross the blood–
brain barrier, however, its specic target in the neurological
system is unknown, with some suggestion of binding to
proteins such as the amyloid beta plaques characteristic of
Alzheimer's Disease.12,13,15 The commonly accepted effect of
As(III), either as inorganic or organic arsenic, is the production
of reactive oxygen species.1,7,12,14,16,17 These reactive oxygen
species then produce downstream effects such as the activation
of apoptosis, mitochondrial stress, and neurotransmitter
imbalances.12,14,15,17

Metallothioneins (MTs) are cysteine-rich proteins that
participate in heavy metal detoxication, as well as homeostatic
control of physiologically relevant metals such as Cu+ and
Zn2+.18–20 MTs are found across species, with mammalian MTs
classied as 20-cysteinyl proteins ranging from 6–8 kDa in
size.21–23 Mammalian MTs do not contain any aromatic amino
acid residues or disulde bonds, despite a typical 30% of the
sequence being cysteines.24 This family of proteins is thought to
participate in the regulation of essential metals by acting as
a reservoir and donating these metal ions to apo-
metalloenzymes when necessary.25–28 MTs also sequester toxic
metals such as Cd2+ and As3+ that are excreted in the urine or
bile.29–32 Lastly, MTs are antioxidants in that they can neutralize
reactive oxygen species to form disulde bonds between cys-
teinyl thiols.33–35 There are four isoforms of mammalian
MTs.36,37 MT1 and MT2 are inducible by metals and are
expressed in all tissues, with primary concentration in the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Amino acid sequence of MT3 used in this study. Amino acids
(AAs) 1 to 31 form the b domain, 32 to 34 form the linker region, and 35
to 73 form the a domain. The domains are labelled for the clusters
formed when 7 equivalents of Zn2+ or Cd2+ bind to the cysteines
(yellow). The AAs in pink are included in the recombinant protein for
increased stability during the expression step. The AAs in blue are the
S-tag for increased stability, removed in the protein purification
process.
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kidneys and liver.20,37–39 MT3 and MT4 are not metal-inducible,
and are expressed mostly in the central nervous system and
squamous cell tissue, respectively.36,37

MT3 is of particular interest due to its expression in the
central nervous system, in particular, in the brain.40–42 It was
reported that under normal conditions, it exhibits growth-
inhibitory activity and its downregulation may be linked to
the progression of neurodegenerative diseases such as Alz-
heimer's Disease and Parkinson's Disease.43–45 The chemical
basis of its protective effects lies in its ability to remove copper
from insoluble amyloid-beta plaques characteristic of Alz-
heimer's Disease and insoluble a-synuclein characteristic of
Parkinson's Disease.44,46–49

Structurally, MT3 forms two domains when fully metalated
with a divalent metal such as Zn2+ or Cd2+.22 These domains are
conserved across all isoforms of MTs, with an N-terminal
b domain and a C-terminal a domain.19,23 MT3 has a TCPCP
conserved sequence (AA 5–9) in the N-terminal domain, which
has been associated with its growth inhibitory activity.50 In
addition, it has an acidic loop insert (AA 58–68) in the C-
terminal domain, which has been suggested to allow
increased exibility of the protein.51 The sequence of the MT3
used in this paper is shown in Fig. 1. The fully-metalated
Cd7MT3 has been partially characterized by NMR methods,
with the b-domain structure undetermined due to uxionality.52

For MTs, in general, divalent metals (Cd2+, Zn2+) bind in
a tetrahedral coordination, whereas monovalent metals (Cu+)
bind trigonally or digonally, and trivalent metals (Bi3+, As3+)
bind trigonally.22,53–57 For MT3, the only structure reported has
been the Cd7MT3 species, however, titrations with Pb2+, Zn2+

and Cu+ have been shown to result in well-dened
species.43,44,48,58–60

MTs have multiple binding pathways: a cooperative pathway
where clusters are formed and bridging thiols are used to
coordinate the metal ions and a noncooperative pathway where
metal ions are coordinated by terminal cysteines, and thus no
bridging thiols are present.61 It is important to note that these
two distinct pathways impact the stability of the metal-thiolate
network. We have also found that these binding pathways
change depending on conditions such as pH and the presence
of interacting proteins.28,61

Detailed descriptions of As3+ binding to MTs has only been
reported for MT1 and MT2. Thus far, As3+ binding to MTs have
been dened by noncooperative binding and trigonal-
pyramidal coordination by cysteinyl thiols.57,62–64 This was
investigated at physiological pH for MT2 and acidic pH for
MT1.57,63,65 For MT1, the individual stepwise speciation was
used to calculate the corresponding relative binding constants
and rate constants consistent with noncooperative, terminally-
coordinated arsenic binding.57 The distribution of Asn-MT (n
= 1–6) species were Normally distributed and centered upon the
average number of As3+ bound to MT, characteristic of nonco-
operative binding.22,57,63,65 Slightly more complicated metalation
properties have been reported for the related Bi3+ metalation
reactions. Bi3+ is also coordinated in a trigonal-pyramidal
coordination by cysteinyl thiols in MTs.55,66 For Bi3+, noncoop-
erative binding occurs under acidic conditions but
© 2023 The Author(s). Published by the Royal Society of Chemistry
a cooperative Bi2MT species forms under physiological condi-
tions for MT1.55

