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Metallothioneins (MTs) are essential mammalian metal
chaperones. MT isoform 1 (MT1) is expressed in the kidneys
and isoform 3 (MT3) is expressed in nervous tissue. For MTs,
the solution-based NMR structure was determined for metal-
bound MT1 and MT2, and only one X-ray diffraction struc-
ture on a crystallized mixed metal-bound MT2 has been
reported. The structure of solution-based metalated MT3 is
partially known using NMR methods; however, little is known
about the fluxional de novo apo-MT3 because the structure
cannot be determined by traditional methods. Here, we used
cysteine modification coupled with electrospray ionization
mass spectrometry, denaturing reactions with guanidinium
chloride, stopped-flow methods measuring cysteine modifica-
tion and metalation, and ion mobility mass spectrometry to
reveal that apo-MT3 adopts a compact structure under physi-
ological conditions and an extended structure under dena-
turing conditions, with no intermediates. Compared with
apo-MT1, we found that this compact apo-MT3 binds to a
cysteine modifier more cooperatively at equilibrium and 0.5
times the rate, providing quantitative evidence that many of the
20 cysteines of apo-MT3 are less accessible than those of apo-
MT1. In addition, this compact apo-MT3 can be identified as a
distinct population using ion mobility mass spectrometry.
Furthermore, proposed structural models can be calculated
using molecular dynamics methods. Collectively, these findings
provide support for MT3 acting as a noninducible regulator of
the nervous system compared with MT1 as an inducible scav-
enger of trace metals and toxic metals in the kidneys.

In Nature, metalloproteins consist of approximately 30% of
all proteins (1). These specialized proteins use the chemical
properties of metal cofactors to catalyze reactions, participate
in cell signaling, and stabilize structures (2–4). Among many
physiologically essential metals in mammals are Zn2+, Fe2+/3+,
and Cu+/2+. The regulation of these metals is crucial to the
overall homeostatic stability of an organism.

There are many regulators of metals within a cellular
environment, including metal transporters, metal influx and
efflux pumps, and metal chaperones. An important metal
chaperone is the protein metallothionein (MT) (5). Present
across species, MTs play a crucial role in Cu+ and Zn2+
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homeostasis, as well as in toxic metal sequestration (5).
Mammalian MTs have 20 reduced cysteines but no disulfide
bonds. The cysteine thiols instead bind metals ranging from
Zn2+ (most common), Cd2+, Cu+, as well as the xenobiotic
metals of metallodrugs such as Pt2+ (6, 7). The fully metalated
structure of mammalian MTs has two metal-binding do-
mains: a C-terminal α domain consisting of 11 cysteines that
bind to 4 divalent metals and an N-terminal β domain con-
sisting of nine cysteines that bind to 3 divalent metals (6,
8–10). There are four isoforms of MTs within the human
genome (11). Isoforms 1 (MT1) and 2 (MT2) are expressed in
all tissues of the body, concentrating in the kidneys and liver,
respectively. MT1 has been studied in the past as a “sink” for
metal ions in the kidney. Isoform 3 (MT3) is mostly expressed
in nervous tissue (12). Isoform 4 (MT4) is expressed in
epithelial tissue.

MT3 is currently the most heavily researched MT due to
its role in the progression of neurodegenerative diseases
such as Alzheimer’s and Parkinson’s disease (12–15). In
particular, MT3 acts as a neuronal growth inhibitory factor
(15–17).

Although the two-domain structure of fully metalated
mammalian MTs is well established from NMR spectroscopic
studies and a single X-ray diffraction study of mixed-metal rat
MT, the structures of metal-free apo-MTs remain largely
unknown due to their flexibility and inaccessibility to tradi-
tional protein structural determination methods (8–10, 18).
Initially, apo-MTs were thought to have little physiological
relevance. However, in 2001, Yang et al. reported high levels of
apo-MT present in the liver, brain, and kidneys of rats using
fluorescence labeling (19). Their report emphasized the
importance of studying the stability and the early stages of
metalation of apo-MTs (20). Apo-MTs were initially defined as
intrinsically disordered proteins (IDPs), with no defined
structures. However, molecular dynamics methods show that
apo-MTs retain much of their structure in the absence of
metals at physiological pH, despite not having traditional
formal structure based on secondary structural elements such
as α helices or β pleated sheets (21). The charge states from
electrospray ionization mass spectral (ESI-MS) studies, which
are sensitive to the overall surface area of the protein, also
showed little change as apo-MT was metalated, indicating that
the apo-MT structure was not significantly altered following
metalation (22, 23).
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Apo-metallothionein-3 cooperatively forms compact structures
MT3 has been reported to have strikingly different metal-
ation properties compared with the other isoforms (12, 13, 15,
24–28). However, the structural properties of apo-MT3 have
not been reported to date.

In this article, we reveal that, although no formal structures
are present, apo-MT3 exists as an unusually compact structure
under physiological conditions. Methods used to support our
analysis include ESI-MS, cysteine modification using N-ethyl-
maleimide (NEM), and ion mobility mass spectrometry (IM-
MS). We use the denaturing agent guanidinium chloride
(GdmCl) and low pH conditions to evaluate the properties of its
compact conformation. Our use of NEM to selectively modify
cysteinyl thiols is similar to the use of hydrogen–deuterium
exchange to probe structural properties of formally folded
proteins. We report that two distinct conformational pop-
ulations of apo-MT3 exist: a compact conformation under
physiological conditions and an extended conformation under
denaturing conditions, with minimal intermediate structures
detected. This switch in conformation is distinct from IDPs that
exist as a continuum of conformations. A compact conforma-
tion of apo-MT3 may be a necessary adaptation to protect its
cysteines from oxidation in vivo and support its role as a regu-
lator of neurological function.
Figure 1. Amino acid sequence for apo-MT3. Amino acids (AAs) 35 to 64 fo
domain. The domains are labeled for the clusters formed when divalent me
combinant protein for stability. The AAs in blue are the S-tag for increased st
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Results
ESI-mass spectral data of apo-MT3 cysteine modification

In all experiments, the MTs were fully reduced with the use
of evacuation followed by argon saturation. The UV-visible
absorption spectra of aliquots of the protein samples were
recorded prior to the measurement to ensure 280 nm ab-
sorption characteristic of disulfide bond formation was not
present. The amino acid sequence of the recombinant apo-
MT3 used is described in Figure 1, with yellow highlighting
the 20 cysteines and the metal-induced domains labeled. We
show the data for cysteine modification of apo-MT3 at pH 7.4,
5.0, and 2.9 in Figure 2. Figure 2i shows the charge state and
deconvoluted cysteine modification profile of apo-MT3 at
physiological pH (pH 7.4). The mass spectral data follow the
stepwise addition of the cysteine modifier NEM (125 Da) at 0,
1.9, 10.3, 20 molar equivalents (mol. eq.) to apo-MT3
(8212 Da). The data are representative of a cooperative
modification pattern, where the stepwise addition of NEM
results initially in solely apo-MT3 and NEM20MT3 species.
Significantly, NEMn-MT3 species (n = 1–19) are not present.
We described this as a cooperative profile because the reaction
of the first NEM molecule to a cohort of apo-MT3 triggers the
subsequent reaction of the next 19 NEM molecules to the
rm the β domain, 65 to 67 form the linker region, and 68 to 102 form the α
tals bind to the cysteines (yellow). The AAs in pink are included in the re-
ability, removed in the protein purification process.



