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ABSTRACT: Mammalian metallothioneins bind up to seven Zn2+

ions in two distinct domains: an N-terminal β-domain that binds
three Zn2+ ions and a C-terminal α-domain that binds four Zn2+ ions.
Domain specificity has been invoked in the metalation mechanism
with cluster formation and bridging of the 20 Cys residues taking
place prior to saturation with seven Zn2+ ions. We report a novel
experiment that examines Zn2+ metalation by exploiting the expected
decrease in KF at the onset of clustering using electrospray ionization
mass spectrometry (ESI-MS). During the titration with Zn2+, the
ESI-MS data show that several metalated species coexist until the
fully saturated proteins are formed. The relative Zn binding affinities
of the seven total sites in the α- and β-fragments were determined
through direct competition for added Zn2+. The KF values for each
Zn2+ are expected to decrease as a function of the remaining available sites and the onset of clustering. Analysis shows that Zn2+

binds to β-rhMT with a greater affinity than α-rhMT. The incremental distribution of Zn2+ between the competing fragments
and apo-βα-rhMT (essentially three and four sites competing with seven sites) identifies the exact point at which clustering
begins in the full protein. Analysis of the speciation data shows that Zn5-MT forms before clustering begins. This means that all
20 Cys residues of apo-βα-rhMT are bound terminally to Zn2+ as [Zn(Cys)4]

2− units before clustering begins; there is no domain
preference in this first metalation stage. Preferential binding of Zn2+ to β- and α-rhMT at the point where βα-rhMT must form
clusters is caused by a significant decrease in the affinity of βα-rhMT for further Zn2+. The single-domain Zn5-rhMT, in which
there are no exposed cysteine sulfurs, is a key component of the metalation pathway because the lower affinities of the two
clustered Zn2+ ions allow donation to apoenzymes.

Zinc is a component in proteins, including growth factors,
cytokines, receptors, and transcription factors belonging to

cellular signaling pathways.1,2 Zinc thus has a role in a large
number of cellular processes.3 Because zinc is key to so many
pathways, levels are tightly regulated. Cellular Zn2+ levels are
controlled by Zn2+ transporters,4 Zn2+ channels,5 Zn2+ sensors,6

storage proteins like metallothioneins,7 and metal-response-
element-binding transcription factors.8,9

When precise levels of Zn2+ fail to be maintained, a number
of health problems, including growth retardation, immunode-
ficiency, and neuronal and sensory dysfunctions, result.9

Because zinc is directly connected to tissue synthesis, severe
zinc deficiency in humans can lead to dwarfism. Recently, zinc
has been found to reduce the risk of oxidative stress-induced
injuries in retinal pigment epithelial cells by inducing and
increasing ROS scavenging activities such as MT expression
and catalase activity.10 Thus, understanding the homeostatic
control and buffering of cellular Zn2+ is vitally important.
At the center of Zn2+ homeostatic control is metallothionein

(MT). Mammalian MTs are unique small (60−80 residues)
metalloproteins with a very high cysteine content (20 residues),
and an ability to coordinate multiple metal ions. MTs are found

with a Cys-X-Cys homology in organisms from bacteria11 to
fungi12 to plants and mammals.13 Of particular significance to
this study is the coordination of the essential metal Zn2+ to the
mammalian protein. Zn7-MT can be the Zn2+ donor for Zn-
dependent apoenzymes, for example, m-aconitase,14 carbonic
anhydrase,15,16 and the prototypical transcription factor, Gal4.17

Removal of Zn2+ from the zinc finger-containing transcription
factor Sp1 demonstrates that MT also acts as a Zn2+ acceptor.18

ESI-MS studies have also highlighted the stability of partially
metalated MT during the transfer of Zn2+ from Zn-MT to
metal ion chelators or to apoenzymes, which suggests that
partially metalated MT may be important in metal ion
homeostasis.19−21

Key to metal binding in MT are the presence of the 20 Cys
SH groups and the absence of cross-linked, oxidized Cys. As a
result of this large number of Cys residues, MT also binds
strongly to Cd2+, Hg2+, and As3+.22−24 X-ray diffraction and
nuclear magnetic resonance (NMR) studies show that when
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saturated with Zn2+ and Cd2+, the metal ions are bound to two
distinct metal thiolate clustered binding domains using all 20
Cys residues as both terminal and bridging thiolate ligands. The
N-terminal β-domain is capable of binding three Zn2+, three
Cd2+, or six Cu+ metal ions using nine Cys residues, while the
C-terminal α-domain is capable of binding four Zn2+, four Cd2+,
or six Cu+ metal ions using 11 Cys residues.25−28

