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Cu+ distribution in metallothionein fragments
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Abstract

The differential distribution of Cuþ between separate a and b domains of metallothionein (the isolated peptide fragments) and

the rate of transfer of Cuþ between the two domains using copper–thiolate specific emission spectroscopy are reported. Kinetic data

show the rate of transfer of Cuþ from the Cu6a to the Cd3b domain is 2� 10�1 s�1 while the transfer from Cu6b to the Cd4a domain

is much slower at 8� 10�3 s�1, indicating the greater binding affinity of Cuþ for the MT b domain. We report that the emission

intensity of Cu6b is 0.45 the emission intensity of Cu6a–MT. kmax is shown to be a probe of the environment of the Cuþ. A series of

copper-containing domain intermediates to the formation of the filled Cu6S9-b and Cu6S11-a-clusters are identified. A mechanism is

proposed for the formation of Cu12(ba)–MT that involves metal exchange reactions of Cuþ ions from the a to the b domain with

initial formation of a Cu4b-cluster.
� 2004 Elsevier Inc. All rights reserved.

Keywords: Emission spectroscopy; Copper–thiolate clusters; a and b domains; Metallothionein; Copper transport; Kinetic analysis
Copper is an essential trace element required for the

normal growth and development of all organisms,

however, excess concentrations of copper can become

harmful [1] when not bound to appropriate biological

chelators [1,2]. Copper–metallothionein (Cu–MT) has

been proposed as one of the major metal-transport

systems that newly synthesized proteins use as their

source of copper [3]. Metallothioneins (MT) are a un-
ique class of low molecular weight metalloproteins

found in vertebrates, invertebrates, fungi, and yeast,

characterized by a high cysteine content and an absence

of both aromatic residues and disulfide bonds [4]. Ex-

posure of an organism to Zn2þ, Cuþ, Cd2þ, and Hg2þ

ions results in induction at the transcriptional level of

rapid de novo synthesis of metallothionein, to which

these metals bind [5–9]. Binding of copper to MT serves
as a protective role by suppressing copper toxicity be-

cause Cu–MT decreases the ability of the metal ions to

participate in harmful intracellular interactions [2], and

so MT has been linked to play a key role in the storage,

transport or detoxification of essential and nonessential

metal ions [2,4]. Therefore, it is of great importance to
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understand the mechanisms by which MT sequesters

and transfers metals such as Cuþ, due to the wide range

of copper-dependent proteins present in biological sys-

tems that play a crucial part in the proper functioning of

biological systems [1–3].

Metal binding in mammalian MT takes place through

metal–thiolate bonds that cross-link the protein into its

final three-dimensional structure that involves two dis-
tinctive metal–thiolate clusters [2–10], the N-terminal, b
domain and the C-terminal, a domain. The three-di-

mensional structure depends on the metal identity, co-

ordination preference, and number of metals bound to

the protein. Seven divalent Cd2þ metal ions bind with

tetrahedral coordination geometry to MT, whereas,

monovalent Cuþ metal ions bind with trigonal or diag-

onal coordination with the cysteine sulfurs of the pro-
tein and exhibit saturation up to 12 metals [2,4]. Fig. 1

shows the binding stoichiometry and cluster arrange-

ment in mammalian MT for both tetrahedral Cd2þ

(CdS4) and trigonal Cuþ (CuS3) metal ions [11], creating

domain stoichiometries of Cd3S9-b and Cd4S11-a
[10,12,13] for Cd2þ ions and Cu6S9-b and Cu6S11-a for

Cuþ ions [11,14]. The conformational differences im-

parted by these two metals are significant and the metal-
dependent, three-dimensional structure may be a key
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Fig. 2. Relative emission intensity near 600 nm per mole of Cuþ added

to Cd4a and Cd3b–MT domains at 20 �C, normalized with respect to

the emission of Cu6a–MT. (The intensity for Cu6a–MT is set to 100%

emission intensity.)

