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Cellular metallothionein (MT) protects against Cd2þ exposure through direct binding of the metal ion. The model
reaction between rabbit liver Zn7-MT-2 with Cd2þ was studied with stopped flow kinetics. Four kinetic steps were
observable. Comparison of this reaction with an analog utilizing the MT Zn4-R domain revealed that only the fastest
step involved the Zn3-β domain. Each step of the Zn4-R domain reaction with Cd2þ displayed hyperbolic dependence
of the observed rate constant on Cd2þ concentration, with the first step comprising 50% of the total reaction and each
of the other two, 25%. The two constants extracted from each of these relationships were interpreted as the equilibrium
constant for the initial binding of Cd2þ to the Zn(4-n),Cdn-thiolate cluster (n = 0-3) of theR domain and the first order
rate constant for the exchange of Cd2þ for Zn2þ in the cluster. Activation enthalpies and entropies were determined for
each constant. A suite of Zn(4-n),Cdn-thiolate clusters (n = 0-3) was prepared by titration of the Zn4-R domain with
113Cd2þ. The products were analyzed by one-dimensional 113Cd2þ NMR spectroscopy to define the distribution of
113Cd2þ among the four cluster binding sites. Each of these species was also reacted with Cd2þ. The properties of
these reactions were similar to those extracted from the reaction of Cd2þ with the overall domain. Thus, the kinetic
results were linked to 113Cd2þ occupancy among the cluster metal binding sites. In turn, this linkage permitted the
interpretation of the various constants determined for the reaction of Cd2þ with the Zn4-R domain in relation to the R
domain cluster structure.

Introduction

Metallothioneins are widely distributed among organisms
and are implicated in a variety of reactions and processes that
involve metal ions and reactive electrophiles.1-3 The mam-
malian protein is a small, sulfhydryl-rich molecule that binds
multiple metal ions in two domains.4-6 Its particular metal
ion composition depends on the nature and history of the

tissue source. Typically, Zn2þ, Cu1þ, or a mixture is found in
the protein in the absence of exposure to toxic metals such as
Cd2þ.7-9 Zn-MTcontains sevenZn2þ ions associatedwith 20
sulfhydryl (S) groups that are distributed in metal-thiolate
clusters in the N-terminal, β (Zn3S9), and C-terminal, R
(Zn4S11), domains.4,6,10 [Abbreviations: R, C-terminal MT
domain; β, N-terminal MT domain; M-MT, MT with 1-7
M2þ (Cd2þ and/or Zn2þ) bound to it; MT, metallothionein-
MT-1 and MT-2 refer to isoforms; S, sulfhydryl or thiolate
group.] Cd-MT has the same stoichiometry.5,6 The inter-
action of the metal ions with the cysteinyl side chains results
in the formation of two metal-thiolate clusters that serve
as the interior of the two domains (Figure 1). As such, the
particular metal ion-cysteine sulfhydryl connectivities
determine the folding of each domain peptide about the
cluster and, hence, the three-dimensional conformations of
the two domains.
When Cd2þ enters cells containing basal Zn7-MT, a

sequence of reactions occurs that results in the steady state
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appearance of themixedmetal species, Cdn,Zn(7-n)-MT (n=
1-7), in which each metal ion is uniquely distributed among
the two clusters depending upon the value of n.11 First, Cd2þ

rapidly displaces Zn2þ from preexisting Zn-MT (reaction 1).
Second, it induces the synthesis of additional apoMT that
may react with Zn2þ prior to metal ion substitution by
Cd2þ or directly react with Cd2þ to form Cd7-MT.12 Finally,
the available reagents exchange metal ions to form the
mixed metal species (reaction 2).11 Cd2þ is complexed by
apoMT, and additional Zn7-MT has formed, the Zn and Cd
proteins:

Zn7-MTþ 7Cd2þ h Cd7-MTþ 7Zn2þ ð1Þ

kZn7-MTþmCd7-MT h ðkþmÞZnð7k=k þmÞ, Cdð7m=k þmÞ-MT

ð2Þ
The incomplete titration of Zn7-MTwithCd2þ does not yield
the same mixed metal product as formed in reaction 2.11

Instead, it produces a kinetically controlled product that
rearranges to the product of reaction 2 upon mild heating.13

The present study was undertaken to understand the
mechanism of reaction 1 as a prelude to investigating the
more complicated interprotein metal ion exchange that takes
place in the second reaction.

Methods

Metallothionein Preparation. Female white New Zealand
rabbits (5 lbs) were injected with 2 mL of sterilized 0.15 M
ZnSO4, pH 6.0, every 24 h for 8 days. Then, the animals were
euthanized and the livers removed and homogenized in 0.25 M
sucrose, 6 mM 2-mercaptoethanol, and 5 mM Tris/Cl buffer,
pH 8.0 (100 g in 200 mL of degassed solution). After centrifuga-
tion, the supernatant was chromatographed over a 12�85 cm
Sephadex G-75 column equilibrated and eluted with an anae-
robic buffer comprised of 5 mM Tris/Cl and 2 mM 2-mercap-
toethanol, pH 8 at 4 �C.

The MT fractions detected by atomic absorption spectro-
photometry were pooled, filtered through a 0.45 um nylon
membrane, and purified further by HPLC on a 21.5 mm � 15
cm DEAE 5PW semipreparation ion exchange column. The
protein and buffer solutions were filtered with 0.45 um nylon
membrane filters, loaded onto the ion exchange column, and
elutedwith the following gradient of 5-300mMTris/Cl, pH7.6,
as follows:

time (min) 0 25 55 95 105 115
A (5 mM Tris/Cl, pH 7.6) 100 100 92 0 0 100
B (300 mM Tris/Cl, pH 7.6) 0 0 8 100 100 0

Fractions were collected and the MT-1 and MT-2 isoforms
identified by zinc atomic absorption spectroscopy and conduc-
tivity. MT-1 and MT-2 fractions were separately pooled and
stored frozen for future use. MT-2 was used in all experiments
conducted within this study.