While the fully metalated proteins have been studied in detail
by numerous methods, there are few studies that specifically
focus on the metal binding to the apoprotein. ESI-MS data for
stepwise As3+ binding showed that each As3+ ion was bound to
three cysteinyl thiolates with no clustering.22,29,30 Noncoop-
erative metalation has been established for Zn2+,31 Cd2+,32−34

Bi3+,35 and As3+.22,29,30,36 Two recent papers37,38 have discussed
the binding of zinc to metallothionein and reported binding
constants. The study by Namdarghanbari et al.37 using the zinc
sensor FluoZin-3 reported that all the stability constants were
approximately 1011 and that there was no evidence of a stability
constant as low as ∼108 that had been previously reported by
Krezel and Maret.38

A description of the metalated state of Zn-MT that accounts
for the facility of a fairly simple protein, with unstrained Zn
binding sites and with affinities that are nominally greater than
those of the recipient Zn-dependent enzymes, to readily donate
Zn2+ to apoenzymes is lacking in the literature. Consider
apometallothionein: it is very flexible, exhibiting very little
defined secondary structure.39 Metalation results in a rigid
structure dominated by the metal coordination geometry,
which can be digonal, trigonal, tetrahedral, or a combination
depending on the metal.40 As a consequence, “magic numbers”
are found for metal binding (the stoichiometric ratios that
represent stable saturated clusters), which range from 7 to 18
metal ions per MT protein.41 Tetrahedral coordination by the
Cys thiolates allows seven Zn2+ ions to bind using a mixture of
terminal and bridging Cys residues and gives a unique three-
dimensional structure to Zn7-MT.
The structure of saturated Zn7-MT is critical to the donation

of Zn2+ to apoenzymes. Donation of Zn2+ from the saturated
protein, with collapse of the clustered binding site structure,
would lead to subsequent exposure of Cys thiols to the cellular
environment. Oxidation would rapidly result.14,15,17,42 The
conundrum is thus how the Zn2+ ions bound in MT transfer to
apoenzymes with lower binding affinities without destroying
the MT that still has six Zn2+ ions bound and why such a
disastrous consequence would be a property of MT.
In this paper, we propose that the donated zincs come from

the clustered binding sites, but following donation, a terminally
bound zinc structure forms, which means that no thiols are
exposed to oxidation. Our results show that the initial
metalation of MT does not occur in a domain specific manner;
rather, the 20 Cys residues allow up to five Zn2+ ions to bind
terminally to the thiolates in a “beaded necklace”-like fashion.
Subsequent metalation to Zn6- and Zn7-βα-rhMT 1a requires a
complete structural rearrangement, loss of the single-domain
structure, and formation of the clustered domains. Clustering
takes place via bridging interactions with, most importantly, a
concomitant reduction in KF for those two last sites. Affinity-
driven selectivity in binding is the hallmark of the cellular
buffering of Zn2+, and the presence of two Zn2+ ions in weaker
binding sites facilitates this effect. The loss of Zn2+ through
equilibrium-driven transfers reverses this process, re-forming
the protected Zn5-Cys20 structure.

■ EXPERIMENTAL PROCEDURES

Protein Preparation. The expression and purification
methods used to purify human recombinant MT isoform 1a
have been previously reported.43 β-rhMT, α-rhMT, and βα-
rhMT 1a proteins used in this study were based on the
following 38-residue, 41-residue, and 72-residue sequences,
respectively: MGKAAAACSC ATGGSCTCTG SCKCKEC-
KCN SCKKAAAA, MGKAAAAC CSCCPMSCAK CAQGC-
VCKGA SEKCSCCKKA AAA, and MGKAAAACSC ATGG-
SCTCTG SCKCKECKCN SCKKAAAACC SCCPMSCAKC
AQGCVCKGAS EKCSCCKKAA AA. There are 9, 11, and 20
Cys residues present in β-, α-, and βα-rhMT, respectively, and
no disulfide bonds. The sequence of this recombinant MT 1a
contains a quadruple-alanine insert at both termini of the
peptide domains, as well as the N-terminal and linker region of
the full protein. NMR, CD, and UV absorption studies have
shown no perturbation as a result, when compared with native
human MT 1a.44 The expression system included, for stability
purposes, an N-terminal S-tag (MKETAAAKFE RQHMDSP-
DLG TLVPRGS). Recombinant proteins were expressed in
Escherichia coli BL21(DE3). All cell lines were transformed
using the pET29a plasmid. The S-tag was removed using a
Thrombin CleanCleave Kit (Sigma). Rigorous evacuation
followed by argon saturation was used to impede oxidation of
the cysteine residues. Concentrated HCl was used to
demetalate protein samples, followed by desalting on a G-25
(Sephadex) column. Unless specifically stated otherwise, all
data discussed in this paper are from the same, recombinant,
human MT isoform 1a with the specific sequence shown above.