Fig. 1. Ball-and-stick metal connectivity models for (top) the Cd2þ–

thiolate clusters in each domain of rabbit liver Cd7–MT, based on

NMR connectivities [10,13] and (bottom): the Cuþ–thiolate clusters in

each domain of rabbit liver Cu12–MT, based on calculations of Presta

et al. [11].
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characteristic by which cells are able to discriminate

between different metallated forms of MT [15].

The copper binding properties of mammalian MT

have been studied widely by a number of authors using

primarily NMR, CD, absorption, and emission spec-

troscopy [14,16–25], recently, studies have focused on
the domain specificity of MT for this metal ion [26–28].

This paper provides answers to questions that still

remain concerning the mechanism of Cuþ binding to

zinc- or cadmium-containing metallothioneins [26–34],

by proposing a copper binding mechanism that is

b domain specific when both a and b domains were

present at neutral pH under conditions of low copper

concentrations.
We take advantage of the specific copper–thiolate

optical emissive properties of Cu-substituted a and b
domains of MT to detect the preferential binding of

Cuþ to the b domain of MT as a function of time and

we use emission properties of Cu–MT (intensity and

band maxima, kmax) to determine the stoichiometric

distribution of Cuþ ions between the a and b 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 Cu6S9-b and

Cu6S11-a-clusters in MT.
Materials and methods

Recombinant Cd4a–MT and Cd3b–MT fragments were produced,

isolated, and purified from overexpression in Escherichia coli cells [35].

Aqueous protein solutions were prepared in argon-saturated, deion-

ized water, and kept at neutral pH. Protein concentrations were de-

termined by measuring cadmium concentrations using atomic

absorption spectroscopy (AAS; Varian AA-875 series) and by deter-

mining the concentration of the -SH groups by DTNB (5,5-dithiobis(-2

nitrobenzoic acid)) in the presence of 6M guanidine hydrochloride

[36]. Cuþ solutions were prepared by dissolving [Cu(CH3CN)4]PF6 in a

30% (v/v) argon-saturated acetonitrile/water solution to a final Cuþ

concentration of 5mM, as determined by AAS. Emission data were

recorded on a Photon Technology Quanta Master (QM4/2003) scan-

ning spectrofluorometer. Steady state emission experiments in the re-

gion 400–800nm using a 290nm excitation wavelength were analyzed

by monitoring the changes in kmax and emission intensity near 600 nm

as a function of copper loading and time. Schott BG-24 and Schott

GG-420 optical glass filters were used to reduce stray light.

Emission intensities and kmax values were obtained by fitting steady

state emission spectra with a special deconvoluting program, Simpfit,

that provides quantitative estimates of the band center, band width,

and band intensity [37]. Determination of the stoichiometry in the

CdmCuna, and CdmCunb species formed in the mixing experiments was

carried out by simulating the experimental data with the parameters

extracted from the individual Cuna and Cunb data sets (which had

specific emission intensity and kmax values).
Results and discussion

Emission intensity as a function of copper loading in the

isolated a and b domains of MT

The emission intensity near 600 nm was recorded as a

function of copper loading for lL aliquots of Cuþ to

10 lM aqueous solutions of Cd4a–MT and Cd3b–MT at

room temperature (20 �C), Fig. 2. A total of six molar



Fig. 3. Band maxima per mole of Cuþ added to Cd4a and Cd3b–MT

domains at 20 �C. Band maxima values were obtained by fitting the

emission spectra measured from 400 to 800nm with Simpfit [37].
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equivalents of Cuþ were added to each domain and
Fig. 2 shows that the relative change in emission inten-

sity per mole of Cuþ added depends on the Cu:MT ratio

but follows a nonlinear trend for both the a and b
domains. As the number of copper–thiolate bonds

increases during the titration of Cuþ into the Cd-con-

taining a and b domains, the emission intensity would

be expected to increase linearly as a function of moles of

Cuþ, however, initially, we observe a nonlinear behavior
past the addition of 3 Cuþ ions up to saturation at 6 Cuþ

ions per domain. We interpret these results as follows: as

Cuþ ions are added to the domain cluster defined by the

tetrahedrally coordinating Cd2þ ions (as CdS4) we an-

ticipate that structural changes take place to accom-

modate the trigonally coordinated Cuþ ions (as CuS3).