Isolation of r Domain. A 9.1 μmol sample of Zn7-MT-2
(0.76 mM Zn2þ) was used to prepare the R domain. Initially,
5.25 equiv of cadmiumchloride permol ofMTwere added to the
sample and allowed to incubate for 15 min in order to displace
Zn2þ primarily from the R domain.11 Next, an 11-fold excess of
EDTA (8.7 mM) and 1.6 mg of the protease subtilisin were
added to the sample and allowed to incubate for 75 min. EDTA
binds displaced Zn2þ and preferentially competes for residual
Zn2þ bound in the β domain.14 In this mixture, subtilisin
degrades the apo-β domain, leaving a protease resistant Cd4-R
domain. The sample was acidified with HCl to a Hþ concentra-
tion of 0.2N. The sample was chromatographed over a 3.5 cm�
25 cm column ofG-15 Sephadex and then over a 3.5 cm� 30 cm
G-50 Sephadex size exclusion column equilibrated with 0.05 N
HCl. Fractions were collected and their absorbance at 220 nm
measured. Some holoprotein remained that eluted first. The
second peak at a molecular weight of 3000 was pooled. To the
pooled fractions, 9 mMZnSO4 or CdCl2 was added, and the pH
was raised to 7.4 with a solid Trizma base. The sample was then
concentrated with a YM1 amicon membrane. The resultant
sample was desalted with a 3.5 cm �24 cm G-15 Sephadex
column equilibrated with 5 mMTris/Cl—pH 7.4. The first peak
was pooled as the R domain. The R domain was characterized
by measuring the SH to zinc ratio as described for Zn7MT.
Ultimately, the R domain was also characterized by solving the
3-D solution structure of the domain.19 The results showed that
its preparation led to a single product. Then, a 111Cd-treated
sample was identified as the 111Cd4-RMT-2 sample by 111Cd 1-D
NMR spectroscopy, as described below.

Figure 1. Metal exchange reaction between Zn7-MT or Zn4-RMT and
Cd2þ. (a) Spectrophotometric analysis of the reaction between 10 μM
Zn7-MT or Zn4-RMT and 800 μMCd2þ in 10 mMTris-Cl—pH 7.4, and
0.1 M KCl at 25� observed at 254 nm. The figure shows the difference in
the time course for these two reactionswhich represents the reaction of the
Zn3-β domain with Cd2þ. (b) First order plot of data from the reaction of
Zn4-RMT with Cd2þ under the same conditions as in a.
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Kinetics of the Reaction of Zn4-rMT with Cd2þ. The kinetics
of metal exchange between Zn4-RMT and Cd2þ were studied
under pseudo first-order conditions for [Cd2þ]. An updated
Durram stopped-flow instrument was used to measure the UV
absorbance change at 254 nm from the reaction of Zn4-RMT
with Cd2þ.15 The dead-time of the instrument was 5 ms,
determined by calibration with the reaction of ferricyanide
and ascorbate. The temperature of the stop flow was calibrated
with an automated water bath and thermometer. The stopflow
cell and sample syringes were submerged in the water bath.

A solution of 10 μM Zn4-RMT and Cd2þ concentrations of
200, 400, 800, 1600, and 2400 μM were reacted at 11�, 25�, and
36 �C in 0.1 M KCl and a 10 mM Tris/Cl—pH 7.4 buffer. The
UV absorbance was measured for 80 s with data points taken
every 5 ms. The cumulative data were analyzed on the basis of a
model with triple concurrent pseudo first-order reactions lead-
ing to the same product. Since the change in absorbance
provided a direct measurement of the overall extent of the
reaction, the following equation was used:

At ¼ Ai þA1ð1- expð- kobs1tÞÞþA2ð1- expð- kobs2tÞÞ
þA3ð1- expð- kobs3tÞ ð3Þ

At ¼ A1 expðkobs1tÞþA2 expðkobs2tÞþA3 expðkobs3tÞ ð4Þ
where Ai represents the absorbance at time zero; A1, A2, and A3

represent the absorbances of the reactants which are propor-
tional to their respective concentrations; and kobs1, kobs2, and
kobs3 represent the observed rate constants for the three phases
of the reaction. The first of these, eq 3, describes the decay
kinetics of a reaction and the second, eq 4, its formation kinetics.
Using eq 4, the observed rate constants and respectivemaximum
absorbances for the component reactions were extracted using
the curve fit program TableCurve 2D from Jandel Scientific.
Data processing for eq 3 was done with Quattro Pro. The kobs
versus [Cd2þ] plot for each rate process was described by a
hyperbola. This type of rate behavior is most simply explained
by a two-step reaction with an element of reversibility.16 Using
an equation for a hyperbola (y = ax/(b þ x)), the constants a
and b were determined using the curve fit program TableCurve
2D from Jandel Scientific.

Kinetics of the Reaction of Zn7MT-2 with Cd2þ. The kinetics
of the metal exchange between Zn7-MT and Cd2þ were studied
under pseudo first-order conditions of Cd2þ, as above. A
solution of 10 μM Zn7-MT and Cd2þ concentrations of 200,
400, 800, 1600, and 2400 μMwere reacted at 11�, 25�, and 36 �C
in 0.1 M KCl and a 10 mM Tris/Cl—pH 7.4 buffer. The UV
kinetic data were analyzed on the basis of a model with four
concurrent pseudo first-order reactions leading to the same
product. Since the change in absorbance provided a direct
measurement of the overall extent of the reaction, a modifica-
tion of eq 3 can be used:

At ¼ Ai þA1ð1- expð- kobs1tÞÞþA2ð1- expð- kobs2tÞÞ
þA3ð1- expð- kobs3tÞÞþA4ð1- expð- kobs4tÞÞ ð4aÞ

whereAi represents the absorbance at time zero;A1,A2,A3, and
A4 represent the final absorbances of the products which are
proportional to their respective concentrations; and kobs1, kobs2,
kobs3, and kobs4 are the observed rate constants for the several
phases of reaction.

The absorbance changes were consistent with four phases to
the reaction, the fastest attributable to the reaction of Zn3-βMT

with Cd2þ. In order to obtain the kinetic information for this
part of the reaction, the UV kinetic data for the reaction of
defined concentrations of Cd2þ with Zn4-RMTwere subtracted
from the corresponding data for the Zn7-MT reactions. The
remainder of the reaction was analyzed with TableCurve 2D
as above.