In this paper, we report detailed spectroscopic analysis of
As3+ binding to apo-MT3 and Zn-MT3 under physiological and
acidic conditions. We calculated the relative binding constants
for each As3+ binding event from the ESI-mass spectral data. We
report the rate constants for each of the six As3+ binding events
under acidic conditions and determined that the relative rate of
As3+ binding under physiological conditions was too fast to be
measured by mass spectrometric methods. We were able to
further support these conclusions with time-dependent
absorption spectra. Using ESI-MS and time-dependent absorp-
tion spectra, we investigated how As3+ bound to the physiolog-
ically relevant fully and partially Zn-metalated MT3 species.
Results and discussion
Arsenic binding to metallothionein 3 under physiological
conditions

Apo-MT3 concentrations at pH 7.4 were determined using UV-
visible spectroscopy. Apo-MT3 was conrmed to be reduced
from the ESI-mass spectral data, with the corresponding mass
recorded as 8211 Da. To determine the rate of As3+ binding to
apo-MT3 at pH 7.4, 8 molar equivalents of As3+ was added to
a solution of apo-MT3 and the ESI-mass spectral data recorded.
In Fig. 2A and B, we show that within 1 minute, 6 As3+ ions have
bound to the MT3, with no intermediates isolated.
Chem. Sci., 2023, 14, 5756–5767 | 5757
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Fig. 2 As3+ metalation of apo-MT3 at pH 7.4, monitored using ESI-MS. The concentration of apo-MT3 used was 50 mM and 8 molar equivalents
of As3+ from As2O3 were added. (A) Charge state spectrum at 1 minute post metalation. (B) Deconvoluted spectrum 1minute post metalation. (C)
UV-visible absorption spectrum of apo-MT3 and As6MT3. The As6MT3 was confirmed to be the sole species using ESI-MS.
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The mass spectral data show that there is only one species in
solution, As6MT3 at a mass of 8644 Da, even though 8 molar
equivalents of As3+ were added to the solution. The As3+ are
likely coordinated with 3 cysteinyl thiols each, with no evidence
of no bridging cysteines.57 Any remaining cysteines are reduced
as no disulde bonds were noted by a 280 nm absorption band.
This is comparable to the data illustrating As3+ binding to
MT1.57 Further support of the non-bridging noncooperative
binding pathway was reported for MT1 in the past by linking
three a domains together to form aaa-MT1, where there were 33
Fig. 3 As3+ stepwise titration into apo-MT3 with 3 molar equivalents of re
deconvoluted spectra (right panels) for As3+ added at 1.15 (A), 2.30 (B), 4
minutes at ambient temperature. (E) Speciation of AsnMT3 species as a fu
7.4. Symbols represent experimental data and solid lines represent mo
Corresponding log K inputted to HySS. The log K values determined for ea
8.31 M−1.

5758 | Chem. Sci., 2023, 14, 5756–5767
cysteine sites available.67 In this case, only 11 As3+ bound to the
protein, likely with each As3+ coordinated by 3 cysteinyl thiols.67

This coordination is also consistent with that of trialkyl tri-
thioarsenite compounds, As(SR)3, and As(GS)3 where trigonal-
pyramidal geometry has been reported.68–73

The absorption spectrum of the As6MT3 solution shows
a band at 290 nm (Fig. 2C). This band is relatively weak and has
low molar absorptivity compared to the S–Cd charge transfer
band. We identify 290 nm as the S–As charge-transfer band for
duced GSH at pH 7.4. A sample of charge state spectra (left panels) and
.60 (C), and 5.75 (D) molar equivalents. All spectra were recorded for 2
nction of mol. eq. As3+ added to apo-MT3 in solution with GSH at pH

del fitted to data. The model was calculated using HySS software. (F)
ch As3+ binding event are as follows: 10.20, 10.02, 9.79, 9.48, 9.06, and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 The sequential binding pathway for As3+ binding to apo-
MT3. The equilibrium constants for each step are indicated by K1–6 for
each As3+ binding event.