The resultant changes will include both expansion and

contraction of the cluster volume. Such changes can
cause the protein to become more or less accessible,

respectively, to the surrounding solvent and allow for

solvent intrusion into the metal binding sites of the

protein. Solvent intrusion will deactivate the long-lived

600 nm excited state resulting in lower emission inten-

sities at these stages of the Cuþ binding reaction.

Therefore, we correlate the low quantum yield of in-

tensity in the early stages of the titration to expansion of
the cluster, at this stage mixed Cu,Cd-binding exists. As

the copper loading increases, we correlate the steeper

dependence of the emission intensity with the formation

of more compact Cu6S11-a and Cu6S9-b-cluster struc-

tures [11]. These conclusions are in agreement with the

linear behavior that has been described for the Cuþ ti-

trations to the metal-free, apo-a, and apo-b domains

under low pH conditions [32], where the peptide will
form only the copper–thiolate structures so a single co-

ordination environment is expected from n ¼ 1 to 6 Cuþ.

The change in emission intensity per mole of Cuþ

added, as shown, is normalized to the quantum yield of

emission intensity for the filled Cu6-cluster; since each

domain binds a maximum of 6 Cuþ ions [14]. From

Fig. 2 we can compare the relative quantum yields for

each Cuna or Cunb-cluster (n¼ 0–6) or the differences
between a Cuna-cluster and a Cunb-cluster. For exam-

ple, the emission intensity of a Cu4a-cluster is about 67%
the emission intensity of a Cu6a-cluster, but a Cu4b-
cluster is only about 75% the emission of a Cu6b-cluster.
Overall, the emission intensity observed for any Cunb-
cluster is approximately 45% the emission intensity of a

Cuna-cluster. These data show that generally, the Cunb-
clusters are much less emissive than Cuna-clusters. While
it has been previously proposed that the copper–thiolate

clusters in the a domain of mammalian MT emit more

strongly than those in the b domain [33,34], this is the

first direct proof of the emissive differences between the

two domains of MT made under identical conditions

and for metal-replacement reactions that likely take

place in the cell. This difference in relative quantum yield
leads us to conclude that the Cu6b-cluster must have a
more porous structure than the Cu6a-cluster, to provide

greater solvent accessibility, and therefore lower quan-

tum yields, a property that has been predicted in the

proposed Cu6S9-b structure in Fig. 1 (bottom). The

emission intensity differences that exist between the two

domains and between each Cun-cluster provide a struc-

ture-dependent property that can be correlated to the

copper composition of a Cuna or Cunb-cluster being
formed.

kmax of the emission recorded during cluster building in

each copper–thiolate cluster: a probe for the location of

copper ions

kmax was determined using the Simpfit program for

each emission spectrum recorded as a function of

copper loading for lL aliquots of Cuþ added to 10 lM
aqueous solutions of Cd4a–MT and Cd3b–MT at room

temperature (20 �C). Fig. 3 shows the change in kmax

per mole of Cuþ added to each domain. kmax shifts

from 594.5 to 600.5 nm for Cuþ bound to the b domain
of MT, up to the filled Cu6b–MT cluster, and kmax

shifts from 603.5 to 606.5 nm for Cuþ bound to the a
domain of MT, up to the filled Cu6a–MT cluster. The

observed difference in kmax between the a and b do-

mains can arise from the differences in the structures of

the copper–thiolate clusters formed in each domain

(the structures shown in Fig. 1 are quite different in the

environment for each copper). In Fig. 3, initially, the
1–2mol Cuþ additions exhibit only a small change in

kmax, for 3 and 4mol Cuþ, there is a significant change

in kmax, and the value of kmax levels off between 4 and 6

Cuþ.