ESI-MS Procedures. Protein solutions were prepared in
dilute formic acid in deionized water (pH 2.7). The pH values
of final ESI-MS solutions were adjusted using concentrated
NH4OH. Protein concentrations were determined by remeta-
lation of a portion of the sample with Cd2+ ions, and Cd-rhMT
was monitored by UV absorption spectroscopy using the
absorbance at 250 nm, which corresponds to the ligand-to-
metal charge transfer transition generated by cadmium-bound
MT (εβ250 = 36000 M−1 cm−1; εα250 = 45000 M−1 cm−1; εβα250
= 89000 M−1 cm−1). ZnSO4 was prepared in deionized water;
all molar equivalents were determined using atomic absorption
spectrometry.
ESI-MS data were collected on an electrospray ionization

time-of-flight (ESI-TOF) mass spectrometer (micOTOF-II,
Bruker Daltonics, Toronto, ON) in the positive ion mode. NaI
was used as the calibrant. Spectra were deconvoluted using the
Bruker Compass DataAnalysis software package.

Molecular Modeling. MM3 and MD calculations, para-
metrized using the modified force field described by Chan et al.
and using the dielectric constant for water (78.4), were
conducted to obtain the minimum-energy structure of apo-βα-
rhMT 1a to Zn7-βα-rhMT 1a.45 All MM3 and MD calculations
and model structure rendering were conducted using Scigress
version 3.0 (Fujitsu Poland). The original Cd7-βα-rhMT 1a was
modified to produce molecular models for Zn5-βα-rhMT 1a.43

The structure was energy minimized using the MM3
calculation followed by the MD simulation at 300 K for 5000
ps.

■ RESULTS AND DISCUSSION

The experiments reported here provide insight into the role of
metallothioneins in zinc homeostasis by showing that there is a
wide range of binding constants for the seven bound Zn2+ ions.
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These data also explain how donation of Zn2+ to apoenzymes
does not result in the unraveling of binding sites and exposure
of Cys to oxidation and how metal reception and donation
allow for the equilibrium-driven transfer of Zn2+ into and out of
MT.
ESI-MS data were recorded for the incremental addition of

Zn2+ to solutions in which the isolated domains and the two-
domain rhMT 1a competed for Zn2+. Although the Zn binding
sites in these three proteins would be expected to exhibit the
same KF values, there are systematic differences. The
competition experiment exploits the differences in KF

introduced by the change from terminal binding in
Zn5(Cys)20 to clustered binding in Zn7(Cys)20. These results
provide insight into the role of MTs in zinc homeostasis
because this range of KF values provides a buffering capacity
that extends over a range of zinc concentrations.
Metal binding in MT has been studied in a number of

metalation, demetalation, and metal replacement experiments

conducted under equilibrium and kinetic conditions.41,46

Previous metalation experiments, such as copper lumines-
cence,28,47 provide only an averaged measure of metalation, not
the exact speciation over all sites. The discriminating capacity of
ESI-MS provides simultaneous information about all species
present and their respective dynamic metalation states. Because
binding of Zn2+ to MT is noncooperative,31,48 the exact
distribution at each step in the titration can be determined.
There may be some ambiguity in the exact speciation of the
intermediate products arising from metalation and demetala-
tion when they are studied by ESI-MS because the
thermodynamic structures of the apoprotein for metalation
and the fully metalated protein for demetalation are clearly not
the same.49−51

Competitive Metalation of β- and α-rhMT 1a with
Zn2+. Figure 1 shows the mass spectra recorded during the
competition experiment in which incrementally added Zn2+ is
distributed between the β-domain (with three potential sites)

Figure 1. ESI deconvoluted mass spectra recorded during the competitive titration of apo-β- and apo-α-rhMT, each at 29.2 μM at pH 9.2, with
ZnSO4. Aliquots of Zn

