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lution (yield 4% based on the starting nickel ions). The electronic 
absorption and circular dichroism spectra of the complex in 
methanol are given in Figure 1. We have already reported that 
when a primary diamine, en or tn, is used, the structural features 
of nickel( 11) complexes containing monosaccharides are evident 
in CD ~ p e c t r a . ~ * ~ * '  That is to say, the CD curves of the D-glucose 
and D-mannose complexes are nearly mirror images of the cor- 
responding CD curves in the first absorption region. However, 
in this study, the C D  curve of 8 is not a mirror image of but is 
similar to the CD curve of the complex Manl(C1) (6). HPLC 
analysis shows that the ratio of monosaccharide to nickel ion in 
8 is 2.8:2.0, suggesting a binuclear complex. Further, of the 
monosaccharides recovered from the complex, 28% are D-glucose 
and 72% are surprisingly D-mannose, indicating that the starting 
D-glucose was partially epimerized during the reaction. From these 
results, it is assumed that 8 is the mixture of the binuclear com- 
plexes having the structure of mannofuranoside bridging (Figure 
6). This observation is very important in relation to the trans- 

formation of sugars by metal complexes and, in fact, gave us a 
significant clue to develop the C-2 epimerization of aldoses pro- 
moted by nickel(I1)-diamine c~mplexes.~ '  
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The reaction of Cd-metallothionein (MT) with mercury(I1) has been studied. The Cd,-MT was titrated with from 1 to 14 equiv 
of HgCI2, following which the cadmium(I1) and mercury(I1) contents, the partition coefficient on a size-exclusion HPLC column, 
and the UV spectra were measured. The results showed that mercury(I1) quantitatively displaces cadmium(I1) from the protein. 
An analysis of the UV spectral data by the method of singular value decomposition (SVD) was used to determine the number 
of spectrally distinct components and their fractional abundance throughout the titration. A minimum of three spectrally distinct 
components were found by this method; they corresponded to tetrahedral Cd-S, tetrahedral Hg-S, and linear Hg-S coordination 
geometries. Initially the mercury(I1) occupies tetrahedral sites; however, above a Hg/MT stoichiometry of 4, there is a shift to 
linear coordination. The size-exclusion data indicate a shift to a more compact structure upon addition of mercury(I1) to the 
metallothionein. Finally, the analysis of a UV spectrum of a mixture of the all-cadmium(I1) and the all-mercury(I1) metallo- 
thioneins indicates that the two forms undergo facile interprotein metal ion exchanges. The analysis of the kinetics of this reaction 
is best fit by second-order kinetics, which would be consistent with a mechanism whereby there was a direct interaction between 
the two MTs. 

Introduction 

Metallothioneins (MTs) are a unique class of low-molecular- 
weight proteins that are characterized by a high content of cysteine 
and a capacity to bind multiple moles of heavy metal ions.'-3 MTs 
are nearly ubiquitous in nature, occurring in organisms ranging 
from fungi (Neurospora and Saccharomyces) to the mammals. 
While the physiological functions of M T  have not been clearly 
defined as yet, it has been postulated to function both in providing 
a protective mechanism against an overload of toxic heavy metal 
ions such as cadmium and mercury and in maintaining a ho- 
meostasis of the essential metal ions, zinc and ~ o p p e r . ~  

Extensive use has been made of both chemical and optical 
spectroscopic techniques to characterize the nature of the MT 
metal binding sites and their relative affinities for different metal 
 ion^.^^^ While these studies clearly show all 20 cysteine sulfurs 
in the mammalian MTs to be involved in metal ligation, the most 
explicit details about the metal ion-ligand coordination number 
and geometry were first revealed by 'I3Cd N M R  studies.' For 
the lI3Cd derivatives of rabbit liver MT, these studies indicate 
that the cadmium(I1) ions are bound in two clusters consisting 
of four and three metals each, with the metal tetrahedrally co- 
ordinated to 11 and 9 cysteines, respectively. Recently, the 
structure of this protein has been more completely defined by both 
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X-ray crystallography* and two-dimensional 'H and 'H-Il3Cd 
N M R  spectros~opy.~ While these two studies differ in their 
assignment of specific cysteine residues to specific metal ions in 
the structure and hence differ in the predicted folding of the 
polypeptide chain, they both confirm the essential arrangement 
of bridging and terminal cysteine-metal ligands elucidated by the 
earlier 'I3Cd N M R  studies. 