This trend in kmax can be explained in terms of the

environment of the Cuþ at different stages of the titra-

tion. Initially, the Cuþ is binding to a cluster formed



Fig. 4. Observed and predicted (calculated) changes in emission in-

tensity near 600 nm monitored over a period of 1000 s at 20 �C, fol-
lowing mixing of (A) equal volumes of a 10lM solution of Cu6a and a

10 lM solution of Cd3b–MT, (B) equal volumes of a 10 lM solution of

Cu6b and a 10lM solution of Cd4a–MT. The emission intensities of

the mixing products have been normalized to represent the percentage

change from the initial emission intensity found at t¼ 0 s. Emission

intensities have also been volume corrected to account for the dilution

of the starting emissive solution that occurs when mixing. (The cal-

culated intensities are based on the copper distributions between the

two domains described in fourth subsection of Results and discussion

and Fig. 6. The copper-distribution model uses the intensity and

wavelength data in Figs. 2 and 3 as data in the calculation.)
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from tetrahedral Cd2þ ions. The Cd3S9 (b-cluster) and
Cd4S11 (a-cluster) dominate the stereochemistry of the

incoming Cuþ (Fig. 1, top). With 2 or more Cuþ added,

trigonal coordination for CuS3 structures will form that

involve Cu–S–Cu bridging [2,4]. Therefore, the change

in kmax can be correlated to the change in sulfur binding

from terminal (Cu–S) and/or mixed Cu,Cd to the

bridging (Cu–S–Cu) expected for the higher copper

loading stage in the filling of each cluster (Fig. 1). This
change in kmax is more pronounced in the b domain,

most likely due to its lower content of cysteinyl sulfurs,

and therefore and higher content of bridging sulfurs

(Fig. 1). Consequently, the kmax differences that exist

between the two domains provide a sensitive structure-

dependent property that can be correlated to the loca-

tion of copper ions as either in the a or the b domain of

MT. Together, the emission intensity and kmax become
parameters with which to monitor the distribution of

Cuþ ions between the a and b domains of metallothio-

nein as a function of time when both domains are

present.

In experiments using metal free domains it has been

reported that the emission of Cu6b–MT occurs at

595 nm and is centered near 615 nm for Cu6a–MT (un-

corrected values) [32]. While the two domains exhibit the
same trend as we have reported, we suggest that the

differences in absolute value arise from the use of metal-

free peptides compared with the Cd-containing domains

used in this study.

Domain mixing experiments: kinetics of reactions

between Cu6a and Cd3b–MT and Cu6b and Cd4a–MT

In the first spectroscopic study specifically of the rate

of Cuþ binding to mammalian Zn7–MT, a model was

proposed that involved the incoming Cuþ to rearrange

from a kinetically controlled distributed product to a

thermodynamically controlled domain-specific product
over a period of 20min [33]. The proposed mechanism

involved initial binding of Cuþ ions to both the a and b
domains of Zn7–MT in a noncooperative, random

manner, followed by a rearrangement of the Cuþ ions

from the a domain to fill the b domain [34,38]. Prote-

olytic studies using rat liver MT have shown that Cd2þ

and Zn2þ have a preference for binding to the a do-

main, whereas Cuþ binds preferentially to the b do-
main. However, other than reports of the preferential

binding of Cuþ to the b domain [14,16–21,26,27], no

direct evidence in support of a rearrangement has ever

been reported. There are no reports that suggest how

the distribution might take place in vivo where metal-

lation of both domains will occur on a kinetic basis.

No reports exist that demonstrate active transfer of

copper from one domain to the other, a mechanism
required if the kinetic model described above is

appropriate.
Cuþ migration from the a to the b domain can be detected

by changes in emission intensity

Fig. 4 trace A shows the change in emission intensity

near 600 nm when Cd3b–MT is mixed in a single, equi-

molar aliquot to a solution of Cu6a–MT. A steep de-

crease in intensity in the first 100 s is observed, with the

intensity reaching a plateau at I1 ¼ 33% after 1000 s. If

no migration of Cuþ ions occurred from the Cu6a–MT

to the Cd3b–MT, no change in emission intensity for the
Cu6a–MT species would be observed. The rapid and

continuing decrease in emission intensity with time

clearly can be correlated with migration of Cuþ ions

from the a domain to the less emissive b domain, based

on the calibration data provided in Fig. 2. The reaction

data were best fitted with a double exponential decay

function, indicating a reaction process that requires

more than one step. The fitted parameters include a
rapid Cuþ transfer rate of �2� 10�1 s�1 and a slower

rate of �8� 10�3 s�1. The faster rate indicates an im-

mediate transfer of Cuþ ions from the a to the b domain,

a kinetically driven process, while the second rate can be

correlated with the redistribution of Cuþ ions within the

new cluster, a thermodynamically driven process. The

steps of this reaction model the process seen in Cuþ

binding to the two domain rabbit liver Zn7–MT2a
[38,39], providing direct evidence for the first time of