2+ (8.3 mM) were added to the protein solution on ice (0.4, 2.1, 3.5, 5.4, 7.6, and 8.0 equiv). Dotted lines follow metal
binding. The most intense species for both the β- and α-domain have been normalized to 100% relative abundance. An asterisk indicates the
presence of Zn adducts. The raw m/z data can be found in Figure S1 of the Supporting Information.
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and the α-domain (with four potential sites). The domains are
present in equal concentrations in the solution. There is a slight
Zn2+ contaminant, ∼0.4 equiv of total protein. The Zn2+

equivalents added to the solution are relative to the total
protein concentration (β-domain + α-domain = 7 binding
sites). The charge state data are shown in Figure S1 of the
Supporting Information.
The deconvoluted data (Figure 1) fall into two distinct sets

reflecting the different masses of the β- and α-fragments. The
experimental data show the domain preference for each added
Zn2+ (Figure 1). Because there are seven binding constants in
total, Zn2+ binding will be directed by the largest KF. Changes
are observed in the fractional distribution of Zn2+ between the
two domains as the level of Zn loading increases. Figure 2

shows the average metalation of the fragments based on the
data in Figure 1. Between zero and approximately five Zn2+ ions
added, the β-domain binds a greater fraction of the Zn2+. After
approximately five Zn2+ ions, the α-domain binds a greater
fraction because it still has two sites available. These ESI-MS
data are significant because one would intuitively predict that
(i) either both domains would bind the added Zn2+ equally or
(ii) the α-domain might bind a greater fraction because of the
four available sites versus the three available sites in β-rhMT.
However, the β-domain clearly binds a greater fraction of the
available Zn2+ up to Zn2β-rhMT. The crossover when the β-
domain has bound two Zn2+ ions may be interpreted as a
statistical advantage of the third and fourth sites in the α-
domain.22

Modeling the competition experiment is an important feature
of this study because it allows the proposed mechanism to be
tested. Figure 3 shows the experimental Zn2+ speciation data
following Zn2+ metalation of apo-β-rhMT (A) and apo-α-rhMT
(C), in a solution that contains both. The simulation, split into
two parts to show the relative Zn2+ binding for each domain (B
and D), uses seven diminishing KF values to represent the seven
total sites in the β- and α-domains. The KF values were
determined from the three-way competition experiment
involving the two domains and the full protein (Figure 4). It
is striking that the model strongly mirrors the experimental
data, confirming our interpretation that the domains compete
for Zn2+ with the β-domain initially binding and being preferred
over the α-domain.
Competitive Metalation of the Isolated β- and α-

Domains and the Full, Two-Domain βα-rhMT 1a. When
all three species (β-, α-, and βα-rhMT) are mixed, they

compete for added Zn2+ with a total of 14 binding sites but with
different, although clearly very similar, KF values.
Figure 4 shows the experimental ESI-MS data for the case in

which apo-β- and apo-α-rhMT are mixed with the full apo-βα-
protein and Zn2+ is added incrementally. The raw MS data
(Figure S2 of the Supporting Information) are complicated
because the charge states for the two fragments and the full
protein for each metalated state are superimposed. The
deconvolution data (Figure 4) allow additional information to
be extracted: (i) the proportion of Zn2+ captured by each
protein while in equilibrium with the other two species up to
full saturation of all three proteins (Figure 5) and (ii) the
average metal loading of each species as a function of added
Zn2+ during competition (Figure 6).
The experimental data in Figure 4 show that βα-rhMT

dominates Zn2+ binding up to ∼6.4 Zn2+ ions added (C). This
is clear from the comparison of Zn species in panels A, C, and E
of Figure 5, where Zn3- and Zn4-βα-rhMT have formed, but
only Zn1 and Zn2 have formed in the isolated domains. If the
binding constants were equal, the Zn2+ would be distributed
evenly among the three proteins. The Zn2+ speciation shown in
panels A, C, and E of Figure 5 immediately and unambiguously
shows that the KF values for the first four Zn

2+ ions in βα-rhMT
must be greater than comparable KF values in the two isolated
domains because when the β-rhMT and α-rhMT bind two Zn2+

ions, the full βα-rhMT protein has bound four Zn2+ ions.
Panels B, D, and F of Figure 5 show the simulation of the

stepwise distribution of Zn2+ in the 14 sites when all three
proteins are mixed. The simulation very closely models the
experimental data. The KF values required in the model
illustrate the experimental distribution showing that βα-rhMT
will bind Zn2+ preferentially into sites 1−4. Because all sites are
in equilibrium, there is a distribution between available sites,
not a domain specific mechanism.
The data show that the first four βα-rhMT binding sites have

a higher binding constant than the isolated domains. This is
initially unexpected as the binding sites, at this stage of the
metalation, comprise terminally bound Zn2+, in Zn(Cys)4 units,
which would be expected to exhibit almost identical KF values
for proteins as similar as these three species. The analysis of the
As3+ binding kinetics by Ngu et al. predicted this effect.22,29,30

Because there are more available sites in βα-rhMT than in the
isolated domains, the KF values of the first four sites of βα-
rhMT dominate. The analysis indicates the first four Zn2+ ions
bind to βα-rhMT preferentially because of the statistical effect
of seven sites (more than four in α and more than three in β).
However, the statistical model does not account for the greatly
reduced KF for the sixth and seventh Zn2+ sites. We will
interpret this change in KF after describing Figure 6.

