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This minireview specifically focuses on recent studies carried
out on structural aspects of metal-free metallothionein (MT), the
mechanism of metal binding for copper and arsenic, structural
studies using x-ray absorption spectroscopy and molecular
mechanics modeling, and speciation studies of a novel cadmium
and arsenic binding algal MT. Molecular mechanics-molecular
dynamics calculations of apo-MT show that significant secon-
dary structural features are retained by the polypeptide back-
bone upon sequential removal of the metal lons, which is
stabilized by a possible H-bonding network. In addition, the
cysteiny! sulfurs were shown to rotate from within the domain
core, where they are found in the metallated state, to the exterior
surface of the domain, suggesting an explanation for the rapid
metallation reactions that were measured. Mixing Cugp-MT with
Cdx-MT and Cuga-MT with Cd3-MT resulted in redistribution of
the metal ions to mixed metal species in each domain; however,
the Cu" ions preferentially coordinated to the p domain in each
case. Reaction of As®" with the individual metal-free p and a
domains of MT resulted in three As®*" ions coordinating to each of
the domains, respectively, in a proposed distorted trigonal
pyramid structure. Kinetic analysis provides parameters that
allow simulation of the binding of each of the As>" ions. X-ray
absorption spectroscopy provides detailed information about
the coordination environment of the absorbing element. We have
combined measurement of x-ray absorption near edge structure
(XANES) and extended x-ray absorption fine structure (EXAFS)
data with extensive molecular dynamics calculations to deter-
mine accurate metal-thiolate structures. Simulation of the
XANES data provides a powerful technique for probing the
coordination structures of metals in metalloproteins. The metal
binding properties of an algal MT, Fucus vesiculosus, has been
investigated by UV absorption and circular dichroism spectro-
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scopy and electrospray ionization-mass spectrometry. The 16
cysteine residues of this algal MT were found to coordinate six
Cd?* ions in two domains with stoichiometries of a novel Cd;S;
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Introduction

The first decades following the initial discovery of
metallothionein (MT) focused largely on the properties of
the metallated protein, as this was believed to be the only
functionally relevant form. Several books and reviews were
published in this period that described the results of a wide
range of experiments; these included four conference reports
(1-4), a specific volume of the Methods in Enzymology (5),
a report from a specialist Pacifichem meeting in 1989 (6),
and a wide-ranging review of spectroscopic properties (7).
Studies in our laboratory have focused on characterizing the
structural and electronic properties of the protein through
both steady-state and kinetic analyses.

Despite the wide attention to MTs from many sources,
the metal-free apo-MT has received the least study up until
about 5 years ago. Circular dichroism (CD) spectra of the
metal-free protein were interpreted as showing it to be a
random coil with no secondary structural features. Indeed,
because of the lack of absorption bands in the 230- to 300-
nm range from aromatic residues, the CD spectrum was
essentially flat above 220 nm in the absence of metals (6).
Even below 200 nm, CD was found to be weak and relatively
featureless. This apparent lack of structure in addition to a
short lifetime in the cell resulted in very little interest in the
metal-free state of the protein (8). A recent report, however,
has provided evidence for the existence of a stable apo-MT
species in quantities equaling that of the metallated protein in
the liver, brain, and kidneys of rats (9). In light of this recent
evidence, the current view has begun to shift to accept the
possibility of apo-MT having a functional role in vivo and,
therefore, the apo form may indeed possess structural
features not previously recognized. We describe below our
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studies on the role of apo-MT in the metabolism of metals;
that is, in the chaperone role that MT may well play in cells.

A second area of active research into the metal binding
properties of MTs concerns the mechanism and structural
aspects of metal binding to MTs. Included in these studies is
the mechanism of the actual formation of metal-cys(-
thiolate) clusters using the specific spectroscopic signatures
of (i) cadmium (Cd), (ii) copper (Cu), (iii) silver (Ag), (iv)
mercury (Hg), and recently (v) arsenic (As) structural probes.
For example, we have approached the mechanistic studies by
exploiting the specific emission of Ag(I) and Cu(I) bound to
the cysteinyl sulfurs. Under these conditions both the
emission intensity and the band maximum wavelength
(Amax) change as a function of the coordination environment.
For Cu(l) binding we can relate the number and type of
coordinating ligands, together with the extent of solvent
access to the static and dynamic spectroscopic properties.
Therefore, we have taken advantage of these specific Cu-
thiolate optical emission properties of Cu-substituted o and B
domains of MT to detect the preferential binding of Cu* to
the B domain of MT as a function of time, and we use
emission properties of Cu-MT (intensity and band maxima,
Amax) t0 determine the stoichiometric distribution of Cu™*
ions between the o and P domains of MT as a function of
time. The binding properties of each isolated domain are
correlated to the behavior of the two-domain protein, leading
to a proposal of a unique pathway for the formation of the
CugSs-P and CugSy-a clusters in MT.