Cuþ transfer and domain–domain interactions in the

two-domain mammalian metallothioneins. These results

still leave open the extent of Cuþ transfer. Figs. 5 and 6



Fig. 5. Change in kmax for the copper–thiolate cluster emission spectra

for the mixing experiments monitored over a period of 1000 s. (top)

observed, (bottom) calculated. (Calculated kmax are based on the

copper distributions between the two domains described in fourth

subsection of Results and discussion and Fig. 6. The copper-distribu-

tion model uses the intensity and wavelength data in Figs. 2 and 3 as

data in the calculation.) (A) kmax change when mixing equimolar vol-

umes of Cu6a and Cd3b–MT. (B) kmax change when mixing equimolar

volumes of Cu6b and Cd4a–MT. (kmax values were obtained by fitting

the emission spectral data with Gaussian bands using the program

Simpfit [37]).

Fig. 6. Calculated Cu and Cd distribution in the mixed a and b-MT

species found at several time intervals during the mixing experiments

described in Figs. 4 and 5. The compositions were determined by

calculating the kmax and emission intensity for all possible composi-

tions that would yield a minimal difference between the observed data

in Figs. 4 and 5 by using data shown in Fig. 2 and 3. Species found in

solution are 100% unless otherwise stated. (The time in the x-axis is not
to scale.)
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discussed below provide more data to support this

model.

Fig. 4 trace B shows how the addition of an equi-

molar aliquot of Cd4a–MT to Cu6b–MT results in a
much slower decline in emission intensity as a function

of time, to I1 ¼ 69% at 1000 s. The final emissive species

in Fig. 4 trace B exhibits roughly 2.1� greater emission

intensity when compared to that observed in Fig. 4 trace

A, a difference we propose is due to the migration of

Cuþ from the less emissive b domain to the more

emissive a domain. The kinetic data were fitted to a

single exponential decay function describing a single
step reaction process with a rate of �8� 10�3 s�1. It has

been shown previously that following mixing of Zn7–

MT and Cd7–MT there is a slow metal redistribution

process between the domains as formation of thermo-

dynamically stable, mixed-metal products takes place

[30]. Therefore, in this scenario we correlate the distri-

bution of Cuþ from the b to the a domain to be a similar

process, in which the thermodynamically stable, mixed
metal Cd,Cu-b and Cd,Cu-a products form. The dif-

ferences that arise between the two scenarios suggest a

greater extent of Cuþ transfer from the a domain to the

b domain, due to the greater change in intensity. The

calculated data points shown in Fig. 4 represent the sum
of the intensities of the species present at that point in

time using data in Figs. 2 and 3 to allow determination

of the copper-loading in each domain. Again, data in
Figs. 5 and 6 provide more data to support this model

and it will be further discussed in fourth subsection of

Results and discussion.

Cuþ migration from the a to the b domain detected by

changes in kmax

The time dependence of the change in kmax values was

extracted from the spectral data recorded during the

mixing experiments through the use of the band-fitting
program Simpfit, and the results are shown in Fig. 5.

Fig. 5 (top) trace A shows that kmax shifts from 603.5 to

595.0 nm following the mixing of Cu6a–MT with Cd3b–
MT over a period of 1000 s. These kinetic data were

fitted by a double exponential decay function to give
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rates of �5� 10�3 nm/s and �4� 10�3 nm/s, describing
a reaction process that requires more than one step, as

previously described for the same reaction process tak-

ing place in Fig. 4 trace A, but followed by the change in

relative emission intensity. Fig. 5 (top) trace B shows

that kmax changes from of 600.5 to 596.0 nm following

mixing of Cu6b–MT with Cd4a–MT. This change takes

place with a single exponential decay rate of

�1� 10�2 nm/s describing a single step reaction process,
matching the change in emission intensity taking place

in Fig. 4 trace B.