Activation Parameters for the Reactions of Zn7-MT and Zn4-

rMT with Cd
2þ
. The activation parameters for the metal

exchange reaction between Zn7-MT and Cd2þ were obtained
from kinetic results obtained at 11, 25, and 36 �C, using the
same experimental regime as described above. The activation
parameters were determined from plots of ln(k/T) versus 1/T,
where k is the rate constant and T is temperature in degrees
Kelvin.17 The plot of ln(k/T) versus 1/T is linear, with a slope
-ΔH q/R and an intercept (23.8 þ ΔSq/R), in which ΔH q and
ΔSq are the enthalpy and entropy of activation, respectively.
The free energy of activation ΔGq was calculated from the
equation, ΔGq = ΔH q - TΔSq.

Kinetics of the Reaction of Zn7-MT with Cd2þMonitored with

Zincon.The kinetics of themetal ion exchange between Zn7-MT
and Cd2þ were studied under pseudo first-order conditions
for Cd2þ, using the metal binding ligand, zincon, to follow the
displacement of Zn2þ in a non-rate-limiting process.18 Zn-
zincon formation was monitored at 620 nm and Cd-thiolate
binding at 254 nm. Cd-zincon does not absorb at 620 nm. The
reaction of 2 μM Zn7-MT with a pseudo first-order concentra-
tion of 140 μMCd2þ and 20 μMzincon was carried out at 25 �C
in 0.1 M KCl and a 10 mM Tris/Cl—pH 7.4 buffer. The UV or
visible absorbance changes were measured for 45 s with data
points taken every 5ms. The data were analyzed as above on the
basis of the model of concurrent pseudo first-order reactions
leading to the same product. The observed rate constants and
respective absorbances were analyzed as previously described.
The rate constants from the two kinetic reactions at 254 and
620 nm were compared to determine if the Cd-thiolate forma-
tion at 254 nm occurred at the same rate as zinc release
at 620 nm.

Kinetics of the Reactions of Zn4-rMT, Zn3Cd1-rMT, ...,

Zn1Cd3-rMT with Cd2þ. The kinetics of the metal exchange
between Zn4RMT, Zn3Cd1RMT, ..., Zn1Cd3RMT, and Cd2þ

were studied under pseudo first-order conditions for Cd2þ.
Solutions of 10 μM proteins and pseudo first-order concentra-
tions of 600 μMCd2þ were reacted at 25 �C in 0.1 M KCl and a
10 mM Tris/Cl—pH 7.4 buffer. The UV kinetic absorbance
spectra at 254 nmwere measured for 80 s with data points taken
every 5 ms. The UV kinetic data were analyzed as above based
on a model with double concurrent, pseudo first-order rate
processes leading to the same product in which each process
accounts for the reaction of 2 Cd2þ ions. In so doing, the two
slower steps of the triphasic reaction were aggregated. This
simplification was based on the NMR titration finding that
Cd2þ ions 1 and 2 randomly enter the same two cluster sites and
that Cd2þ ions 3 and 4 occupy the two remaining sites. The
changes in absorbance for the faster and slower processes for a
series of reactionsweremeasured in a series of reactions to assess
a fraction of the reaction occurring in these kinetic processes.

Titration of Zn4-rMTwith 111Cd2þMonitored by 111CdNMR.

A 2mL Zn4-RMT-2 (1 mM) sample was placed in a 10 mm tube
with 20%D2Oas a frequency lock. The sample was titratedwith
four 13 μL aliquots of 0.136M 111Cd2þ and allowed to incubate
for 30 min after each addition. Each aliquot represented 0.9 of
the amount of Cd2þ needed for stoichiometric replacement of
Zn2þ. Also, after each incubation was complete, 8.7 μL of 0.2M
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EDTA was added to bind free Zn2þ. The NMR spectra were
collected at 25 �C after each titration.

111Cd NMR spectra were recorded at 106 MHz on a General
Electric GN-500 spectrometer.19 The broadband 1H decoupler
was on during data acquisition and off during the delay periods.
The 1H decoupling improved the spectral resolution by remov-
ing the unresolved proton couplings that originate from the
scalar three-bond interaction between the β protons of the
multiple cysteine ligands and the 111Cd2þ ions. In the experi-
ments, the pulse sequence consisted of a 15 μs pulse, an acquisi-
tion time of 168 ms, and a 400 ms delay time. A line-broading
function of 30 Hz was applied before Fourier transformation.
Chemical shifts were reported in parts per million downfield
from the 111Cd resonance of 0.1 M 111Cd(ClO4)2 in D2O. The
spectral width was 16 000 Hz.

Data Analysis. All kinetic experiments were done five times
and the results reported as averages( standard deviation of the
mean.

Results

Kinetics of the Reaction of Zn4-rMT with Cd2þ. The
kinetics of the metal exchange between Zn4-RMT and
Cd2þwere studied under pseudo first-order conditions at
25 �C. The metal exchange reaction between Zn4-RMT
and Cd2þ was followed spectrophotometrically by mon-
itoring the formation of Cd-thiolate bonds in Cd-MT at
254 nm (Figure 1a; Supporting Information Figures 1S,
2S). A plot of ln(At - Ai) versus time, in which Ai, the
initial absorbance, is 0 and At is the absorbance at time t,
was consistent with three concurrent pseudo first-order
reactions leading to the same product, based on eq 4
(Figure 1b). The percent absorbance changes in phases 1,
2, and 3 were 50%, 25%, and 25% of the total, respec-
tively. On the basis of the percent absorbance changes,
two Zn2þ ions exchange with a single rate constant, kobs1;
the other two metals exchange with rate constants kobs2
and kobs3.
The observed rate constants were extracted from the

reaction of 10 μMZn4-RMTwith pseudo first-order Cd2þ

concentrations of 200, 400, 800, 1600, and 2400 μM at
25 �C, with curve fitting software based on eq 3 (Table 1).
Plots of each kobs versus [Cd2þ] revealed that the two
faster rate processes were characterized by a hyperbolic
dependence of the rate constant upon the [Cd2þ] hyper-
bola (y = ax/(b þ x)), where a = k and b = Kd in reac-
tions 5 and 6 (Figure 2 for kobs1; Supporting Information
Figures 3S and 4S). The slowest rate process appeared
linear. Nevertheless, assuming all the steps followed the
same mechanism, a curve-fitting program assigned the
constants “a” and “b” as 51 s-1, 3.0 s-1, 2.3 s-1 and 0.21
mM, 0.25 mM, and 0.91 mM, respectively, to the rate
processes described by kobs1, kobs2, and kobs3 (Table 2).
A simplemechanism accounting for the kinetics of each

phase is one with two consecutive reactions including one
reversible step:

AþB h A 3B Kd ð5Þ

A 3B f CþD k ð6Þ
in which A is Zn-MT, B is Cd2þ, and A 3B is Cd-Zn-MT.
Therefore, the data for each rate process fit the empirical
equation:

kobs ¼ k½Cd2þ�=ðKd þ ½Cd2þ�Þ ð7Þ

in which the constants k and Kd are listed in Table 2.
If the first reversible step is the more rapid one, A 3B will
be in equilibrium with A and B throughout the reaction
and the rate of product formation will be equal to the
rate of loss of A þ A 3B or the gain of C (Cd-MT) in
eqs 6 and 7.