Figure 2. i) Sequential modification of apo-MT3 by NEM at pH 7.4. A, C, E, and G show the charge state spectra recorded with increasing (0, 1.9, 10.3, 20) mol.
eq. of NEM added. The charge states for the apo protein are labeled in A, and the charge states for the fully modified protein are labeled in G. B, D, F, and H
show the corresponding deconvoluted spectra. The mass of apo-MT3 is 8212 Da, and a single NEM modification adds 125 Da. The separation of the
increasing NEM modifications is indicated by the dotted lines at 125 Da intervals. The modifications shown range from 1 to 20 NEM bound for the 20
cysteines of MT3. ii) Mixture of normal distribution and cooperative profiles for apo-MT3 when modified by NEM at pH 5.0. A, C, E, and G show the charge
state spectra recorded with increasing (7.8, 14, 18, 32) mol. eq. of NEM added. B, D, F, and H show the corresponding deconvoluted spectra. The mass of
apo-MT3 is 8212 Da, and a single NEM modification adds 125 Da. The separation of the increasing NEM modifications is indicated by the dotted lines at
125 Da intervals. The modifications shown range from 1 to 20 NEM bound for the 20 cysteines of MT3. iii) Normal distribution of modified cysteines for apo-
MT3 when modified by NEM at pH 2.9. A, C, E, and G show the charge state spectra recorded with increasing (3.6, 9, 24, 91) mol. eq. of NEM added. NEM, N-
ethylmaleimide. B, D, F, and H show the corresponding deconvoluted spectra. The mass of apo-MT3 is 8212 Da, and a single NEM modification adds 125 Da.
The separation of the increasing NEM modifications is indicated by the dotted lines at 125 Da intervals. The modifications shown range from 1 to 20 NEM
bound for the 20 cysteines of MT3. NEM, N-ethylmaleimide.

Apo-metallothionein-3 cooperatively forms compact structures
same set of MT3 proteins, resulting in the entire protein being
modified to completion.

In contrast, when the NEM modification was carried out at
pH 2.9, the ESI mass spectral data recorded is noncooperative
(Fig. 2iii). Stepwise addition of NEM at 3.6, 9, 24, and 91 mol.
eq. results in a Normal binomial distribution of modified
protein species centered on the mass of the average number of
NEM bound. Excess NEM is required to drive the reaction to
completion at acidic pH due to the competition from cysteine
protonation. The Normal distribution of NEM modifications
indicates that the cysteines are equally accessible to the NEM
modifier, resulting in a noncooperative profile based solely on
the statistical availability of the cysteinyl thiols.

The mass spectral data for the stepwise titration of NEM
into apo-MT3 at pH 5 represents a mixture of both coopera-
tive and noncooperative profiles (Fig. 2ii). NEM was added
with 7.8, 14, 18, and 32 mol. eq. to apo-MT3 at pH 5.
Figure 2iiB shows that, with 7.8 mol. eq. of NEM added, there
is simultaneously a small fraction of fully modified
NEM20MT3 with a large fraction of partially modified MT3
(NEM1-5MT3). This trend continues as more NEM is added so
that in panel D, both the Normal distribution of peaks
centered on NEM4MT3 and the cooperatively formed
NEM20MT3 are present.

ESI-mass spectral data of apo-MT1 cysteine modification

Figure 3i shows the NEM modification profile of apo-MT1
at pH 7.4 from a stepwise titration monitored by ESI-MS. A
more complicated semi-cooperative profile is recorded where
both apo-MT1 and NEM20MT1 are present in addition to
varying amounts of other NEM-modified species. Specifically,
a Normal distribution is formed in the earlier steps of the ti-
trations in addition to the formation of NEM20MT1. Inter-
estingly, with just 5 mol. eq. of NEM added, small amounts of
NEM7MT1 to NEM19MT1 are formed that do not follow a
Normal distribution. However, with 8 mol. eq. of NEM added
(Fig. 3iF), the profile closely resembles the pH 5 data of MT3
(Fig. 2iiD).

Figure 3ii shows the NEM modification profile of apo-MT1
at pH 5 through a stepwise titration monitored by ESI-MS.
The data indicate a completely noncooperative profile where
the Normal distribution is centered on the stoichiometric
amount of NEM added. The observed modification profile
indicates that all cysteines of apo-MT1 are completely exposed
at pH 5, where the profiles closely resemble that of MT3 at pH
2.9 (Fig. 2iii).

Denaturation effects on the cysteine modification reaction

The compact apo-MT3 structure was further investigated
by introducing increasing concentrations of the denaturing
agent, GdmCl (Fig. 3). We have previously reported that 3 M
GdmCl denatures apo-MT1 completely (29). Using apo-MT1
as a guide, we can interpret the results from the reactions of
GdmCl with apo-MT3. Apo-MT3 was equilibrated in
increasing concentrations of GdmCl (0–4 M) before adding
10 mol. eq. of NEM to determine the level of denaturation.
The resulting ESI-mass spectral data are shown in Figure 4.
Even with GdmCl concentrations up to 4 M, there is little to
no change in the distribution of NEM-modified species, and
the distribution remains cooperative, with only apo-MT3 and
J. Biol. Chem. (2023) 299(3) 102899 3



Figure 3. Dependence on pH of the NEM cysteine modification profiles for apo-MT1. (i) Sequential modification of apo-MT1 by NEM at pH 7.4
monitored by electrospray ionization mass spectrometry showing additions of 0, 5, 8, 10, and 18 mol. eq. NEM. A, C, E, G, and I show the charge state spectra
with labeled charge states in A (for the unmodified protein) and I (for the fully modified protein), and B, D, F, H, and J show the associated deconvoluted
spectra. The mass of apo-MT1 is 7404 Da, and a single NEM modification adds 125 Da. The separation of the increasing NEM modifications is indicated by
the dotted lines at 125 Da intervals. The modifications shown range from 1 to 20 NEM bound for the 20 cysteines of MT1. (ii) A stepwise titration of NEM into
apo-MT1 at pH 5 monitored by electrospray ionization mass spectrometry showing additions of 2, 10, 14, and 19 mol. eq. NEM. A, C, E, and G show the
charge state spectra with labeled charge states in A (for the protein with 2 mol. Eq. NEM added) and G (for the fully modified protein), and B, D, F, and H
show the associated deconvoluted spectra. The mass of apo-MT1 is 7404 Da, and a single NEM modification adds 125 Da. The separation of the increasing
NEM modifications is indicated by the dotted lines at 125 Da intervals. The modifications shown range from 1 to 20 NEM bound for the 20 cysteines of MT1.
Charge states for the unmodified protein are shown in blue, and charge states for the fully modified protein are shown in red. NEM, N-ethylmaleimide.