Arsenic contamination is becoming a growing concern
in many nations around the world. In India and Bangladesh,
arsenic contamination of drinking water has reached a point
of crisis (10, 11).

As*" binds nonspecifically to sulfhydryl groups in
proteins and enzymes, which is believed to deplete
glutathione in the cell, leading in part to As toxicity (12).
MT, consisting of 20 cysteine residues, would be an
attractive target for As** binding.

Directly connected with the mechanism is the structure
of the metal-thiolate clusters that form and influence of the
peptide chain that surrounds the binding site on the stability
of the metal clusters. Molecular modeling has proven to be a
very effective and successful tool for predicting protein
structure, either in conjunction with experimental data from
common structural probes, or as a theoretical method. As
computers become increasingly more powerful, molecular
modeling calculations can be applied to larger and larger
protein systems. This technique utilizes the information
determined from experimental data to calculate molecular
representations of the structure with a specific coordination
environment (ligand type or types, and geometry adopted).
From these structures it is then possible in some cases to
further calculate and predict the spectroscopy, reactivity,
transition states, and intermolecular interactions of these
molecules (13, 14). X-ray absorption spectroscopy (XAS) is
a very sensitive probe of metal coordination geometry, X-
ray absorption fine structure (XAFS) spectra are extremely
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specific to the nature of the metal coordination site, yet the
complexities of the scattering are not always easy to
interpret. The periodicity of each spectrum provides
information about the distance between the scattering atom
and its neighbors, and the edge profiles of each spectrum
can be used to determine coordination numbers.

Finally, MTs have been discovered in a wide range of
organisms. The native metallation status provides informa-
tion that connects structure with function in these
organisms. We have studied the metal-binding properties
of an algal MT from the brown seaweed Fucus vesiculosus
(15), which grows in waters with high concentrations of
Group 11 and 12 metals.

Therefore, this review comprises four sections: studies
of metal-free MT, the mechanism of metal binding for copper
and arsenic, structural studies, and studies of an algal MT.

Studies of Metal-Free MTs

The x-ray crystal structure of the metallated rat MT
(16), as well as HLIBEG nuclear magnetic resonance
(NMR) structures of the metallated rabbit MT (17, 18),
have demonstrated for the mammalian proteins a well-
conserved metal-thiolate core within each of the a and P
domains. The folding of each independent domain is
induced by metal coordination to the cysteinyl sulfurs as
either bridging or terminal ligands so that, unusually, the
metallated protein has a secondary structure dominated by
the metal binding. The intrinsic cross-linking of the metal
centers to the cysteine residues requires complete synthesis
of the protein backbone prior to folding. This implies that
metallation and folding are post-translational events follow-
ing de novo synthesis in the cell and, therefore, the apo-
protein must initially exist in vivo (19).

Detecting possible structural conformations that may lead
to specific secondary structure of the apo-MT in vivo or in
vitro is extremely difficult due to the lack of the primary
spectroscopic probe induced by the metal-thiolate bond.
Molecular modeling is a practical alternative for the
exploration of stable conformations of the metal-free protein.
Classical molecular modeling, based on Newtonian physics, is
one of the computational methods commonly used to calculate
large molecular systems such as proteins, because this method
is far less computationally expensive compared with quantum
mechanical ab initio and semiempirical methods. However,
the classical method will only provide reliable results if the
force field is appropriately parameterized.

Computational analyses have been carried out on
various derivatives of metallated MT using techniques that
range from ab initio to molecular mechanics—molecular
dynamics (MM-MD) (20--24); however, our group was the
first to model the complete apo-Ba-rhMT-1a protein with
comparison to the individual apo-f and apo-a domains (25).
In this study, the metal-free protein was described via two
methods: (i) by sequential demetallation to represent the
structure following metal ion donation to other proteins or
chaperones in the cell, and (ii) by generation of the peptide
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sequence as a linear strand to mimic the possible structure
following de novo synthesis in vivo.

Figure 1 shows a series of structural conformations of
the individual B and a domains in both ribbon and space-
filling representations where the ribbon signifies the protein
backbone and the cysteinyl sulfur atoms are shown as
yellow spheres.

Figure 1A shows the structures of the individual B and
o domains following a one-step removal of all the metal
jons without energy minimization to emphasize the config-
uration of the polypeptide backbone and positioning of the
cysteinyl sulfur atoms as they existed in the metallated state
but now with all cysteinyl sulfurs protonated. Clearly, the
sulfur atoms are all located in the central core of each
domain. One-step removal of all of the metal ions is, of
course, not chemically reasonable. However, this image
provides a view of the metal-free binding site essentially
frozen in place by the prior metallation state.