Kinetics of the Reaction of Zn7-MT with Cd2þ. The
kinetics of the metal ion exchange between Zn7-MT and
Cd2þ were studied spectrophotometrically under pseudo
first-order conditions at 25 �C as with Zn4-RMT. The
time-dependent changes in absorbance were analyzed in
terms of four concurrent pseudo first-order reactions
leading to the same product based on eq 5. The percent
absorbance changes inA1,A2,A3, andA4were 41%, 29%,
15%, and 15%, respectively. On the basis of the percent
absorbance changes, three metal ions exchanged with the
rate constant kobs1, two metal ions with kobs2, and one
each with kobs3 and kobs4. Comparison of the kinetic
results with those of Zn4-RMT indicated that the pro-
cesses represented by kobs2, kobs3, and kobs4 belonged
to the R domain (Figure 1a). The remainder of the
reaction was ascribed to the β domain. Quantitative rate
expressions for that part of the reaction contributed
by the R domain were obtained from the study with
Zn4-RMT.
Observed rate constants for reaction of the β domain as

a function of Cd2þ concentration were determined after
subtracting out the contribution of the R domain to the
overall reaction, using the data from the reaction of
the isolated Zn4- RMT with Cd2þ as described in the
Methods. A plot of kobs1 versus [Cd

2þ] yielded a straight
line with the intercept passing through zero at all tem-
peratures. The slope was determined to be 75 000M-1 s-1

Table 1. Observed Rate Constants, kobs, for the Pseudo First-Order Reactions of
Zn4-RMT with Cadmium at Temperatures of 11, 25, and 36� Ca

Zn4-RMT at 11 �C

[cadmium] kobs1 (s
-1) kobs2 (s

-1) kobs3 (s
-1)

0.200 mM 0.78( 0.10 0.065 ( 0.005 0.012( 0.002
0.400 mM 1.3( 0.3 0.11( 0.01 0.019( 0.002
0.800 mM 2.5( 0.3 0.17( 0.04 0.036( 0.002
1.60 mM 4.7( 0.4 0.29( 0.04 0.067 ( 0.003
2.40 mM 6.3( 0.5 0.40( 0.05 0.095( 0.005

Zn4-RMT at 25 �C

[cadmium] kobs1 (s
-1) kobs2 (s

-1) kobs3 (s
-1)

0.200 mM 4.5( 0.2 0.27( 0.05 0.054 ( 0.004
0.400 mM 7.8( 1.1 0.47( 0.07 0.10( 0.01
0.800 mM 13( 2 0.67( 0.06 0.19( 0.01
1.60 mM 23( 3 1.1( 0.1 0.35( 0.01
2.40 mM 26( 2 1.5( 0.1 0.49 ( 0.01

Zn4-RMT at 36 �C

[cadmium] kobs1 (s
-1) kobs2 (s

-1) kobs3 (s
-1)

0.200 mM 11( 1 0.92( 0.10 0.15( 0.02
0.400 mM 18( 2 1.4( 0.2 0.31( 0.02
0.800 mM 32( 2 2.3( 0.2 0.62( 0.03
1.60 mM 43( 4 3.2( 0.3 1.1( 0.2

aReaction conditions: 10 μM Zn4-RMT, 10 mM Tris/Cl—pH 7.4,
0.1 M KCl.
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for the kobs1 step at 25 �C (Table 3; Supporting Informa-
tion Figure 5S) .

kobs ¼ k½Cd2þ� ð8Þ
A single second-order reaction described the reaction
process as

AþB sf
k
C ð9Þ

Therefore, the data fit the empirical equation

Vel ¼ k½Cd2þ�½ZnMT� ð10Þ
The second-order rate constant k is listed in Table 2.

Activation Parameters from the Rate Constants for the
Reaction of Zn4-rMT with Cd2þ. The activation para-
meters of the metal ion exchange between Zn4-RMT and
Cd2þwere calculated on the basis of kinetic data acquired
at 11, 25, and 36 �C using plots of ln(k/T) versus 1/T
(Table 2 and Figure 3), where k is the rate constant and
T is the temperature in degrees Kelvin. The activation
parameters of the rate processes for the R domain (k1, k2,
k3) were calculated from results of the reaction of the
isolated R domain with Cd2þ and those related to kβ from
the reaction of the holoprotein with Cd2þ (Table 4). The
activation enthalpymore than doubled in the progression
of phases 1-3. Similarly, the entropy of activation in-
creased in the same sequence. The β domain’s enthalpy
of activation was larger than those for the R domain’s k1
and k2 and smaller than that for k3. The free energy
of activation increased sharply from the β domain reac-
tion to the R domain’s three phases, consistent with the
relative velocities of these reaction phases. The compen-
satory behavior of activation enthalpy and entropies
in the R domain reaction resulted in a free energy of
activation that was not strongly dependent upon tem-
perature.
The second parameter extracted from the kinetics is

attributed to the thermodynamic dissociation con-
stant of reaction 5. Although Kd for the slowest phase
of reaction is the largest at each temperature, the

Figure 2. Plot of kobs1 (Table 1) versus [Cd
2þ] for the reaction of Zn4-R domain with Cd2þ at 11�, 25�, and 36 �C.

Table 2. Reaction Constants for the Reaction of Cd2þ with Zn7-MTa

Zn4-RMT

11 �C 25 �C 36 �C

rate constant (s-1)

k1 24 51 75
k2 0.96 3.0 5.3
k3 0.47 2.3 6.2

dissociation constant (M-1) � 104

Kdiss1 6.6 2.1 1.2
Kdiss2 3.4 2.5 1.0
Kdiss3 10 9.1 7.1

β Domain of Zn7-MT

11 �C 25 �C 36 �C

rate constant (M-1 s-1)

kβ 26000 75000 160000

aReaction conditions: 10 μM Zn7-MT, 10 mM Tris/Cl—pH 7.4,
0.1 M KCl.