Scheme 2 The sequential binding pathway for As3+ binding to apo-
MT3. The biomolecular rate constants for each step are indicated by
k1–6 for each As3+ binding event.
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MT3, similar to the previously reported 270 nm S–As charge-
transfer band for As(GS)3.74

Fig. 2 shows that at physiological pH, As3+ intermediates
cannot be isolated due to the rapid binding of As3+ under these
conditions. Stopped ow methods were considered for further
analysis of the rate of As3+ binding to the apo-MT3, however,
stopped ow data only provides an average rate constant
Fig. 4 As3+ binding to apo-MT3 as a function of time. 8molar equivalents
were analyzed to ensure accuracy. (A–F) Charge state (left) and deconvo
(A), 4 minutes (B), 10 minutes (C), 16 minutes (D), 24 minutes (E), and 45 m
the first spectra and apply to the spectra below. Apo-MT3 and AsnMT3 s
species as a function of time, with experimentally determined data repre
solid lines. (H) Fitted rate constants for each As3+ binding event to MT3,

© 2023 The Author(s). Published by the Royal Society of Chemistry
dependant on the absorption at the 290 nm charge transfer
band. The implication of rapid binding of As3+ to apo-MT3
indicates potential dangers in arsenic poisoning, as it is not
hindered kinetically from binding to apo-MTs at physiological
pH; this is in contrast to the slow rates observed under acidic
conditions.57 This rapid binding of As3+ to apo-MT3 is similar to
that observed in the early stages of Zn2+ and Cd2+ binding to
of As3+ were added to 20 mM apo-MT3 at pH 3.5. A total of 6 replicates
luted (right) mass spectra of As3+ metalation kinetics taken at 2 minutes
inutes (F) as a sample of data collected. Charge states are labelled on

pecies are labelled and applies to all spectra. (G) Speciation of AsnMT3
sented by points and modelled speciation curves fitted by COPASI as
with standard error represented by error bars.

Chem. Sci., 2023, 14, 5756–5767 | 5759
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Fig. 5 As3+ binding to apo-MT3 at pH 3.5monitored at 290 nm as a function of time. (A) Sample of absorption spectra taken at various time point
intervals during the reaction. The arrow shows the 290 nm absorption band increasing in intensity as As3+ binds to apo-MT3. (B) Kinetic trace of
As3+ binding determined by the 290 nm band (black line) and fitted trace determined by COPASI (red line). The fitted k= 16.6 M−1 s−1. (C) Kinetic
trace of As3+ binding experimentally determined by UV-visible spectroscopy (blue line) compared with the time-dependence of As3+ binding
calculated from mass spectral data (black line).
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apo-MTs, when the non-clustered terminally coordinated beads
form.65 However, to obtain more information on the partially
metalated As-MT3 intermediates that form, we used stepwise
As3+ metalation.

To determine the absolute binding constants for As3+

binding to apo-MT3 at pH 7.4, we used a competitive ligand
with a known binding constant in solution with apo-MT3
(Fig. 3). In our case, we used the peptide glutathione (GSH),
which binds to As3+ similarly to MT3 with a trigonal-pyramidal
coordination with 3 molar equivalents of glutathione per As3+

ion.70,74,75 The reported binding constant for the As(GS)3
complex is log b= 7, therefore, this value was used in modelling
the experimental data of binding of As3+ to apo-MT3 and GSH.74

A sample of the ESI-mass spectral data collected (Fig. 3A–D) as
well as speciation (Fig. 3E) and modelling data (Fig. 3F) are
shown in Fig. 3.76 The absolute binding constants (log Kn, n= 1–
6) for each As3+ binding step (Scheme 1) were determined:
10.20, 10.02, 9.79, 9.48, 9.06, and 8.31 M−1. Simulated mass
spectra are generated using this model and compared to
experimental spectra in ESI Fig. S1.† In addition, the rst
binding site was conrmed to be reasonable with the chelate
effect equation: log K(polydentate)= log bn(unidentate) + (n− 1)
log55.5 where log K(polydentate) is the binding constant of a n-
dentate polydentate ligand (MT3, in this case) and log bn(-
unidentate) is the binding constant of the complex with n
unidentate analogues (GSH) and 55.5 is the molarity of water,
rst described by Hancock et al.77

To rule out protein–protein interactions, apo-MT3 in the
absence of GSH was metalated with increasing molar equiva-
lents of As3+ at pH 7.4 (Fig. S2†). The metalation prole shown
in Fig. S1† is similar to that reported for MT1 metalated by As3+

under acidic pH conditions. For both proteins, we see nonco-
operative binding, or a normal distribution among AsnMT3 (n=

1–6) species centered on the average As3+ bound.65 This means
that there are no AsnMT3 species that are thermodynamically
favoured or more stable than the rest. From the speciation
diagram calculated from the raw data, we can model this step-
wise titration with HySS soware.76 The same binding constants
(log Kn, n = 1–6) as determined above with GSH acting as
5760 | Chem. Sci., 2023, 14, 5756–5767
a competitive ligand can be t to the experimental data
(Fig. S3†).