Apo-metallothionein-3 cooperatively forms compact structures
NEM20MT3 as the dominant species. This is a vastly different
outcome from the modification patterns reported previously
for apo-MT1 and indicates that the addition of the 4 M GdmCl
did not result in greater exposure of the 20 cysteines in apo-
MT3 (29).

NEM modification reaction rates for apo-MT3 and apo-MT1
Using stopped flow kinetics, we measured the rate of the

decrease in free NEM concentration as it reacted with the
cysteines of the apo-MTs. The rate of cysteine modification
has been previously used with other proteins to determine
whether the conformation was folded (slow rate) or unfolded
(fast rate) (30). Using the NEM extinction coefficient of ε300
nm = 620 M-1 cm-1, the rate of reduction in the absorbance
of the free NEM was determined (Fig. 5i) (31–34). The data
in Figure 5i compare the rate of reaction of NEM with the
cysteines of apo-MT1 (Fig. 5iA) and apo-MT3 (Fig. 5iB). In
Figure 5iA, the data show that the apo-MT1 binds to excess
NEM with a rate constant of 7500 ± 25 M−1 s−1, whereas in
Figure 5iB, the apo-MT3 cysteines react significantly slower
with NEM with a rate constant of 3834 ± 3 M−1 s−1. Trip-
licates were completed to ensure precision. There is a sig-
nificant difference (p < 0.001) between the rates of
modification of the two apo proteins. In Figure 5iC, the
fitted traces were normalized to have the same exact start
4 J. Biol. Chem. (2023) 299(3) 102899
and end points for MT1 and MT3: the difference in the rates
of modification is clear. For similar proteins with 70% ho-
mology, this 2-fold difference in rate of modification is
significant.

Further analysis of apo-MT1 and apo-MT3 under 4 M
GdmCl conditions was used to assess the rate of decrease of
the free NEM signal at 300 nm (Fig. S1). Although we expected
the NEM to be depleted at a faster rate with the denaturation
of apo-MT1, an overall decrease in modification rates was seen
for both apo-MT1 and apo-MT3. However, the same pattern
remains for the comparison between apo-MT1 and MT3
whereby, in the presence of GdmCl, apo-MT1 still reduces the
free NEM signal at a faster rate than apo-MT3 indicating that
modification of the cysteines is faster in apo-MT1 than in apo-
MT3.

In contrast to the direct modification reaction of apo-MTs
with NEM, which monitors the accessibility of the cysteines,
we measured the metalation kinetics, which monitors the
accessibility of the cysteines to form Cd-S bonds. Metal-
thiolate clusters are formed by multiple cysteines for MTs,
with 11 cysteines forming a 4 divalent metal cluster (Cd4S11)
and 9 cysteines forming a 3 divalent metal cluster (Cd3S9) (6).
Cd2+ ions bind to the cysteines of MTs with a tetrahedral
geometry involving four cysteines (35). When the Cd2+ is
added above 5 mol. eq., cluster formation takes place. Owing



Figure 4. Dependence on GdmCl concentration of the NEM cysteine
modification profiles for apo-MT3. NEM modification of apo-MT3 by NEM
at pH 7.4 with varying amounts of GdmCl. In each titration experiment,
10 mol. eq. of NEM was added. A, C, E, G, and I show the charge state spectra
recorded with 0, 1, 2, 3, 4 M GdmCl added to the solutions. The charge
states are labeled in A for the unmodified protein and I for the fully
modified protein and apply to each panel in the column. The charge states
labeled are for both apo-MT3 and NEM20MT3. B, D, F, H, and J show the
deconvoluted spectra. The mass of apo-MT3 is 8210 Da, and a single NEM
modification adds 125 Da. The separation of the increasing NEM modifi-
cations is indicated by the dotted lines at 125 Da intervals. The modifica-
tions shown range from 1 to 20 NEM bound for the 20 cysteines of MT3.
GdmCl, guanidinium chloride; NEM, N-ethylmaleimide.

Apo-metallothionein-3 cooperatively forms compact structures
to the multiple cysteines required to form such as cluster,
clusters form faster if the protein is compact due to the
proximity of the cysteines and ability to realign rapidly (29).

In Figure 5ii, the stopped flow kinetic traces are recorded for
the formation of Cd7MT from the reduced apo-MT1 (panel A)
and apo-MT3 (panel B) with 7 mol. eq. of Cd(OAc)2. The fitted
rate constant for apo-MT1 is 348 ± 6 x 105M−1 s−1, and the fitted
rate constant for apo-MT3 is 582 ± 11 × 105 M−1 s−1. These
values are significantly different (p < 0.001). Triplicates were
completed to ensure accuracy and precision. In addition to
carrying out the metalation under physiological conditions, 4M
GdmCl conditions were also studied (panel C, apo-MT1; panel
D, apo-MT3). The metalation reactions in the presence of
GdmCl were analyzed using the same concentrations of re-
actants as for the reaction shown in Figure 5i. The fitted rate
constant for apo-MT1 in 4 M GdmCl is 252 ± 2 × 105 M−1 s−1,
and the fitted rate constant for apo-MT3 in 4MGdmCl is 343 ±
3 × 105 M−1 s−1. In Figure 5ii, E and F, we show the fitted traces
normalized to have the same exact start and end points forMT1
and MT3: the difference in the rates of metalation is clear with
the same trend as in the absence of GdmCl, where apo-MT1
metalates slower than apo-MT3.

Structure determination of apo-MT3 using IM-MS

IM-MS was used to provide direct structural information
about the relative size of apo-MT3. IM-MS has previously been
used to determine the overall conformational size of proteins,
using drift time and subsequently calculated collision cross
section (CCS) measurements (36–40). The CCS calibration was
performed according to the protocol developed by Ruotolo et al
(41). Figure 6 shows the CCS profiles of the 7+ charge state of
apo-MT3 at pH7.4, 5.0, and 2.2 (panelsA, B, C). The dotted lines
shows the maxima of the CCS for the compact conformation
(1192Å2) and the larger expanded conformation (1356Å2). This
is within the CCS range of MT2 reported by Chen and Russell,
although they measured a different charge state (41, 42). The
compact conformation travels faster through the IM-MS cell
because of it lower surface area to volume ratio, allowing greater
mobility through the IM-MS gas (N2). The relative intensity of
the compact and expanded conformations can be monitored
(panel D) and the ratio of compact to extended protein can be
calculated (panel E). Although we expected to see only a
compact structure at pH 7.4 and extended structure at pH 2.2
based on the data shown in Figure 2, full separation of the two
conformations was not complete (Fig. 6, A/C). The IM-MS pa-
rameters were adjusted to be as soft as possible to avoid
conformational change as best as possible (36, 41, 42). Other
charge states of the apo-MT3 under all conditions were
analyzed; however, the distinct conformational populations
were not resolved; to demonstrate, the drift time spectra for the
5+ and 10+ charge states on both extremes are shown in Fig. S2.