Much more reasonable, and mirroring what can be
carried out experimentally, is when the metal-free protein is
formed via protonation of the cysteinyl sulfurs with the
sequential displacement of each metal ion. In this experi-
ment, the order of proton-induced demetallation was
determined on the basis of relative strain energies of each
of the metal binding sites, which we have proposed is
related to the relative binding constant of each metal. In this
way, the most strongly bound metal is displaced last. We
then investigated the structural changes of the polypeptide
chain and the positioning of the cysteinyl sulfurs with
respect to the backbone upon sequential demetallation and
compared it with that of the metallated state.

Figure 1B shows the energy-minimized structures of
the apo forms of the individual domains of MT produced by
the sequential demetallation. Upon removal of the first metal
ion, the structure of the remaining partially metallated
domain was energy minimized (MM3) prior to a 250-psec
MM3/MD calculation at 300 K. The 250-psec conformation
was extracted from the dynamics trajectory and energy
minimized (MM3). This 250-psec energy-minimized con-
formation was then used as the starting point for the next
sequential demetallation step. This MM3/MD cycle was
repeated until all of the metal ions had been removed from
the domain, resulting in the metal-free form.

The structural dynamics of the polypeptide backbone of
apo-MT was then investigated by carrying out a 5000-psec
molecular dynamics calculation (MM3/MD) at 300 K. Thus,
Figure 1B shows the energy-minimized B and o domains
following sequential removal of the metal ions (0 psec MD)
as well as the energy-minimized structures after a S000-psec
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MM3/MD calculation at 300 K. Comparison between the
domain conformations of apo-MT formed via sequential
demetallation (0 psec) and the original conformation
established in the metallated state (shown as the one-step
removal of the metal ions without MM3 minimization) (Fig.
1A) shows significant alteration to the protein backbone as
well as an initial change in position of the cysteinyl sulfurs
away from the domain core. This notable change in structure
indicates that the binding site cysteines (and therefore the
whole peptide chain) of the metallated protein are held in a
strained conformation. Under these conditions release of the
metal makes the binding site spring open, which we believe
rapidly allows for further demetallation because of the
increased access to the remaining metals. Experimentally,
this is what is seen. When chelators are added to metal-
containing MTs, the binding site clusters are disrupted at
stoichiometries that are much lower than predicted. This
could be energetically desired for facile metal ion donation
to metal-free enzymes in the cell.

Even following a 5000-psec MD calculation the protein
backbone retains a considerable fraction of the secondary
structural features of the metallated species. Significantly,
the cysteinyl sulfurs migrate completely to the outside of the
peptide. This inversion in Cys-S location exposes these
reactive ligands to the environment and presumably allows
for facile metallation reactions. Until these calculations had
been reported, there had been no information on the possible
location of the cysteinyl sulfurs in the apo protein, It is
possible that this arrangement, which has a more spherical
structure than envisaged from the interpretation of the CD
data, allows for the rapid metallation reactions that were
measured using stopped-flow kinetic techniques.

The calculations show also that the number of hydrogen
bonds in both domains increases upon sequential demetal-
lation, suggesting possible structural stabilization of the
resulting demetallated structure via an H-bonding network
(26). While the polypeptide backbone structure appeared
stable, it was accompanied by a significant degree of
flexibility. These unique properties would be advantageous
for accommodation of the metal ions as they became
coordinated to the inverted cysteinyl sulfurs to form the
metal-thiolate cluster within the core of each domain.

We have proposed (26) that the structural conforma-
tions and protein backbone dynamics calculated using this
technique support the putative functions of MT in metal ion
donation as well as in toxic metal sequestration because the
protein backbone readily adapts to the degree of metallation,
as found for metals such as Cu(l).

Metallation could occur with a peptide that already

—

Figure 1. Ribbon and space-filling representations of (A) metal-free -rhMT and a-rhMT (Apo formed via one-step demetallation and no MM3
minimization) showing peptide conformation as in the metallated state; (B) energy-minimized (MM3) metal-free B-rhMT and a-rhMT
conformations (Apo formed via sequential demetallation) at the 0-psec and 5000-psec time points of a 5000-psec MM3/MD calculation; and (C)
energy-minimized (MM3) metal-free 8-rhMT and a-rhMT conformations (Apo formed via linear synthesis) at the 5000-psec time point of a 5000-
psec MM3/MD calculation. Atom legend: grey = C, blue = N, red = O, yellow = S, green = Cd. Reproduced with permission from Biochem
Biophys Res Commun 325: 1271-1278, 2004. Copyright Elsevier (2004) (25). Color figure is available in the on-line version.