Table 3. Observed Rate Constants, kobs1, for the Pseudo First-Order Reactions
of the β Domain of Zn7-MT with Cd2þ at Temperatures of 11, 25, and 36� Ca

kobs1 (s
-1)

[cadmium] 11 �C 25 �C 36 �C

0.200 mM 5.0( 0.5 17( 2 40( 10
0.400 mM 9( 1 30( 4 70( 10
0.800 mM 20( 2 65( 6 130( 20
1.60 mM 40( 5 120( 10 250( 20
2.40 mM 63( 5 180( 20

aReaction conditions: 10 μM Zn7-MT, 10 mM Tris/Cl—pH 7.4,
0.1 M KCl.
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differences are relatively small as emphasized by the
similar standard state free energies calculated from the
Kd data.

Kinetics of the Reaction of Zn4-MT with Cd2þ Moni-
tored with Zincon. It was important to determine that the
rate profile observed by following Cd-thiolate bond
formation at 254 nm represented the full metal exchange
process. Therefore, the rate of Zn2þ displacement from
Zn4-MTwas directly compared with the rate of Cd-thio-
late bond formation, using zincon to bind Zn2þ released
from MT. The time-dependent absorbance change at
254 nm (Cd-thiolate bond formation) for the fastest
phase of the reaction was compared to the absorbance
increase at 620 nm (Zn-zincon formation) for the same
reaction monitored with zincon (Figure 4). The kobs was
4.0( 0.5 s-1 when monitored at 254 nm and 3.5( 0.5 s-1

for observations at 620 nm. Since there is experimen-
tally no difference in these kobs values, Cd-thiolate bond
formation occurred at the same rate that Zn2þ was
released fromMT-2.On the basis of the discussion related
to eqs 5-7, the kinetics observed at 254 nm followCd-MT
product formation and should agree with those that track
the release of Zn2þ. The fact that these twomeasurements
agree supports the conclusion that the rate ofCd2þ-Zn2þ

thiolate bond exchange monitored at 254 nm repre-
sents the limiting rate of the overall metal ion exchange
reaction.

Titration of Zn4-rMTwith 111Cd2þMonitored by 111Cd
NMR. Zn4-RMT was titrated with 111Cd2þ to make a
series of mixedmetal species that would serve as hypothe-
tical intermediates in the reaction ofCd2þwith Zn4-RMT.
Thus, Zn3

111Cd1-RMT, ..., Zn1
111Cd3-RMT were pre-

pared and their distributions of 111Cd2þ among metal
ion binding sites of the cluster determined by 1-dimen-
sional 111Cd-NMR spectroscopy, on the basis of a pre-
vious analysis of this titration.11 All observed resonances
were assigned except two located between 670 and 650
ppm. Once in hand, this information was used to provide
a structural interpretation of the results of the reactions
between Cd2þ and ZnnCd(4-n)-RMT.
The addition of one equivalent of 111Cd2þ per mole of

Zn4-RMT resulted in the appearance of two major peaks
with chemical shifts of 647.2 and 613.1 ppm (Figure 5).
These peakswere labeled 2 and 5, respectively.Otvos et al.
previously defined the site distribution of Cd2þ.11 On the
basis of their experiments, the metal ion giving rise to

Figure 3. A plot of ln(kobs/T) versus 1/T data in Table 2 to obtain activation parameters for the reaction of Zn4-RMT with Cd2þ.

Table 4. List of Activation Parameters from the Reaction of Zn7-MT with Cd2þa

R domain β domain

k1 k2 k3 k1β

ΔHq (kJ/mol) 31 48 73 51
ΔSq (J/mol 3K) -110 -77 6.5 18
ΔG298

q (kJ/mol) 64 71 74 46

Kd1 Kd2 Kd3

ΔG298 (kJ/mol) -15 -15 -12

aReaction conditions: 10 μM Zn-MT, 10 mM Tris/Cl—pH 7.4,
0.1 M KCl.

Figure 4. Reaction of Zn4-RMT with Cd2þ: comparison of the absor-
bance change of the metal exchange monitored at 254 nm (Cd-thiolate
bond formation) and at 620 nm (Zn-zincon formation). Conditions:
10mMTris-Cl—pH7.4, and0.1MKClat 25�; 2MZn4-RMTand140μM
Cd2þ with 20 μM zincon in one of the reactions.
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peak 2 was assigned to site VI as Cd1Zn3-RMT and peak
5 to site V as Cd1Zn3-RMT of the 111Cd NMR spectrum
(Figure 6).11 Two minor peaks also appear after the
addition of one equivalent of 111Cd2þwith chemical shifts
of 651.45 and 614.74 ppm (4 and 13, respectively). These
peaks show evidence of the presence of some Cd2Zn2-
RMT cluster with Cd2þ located in sites VI and V. Thus,
the first equivalent distributed among two binding sites,
V and VI, most of it as Cd1Zn3-RMT (Figure 6).
The second aliquot of 111Cd2þ gave rise to four major

peaks with chemical shifts of 651.5, 647.3, 614.7, and
613.0 ppm (Figure 5), the same set as above. The principal
species was Cd2Zn2-RMT; minor Cd1Zn3-RMT (647.2
and 613.1 ppm resonances) and Cd3Zn1-RMT species
also appeared in the spectrum at this point (peaks at
603.91, 616.09, 624.12, 639.38, 641.12, and 667.78 ppm).
The third aliquot generated a spectrum with 12 major

peaks with chemical shifts of 671.5, 667.8, 651.4, 641.1,
639.4, 631.0, 626.4, 624.1, 616.1, 614.7, 611.0, and 603.9
ppm (Figure 5). These peaks were identified as 1, 3, 4, and
7-15, respectively. Peaks 4 and 13 were present in the
second spectrum, representing residual Cd2Zn2-RMT.
Peaks 7, 12, and 15 refer to a configuration with 111Cd2þ

bound in sites V, VI, and VII as Cd3Zn-RMT.11 111Cd2þ

that produced peaks 3, 8, and 11 was linked to a 111Cd2þ

configuration involving I, V, and VI as Cd3Zn-RMT. The
remaining peaks 1, 9, 10, and 14 were associated respec-
tively with sites I, V, VI, and VII in the final 111Cd4-RMT
configuration (Figure 6). The two peaks at 659.5 and
661.2 ppm were not identified as known metal clusters.
Thus, after the third addition of 111Cd2þ, sites V and VI
were filled and some Cd2þ had distributed into the other
two sites, I or VII, forming Cd3Zn1-RMT (Figure 6).
The final equivalent of 111Cd2þ resulted in four major

peaks with chemical shifts of 671.5, 631.0, 626.2, and
611.0 ppm (Figure 5). As above, these four peaks were 1,
9, 10, and 14, respectively, and represented the spectrum
of 111Cd4-RMT (Figure 6). Accordingly, sites V and VI
were the first to exchange with Cd2þ. Then, binding sites
I and VII underwent substitution.