Speciation during Zn2+ Metalation of the Domains.
Panels A and B of Figure 6 provide the average metalation data
for the competition experiment in which the full MT protein
and the isolated fragments compete for the same Zn2+

(calculated from data in Figure 5A,C,E).
Figure 6 is a complicated summary of data that describe the

buffering and Zn donating properties of MT. There are three
main features of the data shown in panels A and B. (i) In the
presence of βα-rhMT, the β-domain still binds Zn2+

preferentially to the α-domain up to the Zn2 point. The two
traces for α- and β-rhMT in competition with βα-rhMT (Figure
6A) are almost identical to the traces shown for α-rhMT and β-
rhMT in competition with each other (Figure 2). The similarity
in the trend of the speciation illustrates that the respective KF

Figure 2. Average metalation of the β-domain (blue) and α-domain
(green) as a function of addition of Zn2+ to a solution containing both
in equal concentrations. The data were calculated from the spectra
shown in Figure 1.
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values are very similar. Clearly, this illustrates that the KF values
are constants for the addition of Zn2+ to the fragments
irrespective of whether they are in the presence of βα-rhMT.
The simulations confirm that the KF values are reliable and
account for the experimental data in two separate types of
competition experiments. (ii) The presence of βα-rhMT
reduces the overall Zn loading of the isolated domains
compared with the Zn loading in the absence of βα-rhMT
(Figure 2). This is an important effect because it means that the
isolated domains are binding proportionally less Zn2+. This is a
buffering property that results from the equilibrium among all
three species. (iii) βα-rhMT dominates Zn binding until the
eighth Zn2+ is added to the solution.
In Figure 6B, the average number of Zn sites filled for βα-

rhMT is compared with the sum of the Zn sites filled in the
isolated β- and α-domains. If the KF values were the same for
each Zn2+ site (i.e., the Zn1 site in βα, β, and α), then the two
lines should be coincident. Clearly, βα-rhMT preferentially
binds more Zn2+ into its sites compared with the same total
number of sites in the isolated domains (i.e., β- plus α-rhMT),
but only until the eighth Zn2+ is added. After that, the isolated
domains preferentially bind more Zn2+ even though the same
number of sites is available.
Figure 6C shows the results of a simulation in which the

stepwise distribution of Zn2+ was calculated on the basis of the
KF values shown in Figure 5. Again the simulated data match
the experimental data (A and B) almost exactly, confirming the
model that considers diminishing KF values for all sites and the
statistical advantage of the seven sites in βα-rhMT over the four

plus three sites in the isolated domains. The five key features
(marked a′−e′) on the lines in panels A and B are reproduced
exactly in the simulation in panel C (marked a−e, respectively),
confirming the reliability of the KF values used in the
simulation. The letters a′ and a indicate the regions where
binding of Zn2+ to β-rhMT is preferred over that to α-rhMT,
while the letters b′ and b indicate the crossover point after
which binding of Zn2+ to α-rhMT is preferred over that to β-
rhMT. In panels B and C of Figure 6, the letters c′ and c
indicate where binding of Zn2+ to βα-rhMT is preferred over
that to the sum of the Zn2+ binding sites (three plus four) in
the two isolated fragments. This initial preference for binding of
Zn2+ to the seven available sites of the full, two-domain protein
(c′) is critically important to this study, and it is a major result
that this property is reproduced closely in the simulation shown
in Figure 6C, which is based on all 14 KF values. Subsequently,
as the Zn2+ concentration was increased in a stepwise fashion,
the Zn2+ binding preferences became equal and the Zn loading
of the full, two-domain protein equaled that of the sum of the
isolated fragments. In panels B and C of Figure 6, the letters d′
and d identify the crossover point following which binding of
Zn2+ by the combined isolated fragments is preferred (e′).
Overall, the simulation in Figure 6C reproduces each of the key
features of the experimental data (a−e).

Cluster Formation: A Greater Reduction in KF for βα-
rhMT 1a at the Zn6 Point. The point at which the isolated
domains begin to preferentially bind more Zn2+ is that at which
the sixth Zn2+ binds to βα-rhMT. Structurally, this is where the
βα-protein must use bridging Cys residues for the Zn6(Cys)20