STRUCTURE AND MECHANISM OF METAL BINDING TO METALLOTHIONEINS 1491

A One-Step Total Demetallation - No MM3/MD

3 Domain o Domain

B MM3/MD Following Sequential Demetallation
0 ps

B Domain

C MM3/MD Following Linear Synthesis

5,000 ps

B Domain

o Domain




1492

exists in the preformed structure described above, or
immediately following the synthesis of the peptide, whose
structure might be considered to be much less ordered.

Figure 1C shows the energy-minimized apo-} and apo-
o domains calculated starting from a synthesized polypep-
tide strand following a 5000-psec MM3/MD calculation at
300 K. This form of apo-MT differs from the demetallated
form of apo-MT in that it is completely linear; or in other
words, there is no influence from the previously bound
metal ions, Starting from the initial linear conformation
mimics the possible conditions following de novo synthesis.
After the 5000-psec MD, the polypeptide backbone
conformation differs significantly from the energy-mini-
mized, sequentially demetallated structure shown in Figure
1A. Structural analysis of the peptide conformations
throughout the 5000-psec dynamics calculation showed that
no stable conformations of either domain existed; thus
properly being called a random coil. Despite this, however,
a consistent result is the presence of the cysteinyl sulfurs on
the exterior of the domain surface.

It is possible that 5,000 psec is an insufficient length of
time to observe any significant folding events; however,
preliminary computational studies show that no stable
conformations persist during a 15,000-psec MM3/MD
calculation, which suggests that de novo synthesized apo-
MT could still be described as a random coil. The in vacuo
modeling conditions may also influence the observed
protein conformation; however, preliminary studies using
a dielectric constant of 78.4 to mimic water still show
complete randomness over the 5000-psec dynamics calcu-
lation, which is consistent with the previously reported
results.

The possibility of the metal-free form of MT contribu-
ting to the functions once associated with the metallated
protein is an interesting concept and still requires further
investigation by both experimental and theoretical methods.

The Mechanism of Metal Binding

We have studied the kinetics of metallation for many
years, primarily from the viewpoint of the replacement of
metals; for example, the replacement of Zn(II) by Cu(l),
Cd(I), and Hg(II). Focusing on the copper reactions, we can
ask the following question: If MT initially binds to zinc or
cadmium, then can mixed metal species form when Cu(l) is
added? Our data answer this question clearly: Cu(l) forms
mixed metal clusters with both Cd(IT) and Zn(II). However,
the details of the Cu(l) binding reactions are very
complicated and we have reported on the reactions with
the Zn- and Cd-containing protein as well as with the apo
fragments. Recently, we have also studied the kinetic
properties of reactions of As>* with the isolated, metal-free
fragments.

Cu* Coordination to the Individual Domains of
Metallothionein. The transport, storage, and incorpora-
tion of copper into copper-dependent enzymes are vitally
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important cellular tasks. MT plays a role by binding Cu(l)
and making it available to apoenzymes (27, 28). A
stoichiometry of six Cu(l) to each of the o and B domains
in the Cu-saturated Cuj,fa-MT has been reported from
spectroscopic and analytical measurements (29-31). How-
ever, the mechanism by which the Cu(l) forms the clusters
and then is sequestered by apoenzymes is not understood
and few kinetic data are currently available.

Cu(I) coordinated to the cysteine thiolate ligands of MT
generates a highly specific emission profile observed near
600 nm upon excitation at 280 nm. This property provides
an ideal probe with which to interrogate the structure of the
Cu-S.ys binding site in MT. This sensitivity, then, is a
marker for rearrangement occurring in the Cu binding site:
increased solvent access will reduce the intensity, whereas a
tighter cage structure will exclude the surrounding solvent,
resulting in increased intensity. In addition, the wavelength
of the emission is dependent on the exact environment
around the Cu(l). For example, the coordination number
(two, three, or four), and the nearest neighbor (a terminal or
bridging Cys sulfur) will influence the emission wavelength,
making this an invaluable tool for probing the Cu(l)-thiolate
cluster arrangement.