We report that the metalation data recorded for As3+ binding
to apo-MT3 in the presence and absence of GSH are essentially
identical, as noted by the speciation diagrams shown in Fig. 3E
and S3A.† This indicates that the presence of the competing
GSH in solution with the apo-MT3 did not introduce additional
interactions between the protein and the peptide, and thus, did
not change the metalation pathway. We note that GSH does not
effectively compete for the As3+ until MT3 has reached satura-
tion. This is conrmed using the log K values for As3+ binding to
MT3 and noting the free As3+ at an arbitrary point and
comparing it to what was calculated for As3+ binding to GSH
(Table S1†).

The binding constants obtained through this competition
experiment are in the range of log K = 8–10, which is surpris-
ingly low compared with those of Zn2+ and Cd2+. For Zn2+, the
log K values for each individual metalation step ranges from log
K = 11–12, whereas for Cd2+, the values range from log K = 14–
15 for 7 binding steps. Since we see As3+ binding to apo-MT1 at
pH 3.5, a condition that does not allow Cd2+ or Zn2+ binding as
the protons outcompete the metal ions for the cysteinyl thio-
lates, we expected that the binding constants would be higher
for As3+ binding. However, larger log K values do not accurately
t the As3+ binding data and the possibility of cluster formation
and tetrahedral coordination may also further stabilize Zn2+

and Cd2+ bound MTs, and thus, resulting in a higher binding
constant.22

The binding constants for each subsequent As3+ binding
event decrease, which is as a result of the statistical loss of
available free thiols as the protein is sequentially metalated.
This means that the last As3+ bound shows the least affinity, and
therefore, may be outcompeted by other metals in the solution.

Because the pathway is noncooperative, As3+ can bind to apo-
MT3 resulting in partially metalated As-MT3 species even with
just one As3+ bound. In this manner the As3+ binding is similar
to the initial stages of Zn2+ and Cd2+ binding, in which terminal
thiolate coordination dominates. This property of As3+ binding
also implies that partially metalated As-MT3 species are stable
in solution, therefore, may not release As3+ into the cellular
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Ribbon and ball-and-stickmolecularmodels of representative As-MT3 species. The energy-minimized structureswere calculated for 300
K conditions for 1000 ps with 0.02 ps equilibration time. The protein backbone is represented by the grey ribbon, the S atoms in yellow, the As3+

ions in purple, and the rest of the protein in brown. (A) The As3+ was bound to three cysteinyl thiolates sequentially starting at the N-terminal
b domain (Cys1–3, Cys4–6, Cys7–9, Cys10–12, Cys13–15, Cys18–20), with the last As3+ bound by the last three thiolates due to the sequential
thiolates occurring on either side of the acidic loop of the a domain. (B) The As3+ was bound to three cysteinyl thiolates sequentially starting at the
C-terminal a domain, in reverse order to (A).
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environment. Even though As3+ binding to MT3 shows
decreased affinity aer each subsequent binding event, the
overall affinity of each of these reactions is relatively high and
greater than the As3+ binding constant to glutathione as a result
of the effect of multiple cysteines and the chelate effect.67,74 As
MTs contain 20× the thiols of glutathione, the overall log b is
much greater even though each As3+ involves 3 thiolates from
the MT3 similar to the As(GS)3 structure.

The trend in Fig. 3F shows that the log K values do not
linearly decrease, suggesting the presence of additional factors
© 2023 The Author(s). Published by the Royal Society of Chemistry
that impact As3+ binding. One possible reason for this non-
linear trend is the rearrangement of bound As3+ in existing
MT3 sites to accommodate the incoming As3+. Because of the
trigonal pyramidal coordination with no evidence of bridging
cysteines, As3+ binding thiolates are likely arranged in sequen-
tial order, therefore, if the rst As3+ ions bound do not follow
this pattern, rearrangement is necessary to bind the 6 As3+ ions
that use the 18 cysteinyl thiolates.

With reference to the charge states in Fig. 3A–D, we note that
the distribution of charge states for each spectrum as a function
Chem. Sci., 2023, 14, 5756–5767 | 5761