Apo-MT3 structure calculations using molecular dynamics

Structural models of apo-MT3 were calculated using mo-
lecular mechanics and molecular dynamics methods (Fig. 7i).
Starting structures for the apo-MT3 model were generated
with the input of the protein sequence. Compact conforma-
tions of apo-MT3 were modeled using 300 K temperature
settings to allow for hydrogen bond formation. Because
hydrogen bonds are weak and related to the distance between
the electronegative ion and the electropositive proton, we can
mimic the effect of hydrogen bond formation using low
temperatures to allow for hydrogen bond–driven stabilization
of structures. In contrast, expanded conformations of apo-
MT3 were modeled using 1000 K to mimic an environment
unfavorable for hydrogen bond formation, such as under
acidic pH. This is similar to the principles of heat denatur-
ation (43). The calculated surface accessibility of the
expanded structure using the 1000 K apo-MT3 (9753 Å2)
minimized geometry is greater than that of the 300 K apo-
MT3 structure (4544 Å2) (44).
J. Biol. Chem. (2023) 299(3) 102899 5



Figure 5. i) Fitted kinetic traces recorded for the reaction of 5 μM (A) apo-MT1 and (B) apo-MT3 with 200 μM (40 mol. eq.) NEM at pH 7.4 monitored at
300 nm. Reported k values were determined using triplicates. (C) normalized kinetics traces of A–B for visual comparison of the two isoforms’ reaction rate.
(D) bar graph representation of the rate constants obtained from the fitted line in (A and B). ii) Fitted kinetic traces recorded for the Cd2+ metalation of
1.25 μM (A) apo-MT1 in absence of GdmCl, (B) apo-MT3 in the absence of GdmCl, (C) apo-MT1 in the presence of 4 M GdmCl, and (D) apo-MT3 in the
presence of 4 M GdmCl. The Cd(OAc)2 concentration was 8.75 μM (7 mol. eq.) at pH 7.4, and the reaction was monitored at 250 nm. (E) normalized kinetics
traces of the metalation of MT1 and MT3 in the absence of GdmCl (A and B) and (F) the normalized kinetic traces of the metalation of MT1 and MT3 in the
presence of GdmCl (C–D) for visual comparison of the two isoforms’ metalation rates. (G) bar graph representation of the rate constants obtained from the
fitted lines in (A–D). GdmCl, guanidinium chloride; NEM, N-ethylmaleimide.

Apo-metallothionein-3 cooperatively forms compact structures
Molecular dynamics calculations were also performed on
partially modified and fully modified MT3 with NEM (Fig. 7ii).
The structure from the 300 K molecular dynamics calculation
was used, and the most exposed cysteines were modified with
6 J. Biol. Chem. (2023) 299(3) 102899
NEM, 5 mol. eq. at a time (Fig. 7ii, A–E). The lowest energy
conformations from each molecular dynamics calculation are
shown in Figure 7ii. Stepwise modification results in the
gradual exposure of additional unmodified cysteines (the



Figure 6. Ion mobility mass spectra collision cross sections (CCSs) for
apo-MT3 at varying pH values. The compact conformation was deter-
mined to have a CCS of 1192 Å2, and the extended conformation has a CCS
of 1356 Å2. A, B, and C show the CCS profile of the 7+ charge state of apo-
MT3 at pH 7.4, 5.0, and 2.2, respectively. D shows the normalized intensity of
the compact and extended conformations. E shows the ratio of the compact
to extended conformations with respect to pH.

Apo-metallothionein-3 cooperatively forms compact structures
modified cysteines are shown in orange and the unmodified
cysteines are shown in yellow); this models the behavior
exhibited by apo-MT3 at pH 7.4 (Fig. 2I). Specifically, Cys64,
Cys71, Cys79, Cys98, Cys101 were first modified by NEM as
the most exposed cysteines from Figure 7iiA (apo-MT3).
Subsequently, Cys48, Cys50, Cys54, Cys56, and Cys85 were
modified as the exposed cysteines from Figure 7iiB
(NEM5MT3). After that, Cys42, Cys59, Cys61, Cys72, and
Cys76 were modified as they became exposed on Figure 7iiC
(NEM10MT3). Lastly, Cys40, Cys68, Cys69, Cys83, and Cys100
were modified from the starting structure of Figure 7iiD
(NEM15MT3). The fully modified protein is shown in
Figure 7iiE (NEM20MT3). The cysteines modified for each step
were chosen based on their proximity to the surface of the
protein or their exposure to NEM.

In addition, molecular dynamics calculations were carried
out for apo-MT1 for comparison. Calculations were per-
formed starting from sequence input. The lowest potential
energy geometries are shown in Figure 8 for apo-MT3 under
300 K conditions (Fig. 8A) and 1000 K (Fig. 8B). The calculated
surface accessibility of the 300 and 1000 K structures was 6024
and 8960 Å2, respectively (44).
Discussion

NEM modification reveals compact conformation of apo-MT3
in comparison with apo-MT1

When analyzing the ESI-mass spectral data, it is important
to note the charge state spectrum is related to the overall
surface area of the sample (45, 46). Looking at Figure 2, i and
iii, we see a shift from predominantly 6+ and 5+ charge
states with low or no cysteinyl modification (panel A), to 7+
and 6+ charge states with an increase in NEM modification
(panel G). We interpret the increase in the average charge
state of the protein as resulting from the unfolding of the
protein, as the peptide chain supports more charge. In other
words, the starting apo-MT3 is more compact than the
modified MT3.

Next, we can compare the modification profiles shown in
Figure 2, i and iii, which show cysteine modification of MT3 at
pH 7.4 and 2.9, respectively.

If we consider adding 20 NEM to 20 apo-MT3 (1 mol. eq.),
the cooperative mechanism can be stated as:

20ðCys−HÞ20MT3þ20 NEM→

ðCys−NEMÞ20MT3þ19ðCys−HÞ20MT3
(1)

In this case, 1 MT3 molecule is modified to completion with
all 20 cysteines bound to NEM while 19 MT3 molecules are
unmodified.

If we consider a noncooperative mechanism, the statistical
distribution following the reaction of 20 NEM to 20 apo-MT3
(1 mol. eq.) can be described as follows:

20ðCys−HÞ20MT3þ20 NEM→ 3 ðCys−HÞ20MT3

þ14 ðCys−NEMÞðCys−HÞ19MT3

þ2 ðCys−NEMÞ2ðCys−HÞ18MT3

þ1 ðCys−NEMÞ3ðCys−HÞ17MT3

(2)

In this case, there is a Normal distribution of the species of
modified MT3 centered on a mean of one NEM bound, which
is (Cys-NEM)(Cys-H)19MT3.

At pH 7.4, the major species that forms during the titration
is the NEM20MT3 with very low abundance of intermediate
species. This supports our assessment that the reaction follows
the cooperative pathway of Equation 1. In contrast, at pH 2.9,
multiple intermediate species are observed, forming a Normal
distribution that centers on the average NEM mol. eq. bound.
In this case, the reaction follows the noncooperative pathway
of Equation 2.