Overall, the emission intensity observed for the Cu,8
cluster (n = 1-6) is approximately 45% less than the
emission intensity of the comparable Cu,o (n = 1-6) cluster.
This difference in relative quantum yield between the
copper-substituted o and f domains leads us to conclude
that the CugP cluster must have a more porous structure than
the Cuga cluster, which allows for greater solvent
accessibility, and therefore, lower quantum yields, a
property that has been predicted in the proposed CugSo-8
structure,

The emission intensity differences that exist between
the two domains, and between each Cu, cluster, provide a
structure-dependent property that can be correlated to the
copper composition of a Cu,a or Cu,f cluster being formed.
The Amax shifts from 594.5 up to 600.5 nm for Cu* bound to
the  domain of MT, up to the filled Cug¢B-MT cluster, and
from 603.5 up to 606.5 nm for Cu* bound to the o domain

Table 1. Relative intensity (%) of each Cu,-a and
Cun-B MT cluster relative to a Cug-o0 MT species and
their corresponding wavelengths. Reproduced with
permission from Biochem Biophys Res Commun 318:
73-80, 2004. Copyright Elsevier (2004) (32).

Mol Cu(l) added Relative intensity (%) Wavelength (nm)

n Cun-o MT Cun-B MT Cu,-o0 MT Cu,-B MT
0 0 0 —_ —_

1 12.45 4.25 603.50 594.50
2 27.04 8.03 604.00 594,98
3 37.98 13.85 604.33 595.98
4 55.21 24,31 605.33 598.97
5 78.84 39.46 606.32 599.81
6 100.00 44,20 606.50 600.48
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of MT, up to the filled Cuga-MT cluster. Consequently, the
Amax differences that exist between the two domains provide
a sensitive structure-dependent property that can be
correlated with the location of copper ions as either in the
o or the B domain of MT. Together, the emission intensity
and Ay become parameters with which to monitor the
distribution of Cu” ions between the o and p domains of MT
as a function of time when both domains are present.
Addition of Cu(l) to CdsB-rhMT-1a and Cd4a-rhMT-1a
fragments results in Cu,Cd mixtures that exhibit unique
emission spectral parameters, defined by specific emission
intensities and band maxima (A.x values); these data are
summarized in Table 1. Using extensive simulations that
combined the specific emission intensity and A, values for
a wide range of Cd,Cuy-o and Cd,Cu,-B cluster combina-
tions, we were able to identify the particular emission
intensity and band maximum of a single species observed
over time during the mixing of CusB-rhMT-1a with Cd,0-
thMT-1a and Cugo-thMT-1a with Cd;B-rhMT-1a, These
simulations allowed for identification of the Cu and Cd
compositions that exist in the o and B domains of MT at
specific time intervals during these mixing experiments.
The spectroscopic data show that Cu* changes its
binding site after first binding to the Cys residues of MT.
When copper-containing fragments are mixed with the
cadmium-containing partner fragment (e.g., Cug-a MT with
Cds-p MT or Cus-p MT with Cds-a MT) the copper will
redistribute. By combining the Amax and emission intensities
with the reaction time we can construct figures that track the
changes in both band maximum and band intensity with
time. The identification of the particular species comes from
analysis of the spectral data of the single fragments when
complexed with Cd(IT) and Cu(l) (32). Figure 2A and B
summarize the change in Cd,Cu composition in the o and §
domains of MT as a function of time following the mixing
of CugB-MT with Cd,o-MT and Cuga-MT with Cd3p-MT.
We can test the relative binding constants of the B and o
domains using mixing experiments. When Cugo-MT is
mixed with Cd;B-MT there is a rapid decline in emission
intensity that is also connected with a blue shift in Apq, S0
that at 1000 secs the final product of the mixing reaction is
identified as a mixture of CuyCds_,B-MT and Cu,Cd,0-MT,
which has an intensity of 33% when compared with the
initial emissive species and a Apa, of 597.5 nm. The rapid
and continuing decrease in emission intensity with time
clearly can be correlated with migration of Cu™ jons from
the o domain to the less emissive B domain. The reaction
required more than one step when fitted: the parameters
include a rapid Cu* transfer rate of ~2 X 107! s™! and a
slower rate of ~8 X 107 s™', The faster rate indicates an
immediate transfer of Cu* ions from the « to the f domain, a
kinetically driven process, while the second rate can be
correlated with the redistribution of Cu* ions within the new
cluster, a thermodynamically driven process.
The converse experiment, mixing Cug-MT with Cdso-
MT, tests the relative binding constants for Cu* redistribut-
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Figure 2. Calculated Cu and Cd distributions in the mixed a- and p-
MT species found at several time intervals during the mixing
experiment of (A) CugB-MT with Cd,a-MT and (B) Cuga-MT with
Cd,fB-MT. The compositions were determined by calculating the Amax
and emission intensity for all possible compositions of Cu,-a and
Cun-B cluster species that would yield a minimal difference between
the experimental data carried out by using data summarized in Table
1. Species found in solution are 100% unless otherwise stated. (The
time on the x-axis is not to scale). Reproduced with pemission from
Biochem Biophys Res Commun 318: 73-80, 2004. Copyright
Elsevier (2004) (32).