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc00400g


Fig. 7 As3+ binding to Zn7MT3 at pH 7.4. (A and B) Charge state (left) and deconvoluted (right) spectra of Zn7MT3 (A) and Zn7MT3 with 10 molar
equivalents of As3+ added (B). The charge states are labelled in the first panel and apply to the charge state spectrum below. The mass of Zn7MT3
is labelled in the deconvoluted spectra. (C) Absorption spectra of Zn7MT3 (black line) and Zn7MT3with 10molar equivalents of As3+ added after 12
hours of reaction time.
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of As3+ metal loading shis to that of a lower weighted mean.
For example, we see that the initial As3+ loading of MT3 (Fig. 3A)
has charge states of mostly 5+ and 6+ with some 7+ and 4+,
whereas As5MT3 and As6MT3 (Fig. 3D) has charge states of
mostly 5+ and 4+ species. When looking at the weighted mean
of the charge state present in the spectra, the value is +5.4 for
apo-MT3, 4.8+ for As6MT3, and 4.9+ for Cd7MT3 (unpublished
data). We note that the average weighted charge states for all
these species are relatively similar, with apo-MT3 only slightly
Fig. 8 As3+ titration into partially metalated Zn-MT3 at pH 7.4. (A–H) Char
MT3 solution formed by adding 4 molar equivalents of Zn2+ to apo-MT3
(B), 1.0molar equivalents (C), 1.5 molar equivalents (D) 2.0molar equivalen
equivalents (H). (I) Speciation diagram of AsnMT3 species as a function o
adding 4 molar equivalents of Zn2+ to apo-MT3.

5762 | Chem. Sci., 2023, 14, 5756–5767
larger, indicating a larger surface area.78 This is mostly consis-
tent with As-MT1 species, however, at physiological pH, we see
that 5+ instead of 6+ is the dominant species.65 This means that
for MT3 under physiological conditions, we may see a greater
percentage of more compact structures than we see for MT1 at
pH 3. In comparison to Cd7MT species, the 5+ charge state is
similarly favoured under fully metalated conditions at physio-
logical pH.22,79 From a structural point of view, it is clear that the
two-cluster domains of Cd7MT3 is likely as compact as the MT3
ge state (left) and deconvoluted (right) spectra of As3+ added to the Zn-
with As3+ molar ratios of 0 molar equivalents (A), 0.5 molar equivalents
ts (E), 2.5molar equivalents (F), 3.0molar equivalents (G), and 6.0molar
f molar equivalents of As3+ added to the Zn-MT3 solution formed by

© 2023 The Author(s). Published by the Royal Society of Chemistry
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can be. However, it is evident from the data presented here that
the As6MT3 comprises 6 terminally coordinated As3+ that we
associated with the term “beads” is also compact, which
suggests that MTs generally adopt structures that limit exposure
of the coordinating cysteines to the solvent. Our molecular
dynamics calculations described below illustrate how compact
the fully As-bound MT3 is (vide infra Fig. 6).

In addition, the elucidation of the binding mechanism of
As3+ under physiological conditions further supports the
mechanism of binding under acidic conditions as previously
determined.57 The kinetic parameters, as well as the thermal
stability measurements, reported previously at pH 3.5 for MT1
may therefore be applicable in relative terms to the physiolog-
ical pathway. This is surprising in some regard because of the
changes in binding pathways seen for most other metals
binding to MTs, for example, Bi3+ binds cooperatively at phys-
iological pH but not under acidic conditions, and Zn2+ initially
binds cooperatively under acidic conditions to form clusters but
not under physiological conditions, where beads predominate
initially.55,61

The log Kn values for As3+ binding to apo-MT3 under physi-
ological conditions reported here are especially important in
the context of MT3 because MT3 is constitutively expressed and
not metal-inducible. Therefore, it follows that the de novo apo-
MT3 exists in cellular systems without Zn2+ protection at
certain time points and is susceptible to As3+ binding in the
event that As3+ is transported into the neural environment.
As3+ reaction rate when binding to apo-MT3 is faster than
previously reported for apo-MT1

To further elucidate the As3+ binding pathway, we measured the
As3+ binding kinetics using acidic pH to slow down the reaction.
Each of the AsnMT3 (n = 0–6) species were observed via ESI-
mass spectral data as a function of time (Fig. 4). Fig. 4A–F
show a reduced selection of charge state spectra on the le
panels and corresponding deconvoluted spectra on the right for
different time points during the reaction. Fig. 4G shows the
experimental points and corresponding tted speciation as
determined by COPASI using the Scheme 2 set of equations. The
corresponding tted bimolecular rate constants are plotted in
Fig. 4H with error bars representing the standard deviation
from the tting of 6 separate experimental replicates. Each step
of the As3+ metalation of apo-MT3 follows the second order
reaction with the rate law: Rate = kn[Asn−1MT3][As3+]. The
bimolecular rate constants determined for each As3+ binding to
apo-MT3 at pH 3.5 are as follows: 116.9, 101.2, 85.6, 64.0, 43.9,
and 21.0 M−1 s−1.