Significantly, these data clearly show that neither re-

action forms the fully metallated Cu6-cluster at t1 since

the wavelengths of the final products do not match the

wavelength of the associated Cu6-cluster (600.5 nm for a

Cu6b-cluster and 603.5 nm for a Cu6a-cluster) shown in

Fig. 3. Therefore, taken together, the changes in emis-
sion intensity and the changes in kmax that take place as

Cu6a–MT is mixed with Cd3b–MT and Cu6b–MT is

mixed with Cd4a–MT allow us to conclude that mixed

metal Cd,Cu-species are formed. These Cd,Cu-species

have unique metal stoichiometries that result in inde-

pendent emission intensities and kmax values at t1
following mixing.

The data also show that the extent of Cuþ distribu-
tion observed for the mixing of Cu6b–MT with Cd4a–
MT and Cu6a–MT with Cd3b–MT is very different,

there is a greater shift in kmax when Cu6a–MT is mixed

with Cd3b–MT, indicating that there is a greater extent

of Cuþ transfer to the b domain as shown in Fig. 4. So,

we conclude that there is preferential binding of Cuþ to

the b domain. Shifts in kmax have also been reported for

Cuþ binding to the metal-free, apo(ba)MT, individual
domains, and mixed isolated domains of MT [32], but

with inconclusive results. The shift in kmax observed for

the mixed domain fragments with Cuþ was not ex-

plained. However, the data presented here allow inter-

pretation of these results in terms of competition

between each domain for the Cuþ ions that are added.

This competition changes as the number of copper at-

oms bound to either of the domains increases, so that
for the mixtures of b and a MT fragments, both do-

mains compete to bind Cuþ to varying extents over the

course of the reaction making it difficult to determine

specific domain loading kmax values until the maximum

number of copper atoms has been added, which is 12,

ending in Cu6a–MT and Cu6b–MT with its specific kmax

value.

It has long been proposed that Cuþ preferentially
binds to the b domain of metallothionein and many

studies since then have supported this idea [14,16–

21,26,27] but we have taken advantage of the emissive

differences (intensity and band maxima, kmax) that exist

between the two domains of MT to monitor the pref-

erential binding of Cuþ to the b domain of MT as a

function of time in the presence of both domains of MT
and Cuþ. However, we still need to know if the copper
binding sites in both domains fill with a similar mech-

anism, and most importantly what is the mechanism of

copper binding to MT for the formation of Cu6a and

Cu6b–MT clusters?

Simulations to determine the Cu and Cd compositions in

the individual domains of MT on their way to the

formation of Cu6a and Cu6b–MT clusters based on

emission intensity and kmax data

Addition of Cuþ to Cd3b–MT and Cd4a–MT results

in Cu,Cd mixtures that exhibit unique emission spectral

parameters, defined by specific emission intensities
(which are related to the quantum yields) and band

maxima (kmax values), Figs. 2 and 3. In this part of the

study, extensive simulations were carried out by com-

bining the specific emission intensity and kmax values

(obtained from Simpfit) for a wide range of Cd,Cun-a
and/or Cd,Cun-b cluster combinations that could yield

the particular emission intensity and band maxima ob-

served over time during the mixing experiments. By
using these calculated data, the intensity profiles in

Fig. 4 and the wavelength profiles in Fig. 5 have been

simulated with specific Cd and Cu-a and b metallated

species. The predicted experimental data for these

compositions are superimposed on the experimental

data in Figs. 4A and B and shown separately in Fig. 5

(bottom), and these are referred to as the calculated

data. These simulations allowed for identification of the
Cu and Cd compositions that exist in the a and b do-

mains of MT at specific time intervals during the mixing

experiments.