Figure 3. Stepwise simultaneous metalation of apo-β-rhMT (A) and apo-α-rhMT (C) under competitive conditions, using Zn2+ to form Znn, where
n corresponds to the number of metals bound to each protein. Simulation of the metalation of β-rhMT (B) and α-rhMT (D) with log10(KF) values
for the α-domain of 12.6, 12.3, 11.8, and 11.5 and for the β-domain of 12.7, 12.4, and 12.0. Each line corresponds to a different metalation state: Zn0
(black), Zn1 (red), Zn2 (green), Zn3 (blue), and Zn4 (cyan).
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structure compared with the string of five isolated, terminally
coordinated Zn(Cys)4 sites. The simulation in Figure 5 shows
that the KF values for both Zn6 and Zn7 are smaller than the KF

values of α-rhMT’s Zn4 and β-rhMT’s Zn3, so the isolated
domains preferentially bind the incoming Zn2+.
These data show that βα-rhMT exhibits higher KF values

relative to those of the isolated domains for the first five Zn2+

ions. Following the statistical advantage of the seven available
sites versus the three sites of β-rhMT and the four sites of α-
rhMT, the KF values of all three proteins are balanced and
approximately equal once the fifth Zn2+ binds to βα-rhMT
(Figures 5B,D,E and 6). After this point, the domains metalate
at the expense of the full protein because cluster formation in
the isolated domains is not as disruptive and the KF values are
not as diminished.

This interpretation of the change in KF values for the sixth
and seventh Zn2+ ions in Znn-βα-rhMT (n = 6 or 7) is based on
the properties of Cys ligands. The onset of bridging Cys in the
βα-protein led to a significant decrease in KF for each step after
five Zn2+ ions had terminally bound to all 20 Cys residues. The
data suggest that it is the sixth Zn2+, with a decreased affinity for
MT relative to the isolated domains, that causes bridging to
occur and forces the two-domain structure to form. The model
(Figure 7) suggests massive rearrangements are necessary to
change the structure from the five-Zn(Cys)4 beaded-necklace
structure to the clustered domain-separated Zn7(Cys)20
structure. The seventh Zn2+ completes the two-domain
structure, leading to the two well-known, saturated binding
domains: Zn4Cys11 and Zn3Cys9.
In summary

βα‐ + → βα‐+apo(Cys) rhMT 5Zn (Zn(Cys) ) rhMT20
2

4 5

Figure 4. ESI deconvoluted mass spectra for the competitive titration of a solution containing equimolar concentrations (29.9 μM each) of apo-β-,
apo-α-, and apo-βα-rhMT with ZnSO4 at pH 7.8. Aliquots of Zn2+ (7.3 mM) were added to the protein (based on 14 available sites) as 1.8, 4.6, 6.4,
9.3, 10.3, and 12.5 equiv. Dotted lines follow metal binding. The most intense species for β-, α-, and βα-rhMT have been normalized to 100%
relative abundance. The titration stopped prior to 14 equiv because of the increased noise from the high ZnSO4 concentration. The raw m/z data are
shown in Figure S2 of the Supporting Information.
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βα‐ +

→ βα‐

+(Zn(Cys) ) rhMT 2Zn

(Zn Cys )(Zn Cys ) rhMT
4 5

2

3 9 4 11

Relevance of the As3+ Binding Kinetics Study. Previous
metal binding studies of rhMT with As3+ demonstrated that the
metal binding affinity of MT is directly dependent on the
number of available binding sites. It is important at this point to
recall that As3+ binds to the 20-Cys MT using only terminal
Cys so that saturation occurs with six As3+ ions binding using
three Cys residues per As3+ with no bridged Cys. The KF for
each metal bound essentially decreased statistically from the
first As3+ bound to the sixth As3+ bound of the saturated As6-
βα-rhMT.22,29,30,36 Significantly, a similar trend is observed
with Zn2+ binding (Figure 5).
These results are critical in placing Zn-MT between the Zn

sensors that must be present in mammalian cells, which may be
similar to the ZiaR52 and Zur53 sensors in microorganisms. The
cellular Zn sequestration equilibrium shows that (i) the KF
values are directly proportional to the number of available

binding sites, (ii) there is no domain preference for Zn2+ until
terminal thiolates bridge at Zn6 and then Zn7, (iii) bridging
interactions lead to a significant decrease in the observed KF

values, and (iv) donation of Zn6 and Zn7 to apoenzymes will
not expose any of MT’s 20 Cys residues to oxidation, allowing
subsequent acquisition and donation. Clearly, in vivo the redox
situation will be more complicated, involving the reducing
effects of glutathione. In effect, the sixth and seventh Zn2+ ions
act as the buffer-active Zn2+, with KF values lower than those of
the five structural Zn2+ ions.
From our results, we can see that the proposal by Ngu et al.

is followed up to Zn4 and Zn5.22,29,30,36 The significant
difference between the two metal ion species is that Zn7-rhMT
requires bridging Cys, while bridging cannot occur during As3+

metalation, leading to As6-MT as the saturated species.
Therefore, the key species in Zn2+ metalation is Zn5-βα-
rhMT, which represents an “islet of stability” where the KF for
the conversion of Zn5-βα-rhMT to Zn6-βα-rhMT is sufficiently
low to allow near quantitative formation of the Zn5 species.