The Equation 1 pathway represents the reaction of the
compact conformation where most cysteines are not acces-
sible. Under these conditions, an NEM-modification reaction
triggers the exposure of additional cysteines to modification. In
contrast, the fully extended conformation allows equal access
to all cysteines, which results in a Normal distribution of
species centered on the average mol. eq. of NEM bound
(Equation 2). Significantly, this means that there are two
J. Biol. Chem. (2023) 299(3) 102899 7



Figure 7. i) Calculated models of open conformation (A) and closed conformation (B) apo-MT3 using molecular mechanics and molecular dynamics
methods. The yellow residues represent cysteines. (A) space-filling model of apo-MT3 calculated under 300 K conditions for 1000 ps with a 0.02-ps
equilibration time. (B) space-filling model of apo-MT3 calculated under 1000 K conditions for 1000 ps with a 0.02-ps equilibration time. ii) Calculated
models of stepwise modification of apo-MT3 with NEM using molecular mechanics and molecular dynamics methods. All models are calculated under 300 K
conditions for 1000 ps with a 0.02-ps equilibration time. Unmodified cysteines are noted in yellow, and modified cysteines are in orange. NEM is noted in
blue. The rest of the protein is noted in gray. (A) space-filling model of apo-MT3. (B) space-filling model of NEM5-MT3. (C) space-filling model of NEM10-MT3.
(D) space-filling model of NEM15-MT3. (E) space-filling model of NEM20-MT3. NEM, N-ethylmaleimide.

Apo-metallothionein-3 cooperatively forms compact structures
distinct cohorts of apo-MT3 coexisting at pH 5 (Fig. 2ii):
the compact cohort at pH 7.4 and the extended cohort at pH
2.9.

In comparison, the compact and extended protein cohorts
are not as evident for apo-MT1. Even at pH 7.4, we do not see a
completely cooperative profile (Fig. 3I). This may indicate that
some exposed cysteines are closer to the surface of apo-MT1 at
physiological pH, which then bind the NEM in a noncoopera-
tive profile without disrupting the conformation and triggering
the formation of NEM20MT1. The clear switch from compact
to extended conformations seen with MT3 is not present,
indicating that apo-MT1 adopts a continuum of structures
when it unfolds from the more compact structure at pH 7.4.

The cysteine modification reactions suggest that apo-MT1
adopts a more open conformation at pH 5 compared with
MT3 at the same pH (Figs. 3ii and 2ii, respectively). The
conformation of apo-MT1 resembles most closely that of apo-
MT3 at pH 2.9, corresponding to an extended conformation.
Based on the evidence that MT1 adopts a less compact
structure with more exposed cysteines than MT3 at pH 7.4, it
follows that this conformation would be more easily disrupted
by acidic conditions.

To further corroborate this statement, we can refer to
Figure 4, where the addition of up to 4 M GdmCl to apo-MT3
does not change the cysteine modification profile. We inter-
pret this as the result of the continuing presence of the
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compact protein with its inaccessible cysteines, where the
modification reaction follows the cooperative pathway of
Equation 1. This is highly unusual because in the presence of
4 M GdmCl, most proteins will denature, even those without
formal structure such as MTs (47–52). The lack of evidence
that the apo-MT3 has denatured despite apo-MT1 fully
denaturing under the same conditions suggests that the
GdmCl is not strong enough to disrupt the hydrogen bonds
and van der Waals interactions that are the stabilizing forces of
compact apo-MT3.

We can model the mixed reactions of apo-MTs described by
Equations 1 and 2 using Tenua kinetic simulation software
(Fig. 9). In these models, we assign the simulated rate con-
stants (kon(1-20)) as follows: 1, 100, 110, 120, 130, 140, 150, 160,
170, 180, 190, 200, 210, 220, 230, 240, 250, 260, 270, 12,000
(for cooperative modification, Fig. 9A) and 100, 63, 40, 25, 16,
10, 6.3, 4.0, 2.5, 1.6, 1.0, 0.63, 0.40, 0.25, 0.16, 0.1, 0.063, 0.040,
0.025, and 0.016 (for noncooperative modification, Fig. 9C).
Figure 9E depicts the average of the two series of species in
Figure 9, A and C, modeling the presence of two different
compact states. For the cooperative Equation 1, the k20 has a
greater value than k1-19, with k1 being the rate-limiting step as
the protein is compact and cysteines are inaccessible. For the
noncooperative Equation 2 pathway, k1-20 decreases as the
number of NEM modifications increases, representing the
statistical reduction of available sites. Figure 9, B, D, and F



Figure 8. Calculated models of the open conformation (A) and closed
conformation (B) of apo-MT1 using molecular mechanics and molecular
dynamics methods. The yellow residues represent cysteines. (A) space-filling
model of apo-MT1 calculated under 300 K conditions for 1000 ps with a
0.02-ps equilibration time. (B) space-filling model of apo-MT1 calculated
under 1000 K conditions for 1000 ps with a 0.02-ps equilibration time.

Apo-metallothionein-3 cooperatively forms compact structures
show that the predicted mass spectra calculated using the
modeled binding constants closely resemble the experimental
mass spectra reported in Figure 2. This simulation clearly
shows the presence of cooperative and a noncooperative
modification mechanisms, representing a compact and
extended conformation of apo-MT3, respectively. In contrast,
the experimental data for apo-MT1 (Fig. 3) does not resemble
the simulated data for either the completely cooperative or
completely noncooperative models, indicating that we cannot
model apo-MT1 as fully compact or fully extended.
Figure 9. Simulated kinetics of N-ethylmaleimide modification of apo-MT. A
mass spectra from a cross section at 0.05 s (B from A), 0.2 s (D from C), and 0
represents apo-MT as completely extended, and E and F represent apo-MT as
Cysteine modification and metalation kinetics support the
compact structure of apo-MT3

Further analysis of the modification rates of the cysteinyl
thiols of MTs in the context of kinetics clarifies differences in
cysteine accessibility. Apo-MT1 is modified faster than apo-
MT3, which we can interpret as due to the greater cysteine
accessibility in apo-MT1. It is clear from the NEM modifica-
tion reactions and GdmCl denaturation studies described in
Figures 2–4 that the apo-MT3 native structure is more robust
than the structure of apo-MT1 (53). Therefore, we attribute
the lower rate of modification in apo-MT3 to the presence of a
more compact conformation, where cysteines are more deeply
buried and thus inaccessible to the NEM molecules, as pre-
viously reported for other proteins (30).