Properties of Reaction of Zn4-rMT, Zn3Cd1-rMT, ...,
Zn1Cd3-rMT with Cd2þ. The kinetics of metal ion ex-
change between Zn4-RMT, Zn3Cd1-RMT, ..., Zn1Cd3-
RMT and Cd2þ were studied under pseudo first-order
conditions to test our hypothesis that the Zn,Cd-cluster
distributions approximately mirrored species formed in
the different kinetic concurrent phases of the reaction
of Zn4-RMT with Cd2þ. The NMR titration results
described above showed that there is a principal structu-
ral pathway for the Cd2þ-Zn2þ exchange reaction, such
that each Cd2þ addition yields products based on the
observed rates of the concurrent phases. The faster kinetic
phase results in the major metal clusters early in the
titration, andotherminor species along the same pathway
that accumulate later in the titration are associated with
the slow kinetic phase. Recognizing this complexity, we
aggregated the slower steps in the analysis of the reac-
tion kinetics of the titrated Cdn,Zn4-n-R domain species.
Thus, the UV kinetic data were analyzed on the basis of a
model of double concurrent pseudo first-order reactions
leading to the same product, in which the slower steps
were aggregated for analysis.
The percent changes in absorbance for the faster and

slower phases were measured throughout a series of
reactions of ZnnCd4-n-RMT with Cd2þ (Table 5). In the
reaction of Cd2þwith Zn4-RMT, two Cd2þ ions exchange
in the fast phase (50% total absorbance change) and two

Figure 5. NMR spectroscopy titration of Zn4-RMT with 111Cd2þ.
Conditions: 1 mM Zn4-RMT in 20% D2O. Cadmium equivalents are
labeled as 1-4 on the y axis.

Figure 6. Schematic of the major titration pathway of the reaction of
Cd2þ with Zn4-RMT-2 monitored by 1-D 111Cd2þ NMR. The numbered
sites are the resonances labeled in Figure 5, and the Roman numerals
define the connectivities of each Cd2þ with domain sulfhydryl groups.
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Cd2þ ions exchange in the aggregated slower phases (50%
total change in absorbance). In comparison, the absor-
bance change of the fast phase of the reaction of Zn3Cd1-
RMT with Cd2þ was reduced from 50% to 24% of the
total change in absorbance for the reaction of Zn4-RMT
withCd2þ, equivalent to binding oneCd2þ in the fast step.
The extent of reaction in the combined slower phases was
only marginally reduced from 50% to 46%. These results
are consistent with the first added Cd2þ equivalent filling
52% of the two binding sites associated with the fast
phase and 8% of the two binding sites associated with the
slow phase. Therefore, it is hypothesized that the single
Cd2þ equivalent in Zn3Cd1-RMT was located in a site(s)
identified mostly with the fast phase of the reaction of
Zn4-RMT with Cd2þ.
In the reaction of Zn2Cd2-RMT with Cd2þ, the 2 Cd2þ

equivalents in the starting structure filled 80% of the two
binding sites associated with the fast phase and 30% of
the two binding sites associated with the slower phases.
This result supports the two phases of reaction occuring
concurrently and the titrated, mixed metal species form-
ing concurrently rather than in sequential order. Con-
tinuing this trend, the 3Cd2þ equivalents in Zn1Cd3-RMT
filled 94%of the two binding sites associated with the fast
phase and 78% of the two binding sites associated with
the slow phases. Thus, in this species, the two binding sites
involved in the faster phase were almost filled, as was
more than one equivalent of the binding sites involved
in the slower phase. The cumulative kinetic behavior of
these mixed metal species in the metal exchange reactions
mimics the entire reaction of Zn4-R-MT-2 with Cd2þ. As
such, there is strong support for identifying the experi-
mental pathway of Cd2þ binding intoMT’smetal binding
sites observed in the NMR titration experiment with the
hypothetical pathway of the overall reaction.

Discussion

Metal ion exchange reactions are at the core of the under-
standing of the role of MT in the detoxification of heavy
metals. Thus, when Cd2þ enters the cell, it binds to anymetal
unsaturated MT that may be present and displaces Zn2þ

from extant Zn-MT. In addition, it stimulates the induction
of MT mRNA.20,21 Thereafter, in one study involving the
injection of rodents with a large concentration of Cd2þ, Cd-
MT was the first detected MT species.12 Later, mixed metal
Cd,Zn-MT was observed as the final steady state product.
The in vivo mixed metal species has been shown to form
through a remarkable interprotein metal ion exchange

between Zn7-MT and Cd7-MT as in reaction 2 that results
in the preferential location of Cd2þ in theR domain andZn2þ

in the β domain.11 The mechanism of this reaction has not
been elucidated, although it is assumed that a bimolecular
step involving the reaction of thiolates of one metal cluster
with metal ions of the other mediates the exchange.22

A previous study of the exchange reaction between Zn7-
MT and Cd2þ defined the order and location of exchange
among the seven Zn2þ binding sites.11 Interestingly, accord-
ing to Cd-NMR spectroscopy, the intermediate CdnZn(7-n)-
MT species are not identical to the stoichiometrically equiva-
lent, mixedmetal species formed in the interprotein exchange
reaction. Indeed, when the former are heated to 50� and
then cooled to room temperature, their one-dimensional Cd-
NMR spectra convert to those of the correspondingmixtures
derived from MT protein-protein metal ion exchange.12