ing from the § domain into the occupied o domain. In this
experiment there is a slower blue shift in A, so that at
1000 secs the final product of the mixing reaction is
identified as a mixture of Cuy_sCd,p-MT and Cu,_5Cd, .-
MT, with an intensity of 69% when compared with the
starting emissive species and a wavelength of 598 nm. We
have proposed that the slower decline in emission intensity
is due to the less rapid migration of Cu® from the less
emissive § domain to the more emissive o domain. The
kinetic data were fitted to a single exponential decay
function describing a single-step reaction process with a rate
of ~8 X 1073 57",

It has been shown previously that following mixing of
Zn7-MT and Cd,;-MT there is a slow metal redistribution
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process between the domains as formation of thermody-
namically stable, mixed-metal products occurs. Therefore,
in this scenario we correlate the distribution of Cu™ from the
B to the o domain to be a similar process, in which the
thermodynamically stable, mixed-metal Cd,Cu-f and
Cd,Cu-o products form. These data clearly show that Cu*
redistributes between the domains so that neither reaction
forms the fully metallated Cug cluster at t. because the
wavelengths of the final products do not match the
wavelength of the associated Cug cluster (600.5 nm for a
CugP cluster and 603.5 nm for a Cuga cluster).

According to the simulated spectral data (emission
intensities and A,,,) shown in Figure 2, only a few cluster
compositions are possible. The Cuyp cluster is prominent in
both mixing experiments. This strongly suggests that the
CuyP cluster could be a possible intermediate required for
the formation of the CugP cluster in the presence of low
copper concentrations. That Cu™ preferentially binds to the
B domain (from the higher Cu™ stoichiometry found in that
domain by the end of each mixing experiment) provides the
first spectroscopic evidence of the 8 domain preference that
complements the experiments carried out using biochemical
techniques by Winge in the mid 1980s (30, 31). Although
the presence of a Cuy cluster intermediate in the f domain
has been identified from previous copper binding studies of
Zn;-MT, it has not been previously linked to the Cu*
exchange phenomena between the o and B domains.

This observation supports the idea that a (Cugot)(Cugf)-
MT species would be unlikely in vivo under conditions of
low Cu* concentrations because native Zn;-MT synthesized
by mammals exposed to metals such as Cu* always yielded
mixed-metal clusters that contained Zn** ions (33-35).
Mass spectrometry studies of Cu* binding to Zn;- and Cds-
MT have shown the presence of mixed-metal species (30,
31), but no stoichiometric distribution of Cu* between the o
and B domains of MT could be observed as a function of
time, as has been possible in this study.

As* Coordination to the Individual Domains of
MT. Previous studies carried out on the arsenic metallation
of mammalian MT have shown that six As(IIl) atoms
coordinate to the two-domain protein (36, 37), however, the
distribution of the As(IIl) between the o and B domains and
the ligand environment around each As(III) has yet to be
proven. Examination of well-characterized As**-thiolate
complexes such as [Cp*;Ru,As,S,] (38) and [Pt(As;Ss),}*~
(39) show a predominantly distorted trigonal pyramidal
geometry, thus we propose that three As>* ions bind to each
of the individual domam fragments of mammalian MT on
the basis of a one As>" to three Seys ratio,

Using electrospray ionization-mass spectrometry (ESI-
MS), we show that each individual domain fragment of the
recombinant human MT-1a binds three As>* ions in a ratio
of one As>" to three Scy, (40). This stoichiometry is easily
explained for the B domain because all nine of the cysteinyl
sulfurs are involved in the coordination of the three As>*
ions. However, in the case of the o domain, we still only
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ions, even in
1o

observe a maximum of three coordinated As**
the presence of excess As*>*. In keeping with the one As
three S, ratio, we propose that the three As®" ions
coordinate to nine of the 11 cysteines in the o domain,
leaving the remaining two cysteine residues protonated. We
interpret these results to mean that cluster formation (that is,
metal-thiolate bonding involving bridging thiolates) is not
occurring.