One observation we can make about the kinetic data is that
the trend in each stepwise rate constant is approximately linear
(Fig. 4H). It follows that as the thiolate sites are used up for
sequential As3+ binding that the rate decreases due to the lack of
accessibility for subsequent binding. This is similar to the result
noted for MT1.57,65 However, MT3 differs from MT1 in terms of
the relation between k1 and k2. For MT1, both the full protein
and the a domain fragment exhibited a reduction in the
magnitude of k1 with respect to k2, which suggested that the rst
© 2023 The Author(s). Published by the Royal Society of Chemistry
As3+ was binding in the alpha domain region. For MT3, the rate
constants of k1 with respect to k2 show the opposite pattern.
This may be due to the a domain region being signicantly
different in structure because of the acidic loop insert that is
located before the nal three cysteines (Fig. 1). Another possible
explanation for the absence of this inhibited rst As3+ binding
event is the uxionality of the b domain of MT3, as suggested by
Wang et al.52 Although the structure is compact, if the rst
binding site is located in the b domain, then As3+ may be able to
access the thiols of that domain without signicant interactions
that reduce the rate.

Another observation we can make about the data is the
similar shi of charge states as seen for the stepwise addition of
As3+ under physiological conditions. Interestingly, the 5+
charge state remains the dominant species of As6MT3 even at
pH 3.5. This is indicative that the compact structure persists
despite the expectation that at the acidic pH, the structure of
MT3 would be more greatly expanded, and thus, would reveal
higher charge states. We can also compare these data to those
for MT1, where the 6+ charge state is the dominant species,
indicating that MT3 is more compact when fully metalated.80

This could have implications in the stability of the As6MT3 as
a possible protective mechanism against brain located As3+

species.
Lastly, the data in Fig. 4 show that the rate constants for As3+

binding at pH 3.5 are signicantly faster than those measured for
MT1. For MT1, the rate constant values ranged from 4–25 M−1

s−1 at room temperature.65 This is already signicantly faster
than observed for the single domain fragments, which ranged
from 1–7 M−1 s−1 for both the b and a domains.57 In contrast, the
rate constants for MT3 range from 20 to 117 M−1 s−1. Consid-
ering the similarity between the sequence and available cysteines
of apo-MT3 and apo-MT1, this is surprising.

However, there is a major difference in the structural posi-
tioning of the nal 3 cysteines in MT3 compared with MT1.
Based on the analysis of Ngu et al. that the rst As3+ bound in
a domain, we can consider whether the last 3 cysteines are
signicantly more exposed to the solvent and therefore allow
more rapid binding. The rate of the rst As3+ bound controls the
subsequent 5 reactions. Ngu et al. suggested that the evolution
of a two-domain structure of MT1 was important in that the
probability of collision with correct orientation between the
thiols and As3+ was increased as a function of the number of
thiols in the protein, thus, providing evidence for its efficacy as
ametal scavenger.65 InMT3, we now see also that the availability
of those thiols can change the rate of reaction, where in this
case the acidic loop changes the overall structure of the protein.

To introduce a secondary source of kinetic data, we moni-
tored the As3+ binding mechanism using UV-visible spectros-
copy and compared the overall rate determined with the ESI-
mass spectral data under the same conditions (Fig. 5). We
used the 290 nm S–As charge transfer band as an indicator of
As3+ binding and determined an overall rate constant of 16.6
M−1 s−1. Using ESI-MS data outlined in Fig. 4, we can determine
the average As3+ bound to MT3 as a function of time and plot it
against the kinetic trace determined using UV-visible spectros-
copy (Fig. 5C). these data conrm that the mass spectral data
Chem. Sci., 2023, 14, 5756–5767 | 5763
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are correlated with the solution reactions obtained from the
absorption spectroscopy, and that the overall kinetic parame-
ters determined from ESI-mass spectral data can be reliably
used in the case of As3+ binding to MT3.

Modelling the structure of AsnMT3 (n = 0–6)

The structures of the As3+ bound to apo-MT3 can be modelled
using Scigress Modelling Soware (Fig. 6). There are two steps
in this calculation: the rst being the molecular mechanics
minimization of the structure as constructed and the second
being the use of molecular dynamics to search for the lowest
energy structure. The conditions used in the molecular
dynamics step were 300 K and the calculation was performed for
1000 ps with 0.02 ps equilibration time to select for the energy-
minimized structure of each AsnMT3 structure. We showed As3+

sequential metalation both starting in the N-terminal b domain
(Fig. 6A) and C-terminal a domain (Fig. 6B).

The series of structures in Fig. 6 show that binding As3+ does
not signicantly change the overall surface area of MT3. This is
conrmed using solvent accessible surface area (SASA) calcu-
lations, where all structures show SASAs of 5500–6300 Å2.81 As
an apoprotein, MT3 is still relatively compact, as determined
previously.80 The addition of As3+ to the MT3 does not result in
a specic structure when compared, for example, to the struc-
ture of Zn7MT with its two cluster domains. The As3+ bound to
the protein, however, is relatively shielded and located in the
interior space of the protein. This may explain the minimal
change to lower charge states upon metalation (Fig. 3 and 4).78

Our models also demonstrate that since the structure of MT3 is
not greatly impacted by metalation, the subsequent As3+

binding sites are not signicantly different or shielded, there-
fore explaining the linearly decreasing rate constants of As3+

binding attributed to the decreasing availability of sites illus-
trated in Fig. 4.