Apparently, the intermediate titration products in the reac-
tion of Cd2þ with Zn7-MT contain kinetically not thermo-
dynamically stable metal ion distributions.
We undertook a comprehensive investigation of the kine-

tics of reaction of Zn7-MT with Cd2þ in order to understand
in mechanistic detail how this initial cellular reaction occurs.
Detailed stopped-flow kinetic experiments revealed that the
β and R domains display substantially different rates of
reaction. Under pseudo first-order conditions for Cd2þ, the
Zn3S9 cluster reacts more rapidly with Cd2þ than any of
the Zn2þ sites in the R domain cluster and forms the homo-
logous Cd3S9 cluster in a single kinetic step characterized by
a second order rate constant of 7.5 � 104 M-1 s-1 at 25 �C
(Table 2). For the reaction to be first order in Cd2þ and
cluster as shown in Table 3 and for this reaction to follow
the same kinetics when the rates of Cd-sulfhydryl bond
formation (254 nm absorbance) and Zn2þ displacement
(Zn-zincon formation) are observed suggests that the overall
reaction

Zn3S9 þ 3Cd2þ h Cd3S9 þ 3Zn2þ ð11Þ
is rate limited by the exchange of the first Cd2þ and Zn2þ

Zn3S9 þCd2þ h Cd,Zn2S9 þZn2þ ð12Þ
The question ariseswhy the reactions ofCd2þwithCd,Zn2,S9
or Cd2,Zn,S9 should be non-rate-limiting. One hypothesis
is that the rapid rate of intersite metal ion exchange in the β
domain cluster distributes the bound Cd2þ among all of the
sites so that Cd2þ can enter the cluster by the same route in
each reaction. However, the Cd2þ-Cd2þ intersite exchange
rate constants at 35 �C range from 0.2 to 2.7 s-1, far smaller
than the pseudo first-order rate constants for the three phases
of the metal exchange reaction (17-180 s-1).22 More likely,
the β domain metal ion rates are so fast that differential rate
behavior cannot be observed.
The observed reaction of Cd2þ with Zn4S11 in the R

domain is considerably more complex, perhaps because the
β domain reaction rates are so fast that differential rate
behavior cannot be observed. The overall process is com-
prised of three sequential or concurrent steps, each display-
ing saturation behavior consistent with reversible binding of

Table 5. Percent Absorbance Change Occurring in the Fast and Aggregated
Two Slower Phases of Znm,Cdn-RMT’s Reactions with 600 μM Cd2þ

percent absorbance change
in exchange reaction

percent of kinetic phase
filled with cadmium

% kfast % kslow kfast kslow

Zn4-RMT 50 50 0 0
Zn3Cd1-RMT 24 46 52% 8%
Zn2Cd2-RMT 10 35 80% 30%
Zn1Cd3-RMT 3 11 94% 78%
Cd4-RMT 0 0 100% 100%

(20) Durnam, D.M.; Palmiter, R. D. J. Biol. Chem. 1981, 256, 5712–5716.
(21) Glanville, N.; Durnam, D. M.; Palmiter, R. D. Nature 1981, 292,

267–269.

(22) Otvos, J. D.; Liu, X.; Li, H.; Shen, G.; Basti, M.Metallothionein III:
Biological Roles and Medical Implications; Suzuki, K. T.; Imura, N.; Kimura,
M.; Birkh€auser Verlag: Basel, Switzerland, 1993; pp 57-74.
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Cd2þ to the protein followed by intramolecular Cd2þ-Zn2þ

exchange as in reaction 14.

Zn4-RþCd2þ h Cd 3Zn4-R ð13Þ

Cd 3Zn4-R h Cd,Zn3-RþZn2þ ð14Þ
It is hypothesized that the slow intersite metal ion exchange
rate within the R domain results in each site retaining indi-
vidual kinetic properties (Tables 1 and 2).22 According to this
mechanism and the interpretation made in relation to reac-
tions 5-7, observation of the formation of the product
species (254 nm absorbance) and Zn2þ availability to react
with zincon should and do yield the same rate of reaction.
The smallKd values for reaction 13, ranging from 2 to 9 mM
at 25�, are consistent with weak adduct formation between
cluster thiolate groups and Cd2þ. The formation of Cd2þ

adductswithCdn,Zn4-n-MTas intermediates along themetal
ion exchange pathway is also supported by a recent study in
which NMR experiments supported the formation of a Cd5-
RMT species that might be construed as Cd 3Cd4-RMT
species.23

In light of the results with the R domain, we propose that
the reaction of Cd2þ with the β domain occurs by the same
mechanism.The lackof any indication of binding in theCd2þ

dependence of the reaction would be consistent with Kd

values greater than 10 mM for the β domain reaction such
that eq 7 reduces to

kobs ¼ k½Cd2þ�=Kd ð15Þ
under the conditions of the reactions.
Experiments compared the reaction ofCd2þwith theZn4-R

domain to that of Cd2þ with Cd species (Cd1,Zn3-RMT,
Cd2Zn2-RMT, and Cd3Zn1-RMT) generated in the titration
of Zn4-RMTwithCd2þ that are hypothetical intermediates in
the reaction of the Zn4-R domain with Cd2þ. Supporting the
use of structural results determined at millimolar protein
concentrations with kinetic studies done at micromolar
concentrations was our previous structure-reactivity study
comparing the structures of the isolated Cd4-R domain with
theCd4-R domain inCd7-MT.19Theydiffer in conformation,
with the isolated domain displaying larger thiolate solvent
accessibility than the holoprotein that exists as a dimer at
millimolar concentrations. The dimer, forming along the
R-β interface, only exists with the holoprotein. In turn, the
holoprotein but not the isolated domain reacts differently
with EDTA in the two concentrations regimes. By inference,
the structures of the Zn,Cd-domain species should be repre-
sentative of the structures present in the kinetic studies.
The kinetic results with the mixed metal species were

consistent with Cd2þ undergoing a set of three independent
reactions with theR domain cluster to formCd4-RMT,which
displayed the same qualitative kinetic behavior as the indivi-
dual steps of the reaction of Zn4-RMT. 111Cd2þ NMR
spectroscopy of the prepared intermediate species was con-
sistent with results of a previous study and demonstrated that
the fast kinetic phase binding Cd2þ primarily entered cluster

sites V and VI to form Cd2Zn2-RMT. The slower kinetic
phases largely populated sites I and VII to yield Cd4-RMT.
Therefore, the combination of kinetic and structural experi-
ments were consistent with the identification of the fastest
kinetic step with the exchange of Cd2þ with Zn2þ in sites V
andVI and the two slower steps with the population of sites I
and VII with Cd2þ (Figure 6). Accordingly, the kinetics can
be characterized as a set of concurrent reactions of Cd2þwith
different metal ion binding sites in the cluster.
The Cd2þ-domain adduct formation reactions that initiate