Fig. 6 summarizes the change in Cd,Cu composition

in the a and b domains of MT as a function of time

following the mixing of Cu6b–MT with Cd4a–MT and

Cu6a–MT with Cd3b–MT, based on the calculated

spectra shown in Figs. 4 and 5. According to the
sequence of compositions shown in Fig. 6, the emission

intensity profiles in Fig. 4 are fitted extremely well. The

close correspondence between these two sets of data

allows us to determine the exact Cd,Cu-domain species

that are formed in solution at each time interval. In

Fig. 6A, we show how mixing Cu6a–MT with Cd3b–
MT results in the rapid decline in emission intensity

that is connected with a reduction in kmax so that at
1000 s the final product of the mixing reaction de-

scribed in Figs. 4 trace A and 5 (top) trace A is

identified as a mixture of Cd3–nCu4b–MT and

Cu2Cdna–MT. In Fig. 6B, we show how mixing Cu6b–
MT with Cd4a–MT results in the slower decline of

emission intensity that is connected with a slower

reduction in kmax so that at 1000 s the final product of

the mixing reaction described in Figs. 4B and 5 (top)
trace B is identified as a mixture of Cu4–5Cdna–MT and

Cu1–2Cd4–nb–MT.
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According to the simulated spectral data (emission
intensities and kmax) shown in Fig. 6, only a few cluster

compositions are possible. The Cu4b-cluster is promi-

nent in both mixing experiments. This strongly suggests

that the Cu4b-cluster could be a possible intermediate

required for the formation of the Cu6b-cluster in the

presence of low copper concentrations. We can also

conclude that Cuþ preferentially binds to the b domain

due to the higher Cuþ stoichiometry found in that do-
main by the end of each mixing experiment. The pres-

ence of a Cu4-cluster intermediate in the b domain has

been identified from previous copper binding studies of

Zn7–MT [26–28], but it has not been previously linked

to the Cuþ exchange phenomena between the a and b
domain. This observation supports the idea that a

(Cu6a)(Cu6b)–MT species would be unlikely in vivo

under conditions of low Cuþ concentrations because
native Zn7–MT synthesized by mammals fed or injected

with metals such as Cuþ always yielded mixed-metal

clusters that contained Zn2þ ions [6,10,40,41]. Mass

spectrometry studies of Cuþ binding to Zn7- and Cd7–

MT have shown the presence of mixed-metal species

[26–28], but no stoichiometric distribution of Cuþ be-

tween the a and b domains of MT could be observed as

a function of time as it has been possible in this paper.
Conclusion

This paper has shown how the copper–thiolate speci-

fied emission ofCu–MT is dependent on theCu:MTratio.

The emission intensity follows a nonlinear relationship

due to the disturbance ofCuS3 bonds by slight exposure to
the solvent during periods of expansion by the polypep-

tide to allow for Cd2þ displacement by Cuþ. The Cunb-
cluster of MT was found to be 2.2� less emissive than the

Cua-cluster, and, therefore, the copper–thiolate specified
emission is shown to be dependent on the domain-loca-

tion of the Cuþ ions. Wavelength data also provide a

separate and concentration independent tool with which

to study the location of Cuþ within the domains ofMT in
vivo, because it solely depends on copper loading. Both

the emission intensity and kmax are properties determined

by the specific structure adopted by the copper–thiolate

cluster in each domain.

Specific emission intensity and the kmax values of each

domain were shown to be useful in monitoring the

preferential binding of Cuþ towards the b domain of

MT. Furthermore, the specific emissive characteristics of
each Cuna and Cunb-cluster were used to monitor a

unique pathway for the formation of Cu6S11 and Cu6S9-

clusters in the a and b domains of M7(ba)–MT respec-

tively. This pathway requires Cuþ exchange reactions

between the two domains, which involve the migration

of Cuþ from the a to the b domain of MT, followed by

formation of a Cu4-cluster intermediate localized in the
b domain of MT before any Cuþ ions remain bound to
the a domain. The Cu4-b-cluster intermediate is identi-

fied as a major intermediate species in the copper

binding reactions and might be a key intermediate in the

formation of Cu6a and Cu6b–MT species.
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