As3+ does not outcompete fully metalated Zn7MT3

With the knowledge of the binding constants of As3+ binding to
apo-MT3 as well as the binding pathway involved in the met-
alation process, we further extended our work to include
Zn7MT3, which is fully metalated with no cysteines available for
binding additional metals. Essentially, we were interested in
determining whether As3+ would be able to displace Zn2+ in
MT3 under physiological pH, as it could further provide infor-
mation on the conditions under which As3+ could be disruptive
to the functions of MT3. The results obtained by the addition of
10 molar equivalents of As3+ to Zn7MT3 at pH 7.4 are summa-
rized in Fig. 7. ESI-mass spectral data show the continued
presence of Zn7MT3 before the reaction and the changes in the
spectrum obtained aer As3+ addition can be attributed to
adduct formation (Fig. 7A and B). This reaction can be further
analyzed using UV-visible spectroscopy, where we note the
minimal change in absorption aer the addition of As3+ even
aer 12 hours of reaction time (Fig. 7C). Our interpretation is
that the As3+ added does not displace Zn2+, as the absorption
that we noted for the S–As charge transfer band at 290 nm does
not appear in Fig. 7C.
5764 | Chem. Sci., 2023, 14, 5756–5767
This result can be explained by the lower binding constants
obtained for As3+ metalation of apo-MT3, as it was in the range
of log K = 8–10, which, for the rst As3+ bound, would be an
order of magnitude lower than that of Zn2+ binding, which is in
the range of log K = 11–12.

For Zn7MT3, the Zn2+ is coordinated by bridging cysteines to
form stable Zn4S11 and Zn3S9 clusters in the a and b domains,
respectively.22 These clusters are formed cooperatively at low pH
and in the presence of over 5 molar equivalents of Zn2+.22,61,82

Interestingly, it has been suggested that the clusters of the
individual domains of MT3 may be less stable compared with
those of the other MT isoforms. This is illustrated by pH-
induced unfolding, where fully metalated MT2 shows a two
step unfolding process for each domain in comparison to the
absent two step distinction for metalated MT3.83 In addition,
113Cd NMR studies show minor resonances for the 113Cd bound
to the b domain compared to that of the a domain and 15N NMR
studies illustrate the uxionality of the b domain, suggesting
the instability of this domain in comparison to other MT iso-
forms.52,83 However, even with the uxional structure of fully
metalated Zn7MT3, full metalation offers protection from As3+

metalation. Due to the coordination of the Zn2+ in fully meta-
lated MT proteins, the As3+ would have to disrupt the clustered
Zn4S11 and Zn3S9 structures in order to bind in a noncoopera-
tive manner.
As3+ can change Zn2+ distribution in partially metalated Zn-
MT3 species

We used partially metalated Zn-MT3 species as a starting point
to better emulate physiological conditions when As3+ may bind
to existing Zn-MT3. We believe this is a better representation of
how MT3 exists in the cellular environment because of the
presence of additional MTs that can be induced by Zn2+ pres-
ence.22,82 Therefore, it is unlikely for MTs to be fully metalated at
any point in time as it would further trigger the production of
additional MT.

We chose to start with 4 molar equivalents of Zn2+, which
forms multiple species including Zn2MT3, Zn3MT3, Zn4MT3,
and Zn5MT3 using terminal thiolates in the “bead” structural
model (Fig. 8A). Adding even 0.5 molar equivalents of As3+

changes the distribution of Zn2+ species, meaning that the
Zn2+ ions are able to rearrange (Fig. 8B). This is especially
evident if we look at the ratio of Zn3MT3 to Zn4MT3, where
Zn3MT3 became less favored as a species in solution with the
addition of As3+, even with the Zn4MT3 species forming mixed
As3+ species (Zn4As1MT3). Adding more As3+ molar equiva-
lents to the solution results in additional rearrangement of
Zn2+ with predominantly Zn3 and Zn4 species existing as
mixed Zn,As-MT3 species in solution (Fig. 8B–H). However,
due to the overlap in masses of mixed Zn,As-MT3 species, not
all peaks were identied. However, of the identied peaks, it
is important to note the prevalence of Zn4As3 species, which
we believe is representative of 4 Zn2+ coordinated by the
a domain of the protein in the classic cluster conformation
and 3 As3+ terminally coordinated by the 9 cysteines of the
b domain. Therefore, in the presence of Zn2+, we speculate
© 2023 The Author(s). Published by the Royal Society of Chemistry
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that As3+ preferentially binds to the N-terminal b domain in
MT3. We note that this is contrary to our interpretation of the
binding pathway for apo-MT3 above and suggests that the
presence of Zn2+ in MT3 may signicantly inuence the
binding of xenobiotic metals by forming substitution-
resistant clusters in the a domain.