Figure 5. Stepwise, simultaneous metalation of apo-β-rhMT (A), apo-α-rhMT (C), and apo-βα-rhMT (E), under competitive conditions using Zn2+

to form Znn, where n corresponds to the number of metals bound to each protein. Simulation of the metalation of the isolated domains (B and D)
and the full MT protein (F) using log10(KF) values for the α-domain of 12.6, 12.3, 11.8, and 11.5, for the β-domain of 12.7, 12.4, and 12.0, and for
the full MT protein of 13.3, 13.1, 12.7, 12.4, 12.0, 11.3, and 10.8. Each line corresponds to a different metalation state: Zn0 (black), Zn1 (red), Zn2
(green), Zn3 (blue), Zn4 (cyan), Zn5 (magenta), Zn6 (orange), and Zn7 (purple).
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Relevance of Previously Published Co2+ EPR Data.
Co2+, with its rich spectroscopic properties and characteristic
tetrahedral coordination with thiols, has been extensively used
to mimic Zn2+ binding to MT. Uniquely, the EPR intensity of
Co2+ is directly related to the number of Co2+ atoms present in
MT and the number of nonclustered Co2+ centers. In work by
Vasak and Kagi, metalation of MT with Co2+ was monitored
using EPR spectroscopy.54 Analysis of the data when plotted as
a function of added Co2+ showed an increase in the number of
free spins until 4 molar equiv had been added, after which
antiferromagnetic coupling led to a decrease in the signal
intensity approaching zero after the addition of 7 equiv. These
data were interpreted as cluster formation taking place after
four metal ions had been added.
We have simulated the EPR experiment using our Zn data

that show the exact distribution of metals in nonclustered sites
(up to five Zn2+ ions bound) and clustered sites (six and seven
Zn2+ ions bound). We assigned a fictitious spin to the
nonbridging Zn2+ ions as a Co2+ mimic while canceling the
spins when clustering occurred (Figure 7). We used the
following rules to simulate the predicted, fictitious magnetic
moment: Zn1-rhMT through Zn5-rhMT are formed without
any bridging interactions and consequently increase the
magnitude of the EPR signal; the formation of Zn6- and Zn7-
rhMT requires four and eight bridging interactions, respec-
tively, and consequently decreases the magnitude of the signal
due to antiferromagnetic coupling. The simulated EPR data
(Figure 7) closely resemble the original Co2+ data with a
maximum at approximately 4.5 (we show the average number
of spins rather than the calculated g factor). While we would
intuitively predict five M2+ ions are necessary for maximal
intensity in our model, the noncooperative nature of metalation
requires that some M6-rhMT exist at this metal loading. In the
Co2+ titration, this species would greatly decrease the signal
intensity. We suggest that the high degree of similarity between
our modeled data, based upon ESI-MS speciation data, and the

Figure 6. Experimental and simulated metalation states of apo-β-
rhMT, apo-α-rhMT, and apo-βα-rhMT when metalated with Zn2+

under competitive conditions. (A) Average number of Zn2+ ions
bound in the β-domain (blue), the α-domain (green), and the full MT
protein (red) (based on data in Figure 5). (B) Comparison of the
average metalated states of the sum of the two domains (●) and the
full protein as a function of added Zn2+. (C) Simulation of the stepwise
distribution of Zn2+ among the three protein species using the
log10(KF) values of 12.6, 12.3, 11.8, and 11.5 for the α-domain, 12.7,
12.4, and 12.0 for the β-domain, and 13.3, 13.1, 12.7, 12.4, 12.0, 11.3,

Figure 6. continued

and 10.8 for the full MT protein, as shown in Figure 5. The key
features (a′−e′) in the experimental data are modeled in the
simulation (a−e, respectively).