each kinetic step (reactions 5 and 13) are envisioned to
involve the interactions of the metal ion with thiolate groups
that are also ligated to Zn2þ within the Cdn,Zn4-nS11 cluster.
Cysteine sulfhydryl groups that might participate in these
reactions would be those that are solvent accessible and
provide access to the cluster. An examination of the NMR
structure of Cd4-RMT-2 revealed that most of the thiolate
ligands display some solvent accessibility (Table 6).19 The
domain crevice contains four accessible sulfurs, one from site
I (C57, 6 Å2 surface accessible area, terminal sulfhydryl
group) and two from sites VI (C37, 6 Å2, bridging; C41,
6 Å2, terminal) and VII (C36, 3 Å2, terminal; C37). Another
region of the surface contains cysteines 34 (3.5 Å2, bridging)
and 48 (9 Å2, terminal) associated with metal ion VI. Several
individual sulfur atoms from cysteines 33 (site V, 3.5 Å2,
terminal), 41 (VI), and 59 (I, 9.5 Å2, terminal) are also
exposed to the solvent.
This information suggests the following pathway of reac-

tion (Figure 7). Cd2þ readily reacts with the dithiol sites,
C37-C41 (site VI) or C34-C48 (V), to form intermediate
Cd2þ-cluster adducts that in either case involve a bridging
and a terminal thiolate sulfur. Which of these pairs of
sulfhydryl groups favors the entrance and distribution of
both Cd2þ ions into sites V and VI has not been ascertained.
Perhaps, both are utilized and cannot be kinetically distin-
guished. Subsequently, sites VII and I are accessed through
sulfurs from residues C36 and C37 and C57 or C59, respec-
tively.
The activation parameters for the subsequent exchange

steps (Table 4) considered in conjunction with Figure 7
suggest someadditional features of the pathway.Considering
the sequential replacement of Zn2þ by Cd2þ and the sub-
stantially greater stability of Cd-S bonding than its Zn-S
counterpart, it is plausible that the trend of increasing ΔH q

represents the progressively greater difficulty in breaking
Zn-sulfhydryl bonds as the intermediate adduct species,
Cd 3 (Cdn,Zn4-n-R), undergoes reaction. The trendmight also
reflect the fact that both sites I andVII containCXCCamino
acid/ligand sequences, which may comprise particularly
powerful arrays of chelating sulfhydryl groups. In particular,
site I is the only metal binding site in which four consecutive
thiolates in the sequence bind to the same metal ion and
might be identified with k3.

23

Table 6. Cd þ R Domain Cysteinyl Sulfhydryl Solvent Accessibility

Cd site
cysteinyl sulfur

ligandsa
sulfur atom accessible

surface (Å2)b

CdI 50, 57, 59, 60c 18
CdV 33, 34, 44, 48 17
CdVI 37, 41, 44, 60 12
CdVII 34, 36, 37, 50 12

aReference 5. bReference 19. cBold, bridging ligands; italics, surface
accessible sulfurs.

(23) Rigby Duncan, K. E.; Kirby, C. W.; Stillman, M. J. FEBS J. 2008,
275, 2227-2239.

(24) Mu~noz, A.; Laib, F.; Petering, D. H.; Shaw, C. F., 3rd J. Biol. Inorg.
Chem. 1999, 4, 495–507.
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The increasing trend in ΔSq may also reflect the same
differential structural characteristic of the sites. Thus, the
CXCC features would allow relatively little peptide flexibility
during the exchange process when metal-thiolate bonds are
broken and remade. In contrast, during the reactions of sites
V and VI, the Xn sequences of amino acids between cysteinyl
residues may introduce a greater opportunity for flexibility
during rate limiting bondmaking andbreaking, requiring less
structural reorganization.
The model of the reaction of Cd2þ with the Zn4-R domain

may now be considered in light of the titration of Zn7-MT
with Cd2þ studied previously by 111Cd2þ NMR spectros-
copy.11 As described above, in the kinetic experiments con-
ducted at micromolar concentrations, Cd2þ reacts fastest
with Zn3-β and, accordingly, populates the β domain faster
than the R domain. However, in the full NMR titration
experiment donewithmillimolar concentrations of reactants,
the observed distribution of 111Cd2þ follows the sequence
Cd1(site III-β), Cd2-5(sites I, V, VI, VII-R), andCd6,7(sites II,
IV-β).11 The fact that theR domain fills withCd2þ before two
of the three β domain binding sites suggests that interprotein
Cd2þ-Zn2þ exchange takes place to move Cd2þ initially
bound in the β domain into the R domain. Under the
conditionsof theNMRexperiment (mMMTconcentration),
much of the protein exists as a dimer, based on its Kd of
400:M.19,22 Dimerization is also thought to be a key step in
the interprotein metal ion exchange reaction between Cd7-
MT and Zn7-MT.22

The sequence of Cd2þ replacement listed above implicates
β domain sites II and IV as theCd2þ donor sites. Presumably,
R domain sites V and VI are the initial acceptor sites. This

locus of metal ion exchange could invoke the hypothetical
interface of the metallothionein dimer as revealed in the
crystal structure and supported in a recentNMRcomparison
of the holoprotein and R domain structures.6,19 According to
those studies, R and β domains and surface accessible thiols
41 (site VI, R) and 44 (V, VI,R) and 19 (II, β) and 21 (IV,β) lie
in proximity at the R-β interface. It is envisioned that
metal-thiolate sites in each domain exchange sulfhydryl
ligands as the starting point for metal ion exchange.

ðCd3S9Þþ ðZn4S11Þ h ðCd3S9Þ 3 ðZn4S11Þ ð16Þ

ðCd3S9Þ 3 ðZn4S11Þ h ðZnm, Cd3-mS9Þ 3 ðCdn, Zn4- nS11Þ
ð17Þ

ðZnm, Cd3-mS9Þ 3 ðCdn, Zn4- nS11Þ h ðZnm, Cd3-mS9Þ
þ ðCdn, Zn4- nS11Þ ð18Þ

Conceptually, this process closely resembles the metal ion
exchange mechanism proposed for the reaction of Cd2þ with
Zn7-MT.
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Figure 7. Hypothetical mechanistic pathway of the reaction of Cd2þ with Zn4-RMT-2.