If we look specically at the As3+ bound MT3 and track the
number of As3+ bound as a function of As3+ added, it is similar to
the As3+ titration at pH 7.4, where As3+ binds sequentially
(Fig. 8I). This means that all sites for As3+ binding in partially
metalated Zn-MT3 are similar to sites in apo-MT3 – the partial
metalation with Zn2+ does not impede additional As3+ binding
signicantly until the As5 point associated with Zn1As5MT3.

We note that the binding constants of As3+ binding to MT3
are lower than the comparable binding constants for Zn2+

binding to MT3. It appears that when As3+ binds to partially
metalated Zn-MT3, the species that formmaximize the use of 20
cysteines so that Zn1As5MT3 forms, using 19 cysteines, and
Zn4As3MT3 forms, using 20 cysteines, and Zn7MT3 using 20
cysteines forms. This indicates that the metals bound in MT3
rearrange to maximize the number of cysteines involved in the
structures. What this suggests in that because mammalian MTs
are not considered to be fully metalated under normal condi-
tions, xenobiotic metals such as As3+, Bi3+ and Pt2+ can take
advantage of the cysteine availability to form mixed-metal
structures with no displacement being required of the existing
Zn2+.

This experiment with partially metalated Zn-MT3 further
probes the properties of As3+ binding under physiological
conditions, where MT3 may not be fully protected as a fully
metalated Zn7MT3 protein, but instead exists as multiple
partially metalated species. This may imply that Zn2+

supplementation could be benecial to As3+ poisoning and
Zn2+ deciency exacerbates As3+ poisoning effects, which has
been suggested in the past in rat and mouse model
systems.3,84–87
Conclusions

Arsenic poisoning has long been a reoccurring problem world-
wide due to water contamination. Amongst the effects of arsenic
poisoning are neurological issues, thus, it is important to study
the brain-located metallochaperone, MT3. This paper reports
novel information regarding As3+ binding to MT3, including
absolute binding constants of each individual As3+ to apo-MT3
under physiological conditions, as well as ESI-mass spectral
data of fast As3+ binding to apo-MT3 at pH 7.4. In addition, we
have provided evidence that the binding pathway determined
kinetically at pH 3.5 follows the binding pathway determined
with stepwise metalation at pH 7.4. There appears to be no
specic pH dependence in binding pathway for MT3. In addi-
tion, we have shown that fully metalated Zn7MT3 impedes As3+

binding at pH 7.4, but partial metalation with Zn2+ does not
signicantly impact As3+ binding. This provides support that
Zn2+ supplementation will be protective against As3+ poisoning
of MTs.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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37 M. Vašák and G. Meloni, J. Biol. Inorg. Chem., 2011, 16, 1067.
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48 G. Meloni and M. Vašák, Free Radic. Biol. Med., 2011, 50,

1471–1479.
49 J. S. Calvo, N. V. Mulpuri, A. Dao, N. K. Qazi and G. Meloni,

Free Radic. Biol. Med., 2020, 158, 149–161.
50 J. Y. Koh and S. J. Lee, Mol. Brain, 2020, 13, 116.
51 Q. Zheng, W. M. Yang, W. H. Yu, B. Cai, X. C. Teng, Y. Xie,

H. Z. Sun, M. J. Zhang and Z. X. Huang, Protein Eng. Des.
Sel., 2003, 16, 865–870.

52 H. Wang, Q. Zhang, B. Cai, H. Li, K.-H. Sze, Z.-X. Huang,
H.-M. Wu and H. Sun, FEBS Lett., 2006, 580, 795–800.

53 J. S. Scheller, G. W. Irvine, D. L. Wong, A. Hartwig and
M. J. Stillman, Metallomics, 2017, 9, 447–462.

54 A. Melenbacher, N. C. Korkola and M. J. Stillman,
Metallomics, 2020, 12, 1951–1964.

55 N. C. Korkola, P. M. Scarrow and M. J. Stillman,Metallomics,
2020, 12, 435–448.

56 N. C. Korkola, E. Hudson and M. J. Stillman, Metallomics,
2021, 13.

57 T. T. Ngu and M. J. Stillman, J. Am. Chem. Soc., 2006, 128,
12473–12483.

58 M. R. Mehlenbacher, R. Elsiesy, R. Lakha, R. L. E. Villones,
M. Orman, C. L. Vizcarra, G. Meloni, D. E. Wilcox and
R. N. Austin, Chem. Sci., 2022, 13, 5289–5304.
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