Use of temperature- and time-resolved ESI-MS allowed
for the complete kinetic analysis of the individual MT
domain fragments (40). Figure 3 shows a three-dimensional
(3-D) plot constructed from the temperature-resolved ESI-
MS experimental data, which was used to obtain rate
constants, activation energies, activation enthalpies, and
activation entropies. These 3-D plots illustrate the trend of
As** metallation as a function of time and temperature.
From Figure 3, we observe that As;-H,-aMT at low
temperatures and short reaction times is near 0% abundance;
however, as time progresses and the temperature rises, the
abundance of Asj-H,-oMT steadily increases until it
reaches a maximum of 100% abundance at the longest
reaction time of 1020 secs and the highest temperature of
84°C. As3;-H,-aMT and As;-BMT have been shown in the
previous study to be the final product for the reaction of
As** with the individual domains of MT. The metallation
pathway of each domain can be described by three
sequential noncooperative bimolecular reactions in which
each of the three As>" ions are coordinated to three cysteine
thiolate ligands. This mechanistic scheme for o MT is
illustrated in Figure 4, where the results of the analysis use a
model with three sequential bimolecular reactions. As,Hg-
oMT and As;Hs-aMT are considered intermediate species
in this mechanism and are consumed in the formation of the
final product, As3H;-aMT.

Table 2 lists the rate constants and activation energies
for the each of the three sequential metallation steps of both
the « and B domains at 25°C. Analysis of these kinetic
results shows that As** metallation occurs more rapidly
within the o domain than the B domain. Binding of the first
As™* jon occurs readily; however, the binding of the second
and, especially the third As*, are slower. A possible
explanation for this is the way the peptide wraps around the
As>* ions and the lack of cluster formation. As mentioned
earlier, we postulate that As3t binding occurs with
sequestration of the As** ions by terminally coordinated
cysteines rather than via formation of a metal-thiolate cluster
consisting of both bridging and terminal cysteine residues.
Evidence for this can be seen in the lack of an As;,-aMT
species where bridging cysteines would accommodate this
metal-binding stoichiometry.

Kinetic characterization of As>" metallation to MT has
provided insight into the structure of MT relative to metals
such as Cd(II), Zn(Il), and Cu(l).
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Figure 3. Three-dimensional plot showing formation of As.
in the reaction between As®* and apo-aMT. Reproduce
Chemical Society (2006) (40).

Using XAFS Spectra as an Aid to Predict Metal
Binding Sites via Computational Methods

Metalloproteins play structural, storage, and catalytic
roles. Determination of the coordination geometries of the
metal centers is particularly important for the elucidation of
reaction mechanisms, as the proximity of the atoms and the
accessibility to the atoms often determines the outcome and
overall selectivity of the reaction. However, structural

0.0032
1T (K

100 %

0.0034 0.0036

Cold

aH2-a-ThMT as a function of time and temperature by ESI-MS. This is the final species
d with permission from J Am Chem Soc 128 (in press), 2006. Copyright American

information for a metal bound to amino acid ligands that
are part of a long polypeptide chain is difficult to obtain.
We have shown that XAS spectroscopy can be used in
conjunction with molecular modeling to effectively deter-
mine the identities of the coordinating ligand atoms and
their geometric parameters, and hence predict the coordina-
tion geometries at the metal binding sites (41). While the
extended x-ray absorption fine structure (EXAFS) portion of
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Figure 4, Model showing the sequential As®>" metallation of the o
domain of MT at 303 K. Reproduced with permission from J Am
Chem Soc 128 (in press), 2006. Copyright American Chemical
Society (2006) (40).

the XAFS spectrum has been widely used, the most accurate
parameter derived is that of the bond length, and in a
multimetal environment such as in MT, these will be
averaged. The x-ray absorption near edge structure
(XANES) region of the XAFS spectrum, on the other hand,
is very sensitive to the 3-D environment as far as 5 A away.
The problem is in analyzing the XANES data due to
multiple scattering effects.

Recent advances in the use of the FEFF program
(version 8.2 software package [42, 43]) and the availability
of molecular modeling programs that can provide good
estimates of metal-amino acid bonding, have introduced a
new means of examining the metal binding site or sites in
metalloproteins.

The key to our work with MT is that XANES data can
be collected for both protein and model compounds, and the
FEFF program can successfully simulate the major features
in the XAFS spectrum from atomic coordinates of the
absorbing metal and its surrounding ligands using ab initio
multiple scattering calculations. The required coordinates
can now be obtained from molecular models calculated
using the CAChe Worksystem Pro 6.1.1 (Fujitsu America),
or any other modeling software, using best-guess coor-

Table 2. Rate constants (k) at 25°C and activation
energies (E,) for the formation of As;, As,, and As;
species for each of the « and B domains of MT.
Reproduced with permission from J Am Chem Soc 128
(in press), 2008. Copyright American Chemical Society
(2006) (40).

Arsenic species kat 25°C (M~'s™") E, (kJ mol~)
Asq-Hg-pMT 3.6 32
Aso-Ha-pMT 2.0 35
Asq-BMT 0.8 29
Asy-Hg-aMT 5.5 33
Aso-Hs-aMT 6.3 29
AszHa-aMT 3.9 23
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dinates as starting parameters (i.e., from x-ray diffraction or
NMR data).