Interestingly, the use of GdmCl as a denaturing agent did
not increase the rate of modification or increase the accessi-
bility of the cysteines (Fig. S1). For kinetic experiments, the
bulky structures of GdmCl and NEM compared with the 8 kDa
apo-MT protein may become particularly important. GdmCl
disrupts salt bridges and interacts with charged residues and
the protein backbone, thus blocking the sites of NEM modi-
fication and affecting its reaction kinetics (54–58).
, C, and E show the simulated speciation, and B, D, and F show the predicted
.07 s (F from E). A and B represent apo-MT as completely compact, C and D
50% compact and 50% extended.
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The Cd2+ metalation kinetics of apo-MT3 compared with
apo-MT1 shows the opposite pattern, where apo-MT3 met-
alates faster than apo-MT1 (Fig. 5ii). Since the seven Cd2+ are
coordinated into two domains each involving terminal and
bridging cysteines, our interpretation is that the more compact
structure of the apo-MT3 has cysteines that are closer together
and, thus, metalates faster. When GdmCl was added to the
solutions, the metalation reactions of the apo-MTs were
slower, reflecting the expansion of the protein. Although
GdmCl does slow the metalation rate of apo-MT3, the fitted
rate constant is not significantly different to that of apo-MT1
in the absence of GdmCl. We suggest that, in the presence of
4 M GdmCl, apo-MT3 has adopted a structure similar to
native apo-MT1, where the protein is still compact but not as
tightly compressed as its native state. We suggest that this
effect is not a result of GdmCl blocking sites as seen with NEM
because a melting curve of denaturation has been determined
in the past with MTs (59, 60).

IM-MS provides direct evidence of compact and extended
conformations of apo-MT3

To this point, only indirect data were used to support the
compact conformation of apo-MT3. Using IM-MS, we deter-
mined two CCS values for two conformational populations of
apo-MT3, which shift according to pH for the 7+ charge state
(Fig. 6). Interestingly, we do not see these populations in other
charge states. We speculate that this is because lower charge
states such as 5+ may only encompass the compact confor-
mation, whereas higher charge states such as 10+ are only seen
for the expanded conformation. In contrast, both the compact
and extended conformations adopt a 7+ charge in the mass
spectrometer under the conditions listed. For IM-MS, the
conditions used such as wave height, wave velocity, and IMS
gas pressure greatly affect the drift times and protein pop-
ulations, even for homogenous metalated species of MT (36,
42, 61). Therefore, it is important to compare within each
charge state under the same IM-MS parameters for conclu-
sions to be made about the protein.

The data provided by the IM-MS method show the
decreasing presence of the compact and ordered conformation
and the increase of the expanded conformation clearly in
Figure 6E. This provides direct evidence of the two distinct
states that exist for apo-MT3, corroborated by the cysteine
modification profiles measured using the ESI-MS. Further
analysis of this finding can be accomplished using molecular
modeling.

Molecular modeling illustrates the conformations and
modification changes of apo-MT3

To further provide support for our proposed structure,
molecular modeling was undertaken. Figure 7I shows pro-
posed models of the expanded and compact structures, with
the 1000 K condition model representing the extended
conformation and the 300 K condition model representing the
compact conformation of apo-MT3. The NEM modification of
the modeled apo-MT3 (Fig. 7ii) illustrates the cooperative
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effect of the stepwise modification seen in Figure 2I—modified
cysteines trigger the exposure of subsequent cysteines until the
full protein is modified as a result of the changing of MT3
structure upon NEM binding. With respect to the surface
accessibility, in comparison with apo-MT3, we see that the
surface accessibility is lower for the expanded structure of apo-
MT1 and higher for the compact structure of apo-MT1
(Fig. 8). The surface accessibility is smaller for the expanded
structure of apo-MT1 compared with apo-MT3 because of the
shorter polypeptide chain of apo-MT1, which does not have
the acidic loop insert in the α domain.

Taken together, our data suggest that the structure of apo-
MT3 under physiological conditions forms a compact struc-
ture with buried cysteines. In contrast, extended IDPs show a
continuum of conformations where an unfolded conformation
will gradually turn into a more compact conformation (62).
The data described here shows a two-state conformation
change mechanism that is commonly seen with folded and
ordered proteins (63, 64). Therefore, although apo-MT3 is not
formally folded, we propose that apo-MT3 has an ordered and
compact structure under physiological conditions and is not a
traditional IDP.
Physiological implications of apo-MT3 as an unusually
compact structure

Apo-MT3 exists in structured and compact conformations
rather than as a traditional IDP according to combined results
from our study. This property is consistent with molten
globule behavior, where there are no formal secondary struc-
tures such as an alpha helix or beta sheet and also no con-
tinuum of unfolding (62). This two-step folding property with
no specific intermediates is common for small folded proteins,
and although there is no evidence for a folding in the tradi-
tional sense, apo-MT3 shares many properties with those of a
folded protein (65, 66).

In contrast, the well-known structures of metalated MTs
comprising the two metal-binding domains are completely
dependent on the metal to protein stoichiometry and only
present when bound to exactly seven Zn2+ or Cd2+ ions (6, 67).
With either fewer than seven or more than seven, different
structures are expected. With one to five Zn2+ or Cd2+ at
physiological pH, structures where the metals are terminally
bound are dominant and not the traditional cluster structures
(68–70). Above seven, a supermetalated cluster has been re-
ported for Cd2+ in MT1 (71). These structures are also pH
dependent so that the beaded, or terminally coordinated,
structure will coalesce to a cluster structure at lower pH (35).
For MT3 specifically, a partial structure of Cd7MT3 was
determined by Wang et al. using 113Cd, 113Cd-1H HSQC, and
15N-1H NMR spectroscopy (18). The structure of the meta-
lated β domain was determined to be comparatively fluxional
according to two independent NMR studies (18, 72).

Previous studies on the metalated forms of MT3 allows for
the interpretation of the significance of the compact apo-MT3
conformation. In particular, its biological function as a
signaling protein may be impacted. In order to induce its
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growth inhibitory activity and other effects, MT3 participates
in a series of protein–protein interactions (15, 73–75). Because
the apo-MT3 structure remains unusually compact even in the
absence of metals, these biochemical pathways may be acti-
vated with apo-MT3 as well as partially metalated MT3.
Specifically, the essential amino acids for growth inhibitory
activity, the unique Thr5 and Glu23 residues, and the motif
TCPCP in the β domain may be exposed in this highly
compact conformation, allowing for the essential protein–
protein interactions to take place (72, 76–78). Our report
that the apo-MT3 structure is a highly compact and stable
protein may allow for protein–protein interactions and sub-
sequent functions such as its growth inhibitory activity even
when it is not fully metalated.

It is important to consider how the reduced cysteines are
maintained in the brain-located apo-MT3 as a 20-cysteine
apoprotein after it is newly synthesized. For the metal-
induced MT1 and MT2, the free metal ion density would be
high in the region of the newly synthesized apoprotein, thus
protecting the reactive thiols of the 20 cysteines. However, in
contrast, MT3 is not metal induced but constitutively
expressed and induced by oxidative processes; therefore, it
must survive in an apo form for more extended periods than
MT1 and MT2 (79–81). The compact nature of apo-MT3 that
we describe here also allows the rate of metalation to be
extremely high, providing rapid protection of its cysteines
when metal ions are available.