Figure 7. Simulated EPR spectral data based upon metalation of apo-
βα-rhMT with Zn2+ forming first the nonclustered Zn5-βα-rhMT
followed by cluster formation in the two domains up to Zn7-βα-rhMT.
The simulated average number of spins was calculated assuming Zn2+

has the same spin as Co2+. The exact metalation state (noting the
onset of clusters) was obtained from analysis of the data in Figure 4.
The method for determining the average number of simulated spins is
described in the text.
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original Co2+ data supports our proposal that clustering does
not occur until the sixth metal ion is added and that Zn5-rhMT
is a single-domain species that does not involve bridging Cys.
Molecular Modeling of a Potential Metalation Path-

way. Figure 8 shows the results of a series of molecular

dynamics calculations that predict plausible structural changes
that could occur during the progressive metalation of apo-βα-
rhMT by Zn2+ to the intermediate Zn5-βα-rhMT, and finally
Zn7-βα-rhMT. The minimized (5000 ps) apo-βα-rhMT
structure (A) resembles that reported by Rigby et al.50,51,55

showing a globular fold with the free cysteinyl thiols aligned on
the surface. Tetrahedral Zn2+ coordination by terminal Cys was
arranged for the first five Zn2+ ions forming a single 5-Zn-20-
SCys binding domain. We should note that the Zn5- and Zn6-βα-
rhMT species presented (Figure 8B,C) are of a qualitative
nature. Without definitive structural information, alternative

connectivities may be possible. Despite the lack of cluster
formation in Zn5-βα-rhMT, the overall three-dimensional
structure of the protein resembles that of the fully metalated
Zn7-protein. Even when there are no bridging Cys residues
present, the Zn5-βα-rhMT model shows the two Zn2+ ions in
the β-domain Cys [i.e., within the fragment of residues 1−36
(Figure 8)] and the three Zn2+ ions in the α-domain Cys (i.e.,
within the fragment of residues 37−74) are spatially close to
one another. This likely facilitates cluster formation upon
further metalation to the traditional two-domain Zn7-βα-rhMT
(Figure 8 D).

■ SUMMARY AND CONCLUSIONS
We have shown that with the onset of cluster formation (as
defined by the use of bridging vs terminal cysteine thiolate
groups) there is a significant decrease in the Zn binding affinity
of MT and its domains. This is caused by the decrease in KF
associated with cluster formation.
Previous experimental metalation studies of binding of Zn2+

to βα-rhMT have been analyzed mechanistically in terms of
cooperative and noncooperative models. Only the noncoop-
erative mechanism simulated the experimental data.48 Modeling
of the ESI-MS data reported herein allowed us to conclude that
the decreasing KF values of a noncooperative metalation
mechanism led to formation of a stable Zn5-βα-rhMT species,
without bridging interactions. This is mechanistically a key
member of the metalation pathway from apo-rhMT to the
saturated Zn7-rhMT.
The sixth and seventh Zn2+ ions act as a buffer with KF values

lower than those of the five structural Zn2+ ions, allowing MT
to donate and acquire Zn2+ without oxidizing any Cys residues
in the protein. In the cellular environment, this positions Zn-
MT as the main Zn2+ sink, buffering intracellular Zn2+ levels
between the detection limits of Zn sensors, such as ZiaR52 and
Zur,53 within the Zn sequestration equilibrium.
Our recently published study of the supermetalation of MT

1a, where addition of an eighth Cd2+ ion leads to the
coalescence of the two domains to form one “superdomain”,44

suggests a view of the metalation properties of MT
fundamentally altered from that of maintaining two domains,
regardless of metal depletion, to a new structural character-
ization of MT, where MT exists as a flexible, single-domain
protein during initial metalation (<5 equiv) and metalation in
excess of traditional levels (>7 equiv).
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Raw ESI-MS data that complement the deconvoluted spectra in
Figures 2 and 5 (Figures S1 and S2, respectively). Figure S1
shows the charge states recorded for the competitive titration of
Zn2+ with the two isolated domains. Figure S2 shows the charge
states for the competitive titration of Zn2+ with the two
domains and full MT protein. This material is available free of
charge via the Internet at http://pubs.acs.org.
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Figure 8. Molecular models of possible structures formed from apo-
rhMT by the addition of Zn2+ (left) and the amino acid sequence of
βα-rhMT showing connectivities of the increasing numbers of Zn2+

ions (right). Ribbons show the backbone, with Zn2+ represented as
green spheres and sulfur atoms as yellow spheres. The N-terminal β-
domain is located at the left and the C-terminal α-domain at the right.
(A) Metal-free, apo-βα-rhMT (structure first reported by Rigby et
al.55), (B) Single-domain Zn5-βα-rhMT (structure created by assigning
four terminal Cys residues to each Zn2+). (C) One possible structure
for Zn6-βα-rhMT based on Cys known to bridge in the saturated two-
domain structure. (D) Formation of Zn7-βα-rhMT with rearrange-
ment of bound metals and addition of Zn7. Structures were calculated
using a locally modified force field with the Scigress MM3/MD
methods.45 Minimization of the structures was conducted for 5000 ps
at 300 K. The conformer with the lowest energy is presented above.
The initial structure of Cd7-βα-rhMT 1a, modified for all subsequent
structures, was provided by Chan et al.43
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