We have used the coordinates of Cd-thiolate model
compounds and Cd,-BaMT from MM3/MD calculations as
input for the FEFF program, which we used to simulate the
Cd K-edge XAFS spectra for both the simple cadmium-
thiolate complexes (Fig. 5) and for rabbit liver MT (Fig. 6).
Each simulated spectrum was compared with experimental
spectra to determine the accuracy of the cluster geometries
and bonding. In each spectrum we have labeled nine major
features that can be associated between all spectra, for
simplicity of comparison. The simplest cases are
[CA(SPh),]*~ (Fig. S5A) and CdS (Fig. 5B), for which we
have compared their simulated spectra with experimental
data from Pickering et al. (44) and from the XAFS model
compound library (45), respectively. There is a minor
overemphasis of Feature III; however, the correlation in
energies and intensities indicates that FEFF can successfully
predict experimental XAFS spectra.

Calculated MM3/MD structures for the [Cd,(u-
SPh)z(SPh)4]2‘ and [Cd,(u-SPh)e(SPh),)>~ were compared
with corresponding x-ray structures, and were found to have
comparable geometric attributes. XAFS simulations using
both sets of coordinates were then compared with
experimental data proposed by Hasnain (unpublished)
(Fig. 5C) and with experimental data that we measured
(Fig. 5D), respectively. Again, we observe comparable

energies and intensities between simulated spectra and
experimental spectra. These data show that MM3/MD
calculated structures give similar spectroscopic accuracies
to the x-ray structures.

Figure 6 shows an XAFS spectrum simulated from an
MM3/MD energy-minimized structure of rabbit liver Cd,-
Bot-rIMT-2a (where the spectrum shown is an average of the
spectra for the individual B and o domains) and the
corresponding experimental XAFS spectrum measured by
Jiang et al. (46). Here, we observe very good correlation
between the energies and intensities of the features.

This work demonstrates that simulations of the
spectroscopic properties at the metal sites in model
structures allows structural validation and has very promis-
ing applications to the field of structural prediction.

Determination of the Metal Binding Stoichiometry
for the Novel Fucus vesiculosus MT

Although the mammalian MTs are well known, MTs
from other sources are poorly characterized. MT has been
reported from an extremely wide range of organisms. We
have recently studied the MT from the seaweed Fucus
vesiculosus, which has a sequence with 16 cysteine residues,
arranged in groups of seven and nine. This seaweed is
unusual when compared with other algal species in that it can
survive in toxic metal-contaminated aquatic environments.
The MT gene has been identified in Fucus vesiculosus by
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Kille and coworkers (15), which suggests a possible
protective mechanism against toxic metals for this species.

The metal-binding properties of the recombinant F.
vesiculosus MT (rfMT) were determined using a combina-
tion of UV absorption, CD, and electrospray mass spectral
techniques. The overall metal-to-sulfur ratios of this novel
algal protein when bound to divalent cadmium and zinc
were determined to be CdgS1s and ZneS;¢, respectively.
Mixed Cd/Zn species were also formed when Cd*" was
added to the Zn-containing Fucus MT. Only one con-
formation was identified at low pH for the native protein
corresponding to the metal-free protein. Analysis of the UV
absorption, CD, and ESI-MS data indicate that fMT binds
six Cd?*, Zn**, or combinations of both metal atoms. On the
basis of pH titrations in the UV absorption, CD, and ESI-
MS experiments, we conclude that the Cds;S; domain is
present and much less stable than the Cd;Sy domain. The
CdsS; structure represents a previously unknown metal-to-
cysteine ratio in an MT and will involve extensive bridging
for the coordinating cysteine sulfurs.

Summary

Studies of the metal-binding properties of MTs have
been described for more than 30 years since the earliest
reports by Kagi and Vallee (47—49). Many different
techniques have been used, each bringing new information
concerning the properties of these remarkable proteins. In
this review we have described the current status of metal
binding using mechanistic and structural techniques.
Clearly, there is much to learn about the control imparted
on the metal-binding site by the peptide in MT.

Recent x-ray diffraction results for the copper-contain-
ing yeast protein (50) provided firm evidence for mixed
coordination geometries, supporting conclusions reached
many years ago on the basis of analysis of CD and emission
data. Yet this x-ray diffraction result is only the second in 30
years, so for progress to be made, methods using techniques
such as XANES are required. These methods provide metal-
dependent data that cannot be obtained directly from NMR
experiments, allowing the structures of a large number of
proteins to be proposed.

The mechanistic information about these metallation
reactions is at a very early stage of development, but they
clearly represent essential information.
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