This report on apo-MT3 is important due to apo-MT3’s
multiple roles in physiological health. In relation to its role in
neuronal growth and its link to neurodegenerative diseases, it
has been proposed that, by regulating actin polymerization and
the cytoskeleton structure, a decrease in uptake of amyloid
beta plaques occurs, a key marker of Alzheimer’s disease (15).
This may be a possible mechanism for neurodegeneration and
the presence of plaques forming extracellularly (24). Zn-MT3,
therefore, has been administered to increase solubilization of
amyloid beta plaques in a mouse model (17). MT3 also regu-
lates lysosomes and endosomes through cytoskeleton in-
teractions, crucial components of the process of autophagy,
and recycling of materials in diseased cells and normal cells
(27). MT3 was found as a distinct marker in different forms of
cancer of the adrenal glands, hepatocellular carcinoma, and
triple-negative breast cancer (81–84). MT3 plays an important
role in neuroblastoma and in the processes underlying light
exposure of the retina, where an MT3 knockout model was
shown to induce retinal degeneration (85, 86).

Considering the multiple physiological functions, in-
teractions, and the possible treatment potential of MT3, un-
derstanding the de novo structure of apo-MT3 is one step
closer to unveiling its structure–function relationships.

In conclusion, we report from ESI-MS and cysteine modi-
fication studies, stopped flow kinetics of cysteine modification
and metalation studies, IM-MS, and molecular dynamics cal-
culations that apo-MT3 cooperatively adopts a compact and
stable structure under physiological conditions. The data
support a model in which apo-MT3 exists as either an
extraordinarily compact or completely expanded conformer
rather than a continuum of expanded structures expected with
intrinsically disordered proteins. This property allows for the
enhanced physiological stability of apo-MT3, differential
binding kinetics to metals, and isoform-specific protein–
protein interactions.

Experimental procedures

MT3 expression

Recombinant human metallothionein 3 was cloned into
pET29a plasmids using restriction enzymes Ncol and Hindll
completed by GENEWIZ. The plasmid vectors were trans-
formed into BL21 (DE3) competent Escherichia coli cells using
procedures outlined by GENEWIZ. A glycerol stock of the
transformed cells containing 9:1 (v/v) cell culture/80% glycerol
was prepared. The MT3 sequence is as follows: GSMGK
AAAA MDPETCPCPSGGSCT CADSCKCEGC KCTSCKK
SCC SCCPAECEKC AKDCVCKGGE AAEAEAEKCS CCQKK
AAAA. The mass of apo-MT3 is 8210 Da and that of Cd7MT3
is 8985 Da.

MT3 purification

Cells from the glycerol stock stored at −80 �C were grown in
miniprep quantities in LB broth (BioShop) with 50 mg mL−1

kanamycin sulphate (AG Scientific) and incubated at 37 �C
overnight. Cell colonies were then transferred to 4 × 1 L LB
broth cultures containing 1 ml of 50 mg mL−1 kanamycin
sulfate solution and 50 μl of 1 M CdSO4 solution. Cultures
were left for approximately 3 h until an absorbance of 0.4 to
0.6 was reached at 600 nm. Isopropyl-β-D-thiogalactoside
(IPTG, BioShop) was added to a final concentration of 0.4 mM
to induce protein expression followed by 400 μl of 1 M CdSO4

solution and grown for an additional 3 h. Cells were pelleted
through centrifugation (Avanti J-26 XPI fixed rotor centrifuge,
Beckman Coulter, Toronto, Canada) and suspended in dea-
erated tris-hydroxymethyl-aminomethane HCl (Tris-HCl)
buffer (Sigma Aldrich) at pH 7.4 and stored at −80 �C. Cells
were lysed in pH 7.4 Tris-HCl buffer using a cell homogenizer
(Constant Systems) at 18 to 22 kPa. The cell lysate was sub-
jected to centrifugation at 13,000 rpm for 40 min. The pH of
the supernatant was lowered to pH 2 with concentrated HCl in
order to precipitate most proteins excluding MT3. This
mixture was again centrifuged for 15 min at 13,000 rpm. The
supernatant was collected and pH adjusted to pH 7.4 using
ammonium hydroxide (Honeywell). The solution was then
loaded onto a DEAE anion exchange column, where the flow-
through containing the MT3 protein was collected. The MT3
was concentrated to 20 ml using a stirred ultrafiltration cell
(EMD Millipore) with a 5 kDa cellulose membrane under ni-
trogen gas pressure. The S-tag was then removed with a
Thrombin CleanCleave kit (Sigma Aldrich) following the
manufacturer’s instructions. The MT3 solution containing the
liberated S-tag was then loaded onto a HiTrap SP Sepharose
cation exchange column (GE Healthcare) with a capacity of
10 ml. The Cd-bound MT was isolated using an elution
gradient of 10 mM Tris-HCl with an increasing amount of 1 M
NaCl at pH 7 via HPLC (Dionex UltiMate 3000) using a
J. Biol. Chem. (2023) 299(3) 102899 11
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UV-visible absorption spectrophotometer (Cary 50, Agilant
Technologies) to identify the eluent with the characteristic
absorption at 250 nm (S–Cd ligand-to-metal charge transfer
band). Aliquots of 1 ml of concentrated MT3 were stored
at −80 �C.
MT1 purification

The MT1 was cloned, transformed, and expressed in the
same manner as with MT3. The sequence is as follows:
GSMGKAAAAM DPNCSCATGG SCTCTGSCKC KECKC
TSCKK SCCSCCPMSC AKCAQGCICK GASEKCSCCA
KKAAAA. The mass of apo-MT1 is 7406 Da, and the mass of
Cd7MT1 is 8179 Da.

The cells containing the expressed MT1 were lysed in the
same manner as with MT3. The lysate was centrifuged at
13,000 rpm for 40 min. The supernatant was collected and
loaded onto a HighTrap SP Sepharose cation exchange column
and washed with 10 mM Tris-HCl at pH 7.4. The MT1 was
isolated by applying a salt gradient (10 mM Tris-HCl con-
taining increasing amounts of 1 M NaCl at pH 7.4) using
HPLC. The process was monitored through the S-Cd Ligand
to Metal Charge Transfer at 250 nm using a UV-visible ab-
sorption spectrometer.

The MT1 was then concentrated and the S-tag was cleaved
using the same procedure as used for MT3. To purify the MT1
from the S-tag, the cation exchange procedure was repeated
and the protein solution was concentrated to approximately
20 ml. Aliquots of 1 ml were stored at −80 �C.
Apo-MT preparation

All solutions of MT and buffers are evacuated then back-
filled with argon gas in a custom-designed vacuum chamber
to ensure an anaerobic environment. This procedure refers to
the preparation of MT1 and MT3. MT was demetalated using
pH 2 ammonium formate with 1 mM tris(2-carboxyethyl)
phosphine (TCEP)-HCl (Soltec Ventures) loaded onto PD-10
desalting columns (GE Healthcare) and isolated as per man-
ufacturer’s instructions. It was then transferred to an Amicon
Ultra-4 centrifugal filter tube (5 kDa MWCO, Millipore) and
centrifuged at 4000 rpm with a swing-bucket rotor for 10 min.
MT was subsequently desalted using pH 7.4 ammonium
formate with 1 mM TCEP loaded onto the PD-10 desalting
columns before buffer exchange with Amicon Ultra-4 cen-
trifugal filter tube to pH 7.4.

Concentrations of MT were determined using ε250nm =
89,000 M−1 cm−1 when in solution with excess Cd2+.
Solution preparation

Guanidinium chloride (GdmCl) was made using GdmCl
crystals (Sigma Aldrich) dissolved in 20 mM ammonium
formate buffer. The mixture was gently heated and stirred
until all crystals had dissolved. The pH was adjusted after
cooling to pH 7.4 and the concentration was adjusted to 8 M.

Ten millimolar solutions of NEM (Thermo Scientific) and
Cd(OAc)2 (Acros) were prepared in deionized water.
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GdmCl and NEM modification reactions were conducted
according to previously published protocols (50). Briefly,
apo-MT3 was mixed with appropriate volumes of a stock so-
lution of 8 M GdmCl solution to make final concentrations of
1 to 4 M GdmCl. This mixture was left to equilibrate for at
least 30 min. Ten molar equivalents of the NEM cysteine
modifier was then added and left to equilibrate for at least
30 min before buffer exchange with 20 mM ammonium
formate, pH 7.4, using PD10 desalting columns. The sample
was then concentrated before introduction into the ESI-MS.

ESI-MS procedures

The pH of each solution was adjusted according to the
required pH values using 20 mM ammonium formate buffer
exchange, dilute deaerated ammonium hydroxide, and/or dilute
deaerated formic acid. ESI mass spectral data were collected
using a Bruker Micro-TOF II spectrometer (Bruker Daltonics),
calibrated with NaI in the positive ion mode. Settings: scan =
1000 to 4000m/z; rolling average = 2; nebulizer = 2 bar; dry gas =
130 �C @ 8.0 L min−1; capillary = 4000 V; end plate
offset = −500 V; capillary exit = 175 V; skimmer 1 = 30.0 V;
skimmer 2= 23.5V; hexapole RF = 800V. Spectrawere collected
for 1 to 3 min and deconvoluted with the maximum entropy
application of the Bruker Compass Data Analysis software.

IMS procedures

The pH of the protein samples was adjusted in the same
manner as for the samples used for the ESI-MS measurements.
Ion mobility mass spectra were collected with a Waters Synapt
HDMS G1 time-of-flight mass spectrometer (Waters). The
standard Z-spray source was used with a desolvation gas flow
rate of 500 L h−1. Samples were infused at 5 μl min−1. NaI was
used to calibrate the instrument in positive ion mode, with
settings of +1.5 kV capillary voltage, 15 V sampling cone voltage,
and 3 V extraction cone voltage. For protein samples, a capillary
voltage of +1.4 kV was used, with 10 V sample cone voltage and
1 V extraction cone voltage. The backing pressure was set to
5 mbar by a SpeediValve on the scroll pump. The cone gas flow
rate was 50 L h−1. The source temperature was 25 �C, and the
desolvation temperature was 40 �C. The trap collision energy
was set to 2 V, whereas the transfer collision energy was set to
4 V. The trap DC entrance was 1 V, the trap bias was set to 9 V,
and the trap exit was set to 5 V. The trap wave velocity was set to
100m s−1 with a wave height of 0.1 V. The IMS entrance was set
to 6.7 V, and IMS exit was 0 V, with a wave velocity to 300 m s−1

with a wave height of 6.5 V. The transfer entrance was set to 1 V,
the transfer exit was set to 0V, and transfer wave velocity was set
to 247m s−1 with a wave height of 4 V. The trap release time was
500 μs, and its trap height was 8 V with an extract height of 0 V.
The transfer trap height was set to 12 V and the extract height to
8 V. The IMS gas was set to 6 ml min−1.

Stopped flow procedures

Apo-MT was prepared as stated above and diluted to a
concentration of 2.5 μM for cadmium metalation experiments
and 10 μM for NEM modification experiments. Solutions of
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Cd(OAc)2 were 17.5 μM, which is equal to 7 mol. eq. Solutions
of NEM were 400 μM. An SFM-400 stopped-flow apparatus
(BioLogic) and a MOS-250 UV-visible absorption spectro-
photometer was used with a 10-mm path length and 1-mm
aperture quartz cuvette for both metalation and modification
experiments.

For NEM modification experiments,160 μl of the NEM so-
lution and 160 μl of the protein solution were transferred into
the cuvette at a total rate of 8 ml s−1 for 80 ms. The reaction
was mixed and, following a deadtime of 4 ms, was monitored
every 1 ms for 8 s at 300 nm. The process was repeated at least
3 times and the data were averaged.

For the cadmium metalation experiments, 120 μl of the
cadmium solution and 120 μl of the protein solution were
transferred into the cuvette at a rate of 8 ml s−1 for 60 ms. The
reaction was mixed and, following a deadtime of 4 ms, was
monitored every 500 μs for 4 s at 250 nm. The process was
repeated at least 3 times and the data were averaged. For
GdmCl experiments, deionized water was used to flush the
cuvette before every measurement.
Fitting of kinetic traces

The NEM data were transformed from absorbance to con-
centration units using Beer’s law and ε300nm = 620 M−1 cm−1.
The weak interaction between TCEP and the NEM was
accounted for by carrying out kinetic experiments between
NEM and 1 mM TCEP and subtracting the resultant change in
absorbance from the data recorded for the protein. The
Cd(OAc)2 metalation data was transformed to concentration
units using Beer’s law and ε250nm = 89,000 M−1 cm−1 for non-
GdmCl solutions. For GdmCl solutions, owing to the increased
absorption of the charge transfer band at 250 nm, the con-
centration was back-calculated using known values of ex-
pected concentration from the Cd(OAc)2 metalation
experiments in the absence of GdmCl.

Copasi version 4.30 was used to fit kinetic traces with rate
constants (87). The data were fit as a single bimolecular re-
action for both modification and metalation reactions. The
standard deviations of all replicates given by Copasi were used
to determine a standard error for the final report of the rate
constant. The statistical tests were completed using the two-
sample t test function of Origin 8.5.
Molecular modeling

Molecular models were calculated using Scigress Version
6.0.0 (Fujitsu Poland Ltd). Models were first calculated using
molecular mechanics calculations (MM3); then, molecular
dynamics calculations were carried out at 300 and 1000 K for
1000 ps, with an equilibrium of 0.02 ps and a dielectric con-
stant for water of 78.5.
Tenua procedures

Tenua 2.1, a chemical kinetics simulation program, based on
KINSIM by Barshop, Wrenn, and Frieden, was used to simu-
late the titration using decreasing rate constants for the
noncooperative simulation and higher binding constants for
the dominant species for the cooperative simulation (88).
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article and in Supplementary Information.
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