In comparison to the progress that has been made in the detailed 
structural elucidation of the cadmium(I1) and cadmium(I1)- 
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zinc(I1) forms of the protein, relatively little is known about the 
structure, metal to ligand coordination number, and geometry in 
other metal derivatives of MT. Of the latter, the complex of MT 
with mercury(I1) is of particular interest for the following reasons. 
First, as with cadmium(I1) and zinc(II), exposure to mercury(I1) 
both in vivo and in the cell culture leads to the increased formation 
of Hg-MT.Ibl6 While this may occur in part by displacement 
of zinc(I1) and cadmium(I1) initially bound to MT, there are a 
number of studies which demonstrate that M T  mRNA synthesis 
is also induced by m e r ~ u r y ( I I ) . ’ ~ ~ ~ *  Secondly, 199Hg is a  pin-'/^ 
nucleus and thus offers the potential for the use of high-resolution 
N M R   method^^^,*^ in the detailed structural elucidation of this 
form of the protein in much the same way as was done with the 
Il3Cd M T  derivatives. Inconsistencies in the reported in vitro 
procedures for preparing the Hg-MT c o m p l e ~ , ~ ~ ~ ~ - ~ ~  however, 
necessitated a more thorough analysis of the stoichiometry of the 
Hg-MT interaction reported herein since, in our hands2S and 
others,26 the duplication of the published procedures did not give 
rise to a detectable ‘%Hg N M R  signal. One possible explanation 
for the failure to observe a 199Hg N M R  signal could be related 
to the preference of mercury(I1) for linear 2-coordinate complex 
formation with thiolate ligands,27 an example of which has been 
shown in the crystal structure of the 2:l complex of cysteine with 
mercury(II)?8 and the facile interchange that could then occur 
between this coordination and that of the tetrathiolate-coordinated 
Hg(I1) ion.’ Another noteworthy property of mercury(I1) com- 
plexes is their tendency toward more rapid exchange than similar 
cadmium(I1) complexes.29 This property together with the 
propensity of Hg(I1) for both tetrahedral and linear coordination 
geometry and the large N M R  chemical shift range makes 199Hg 
N M R  spectroscopy more susceptible than II3Cd N M R  spec- 
troscopy to problems associated with chemical exchange broad- 
ening that can frequently be a major deterrent in metal N M R  
studies. Therefore, before attempting an extensive structural 
characterization of the mercury(I1) derivative of the protein with 
199Hg and 199Hg-1H N M R  techniques, it was necessary to first 
carry out the studies reported herein to determine to what extent 
the tetrahedral geometry found with the cadmium(I1) derivatives 
is retained in the mercury(I1) derivative of MT. In the course 
of this study, we provide evidence that indicates that mercury(I1) 
adopts both a tetrahedral and a linear coordination geometry in 
this protein. Additionally, we have characterized a facile inter- 
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change reaction of cadmium(I1) and mercury(I1) upon mixing 
the all cadmium(I1) and all mercury(I1) forms of MT, resulting 
in a stable mixed-metal species. 

Experimental Section 
Protein Preparation. Metallothionein was isolated from the livers of 

rabbits injected subcutaneously seven times on alternate days with 2 
mg/kg of CdCI2 (the first and second injections were one-third and 
two-thirds, respectively, of the full dose). The protein was extracted from 
these livers by following the method of Winge.’* After the acetone 
precipitation, the protein was purified first by gel filtration on Sephadex 
G-75 and then the isoforms were separated by ion-exchange chroma- 
tography. The ion exchange was performed on DEAE Sephacel with a 
gradient from 0.01 to 0.20 M Tris-CI at  pH 9.0. All experiments de- 
scribed here were done with MT-11. Purity was established with gel 
electrophoresis on nondenaturing discontinuous gels. HPLC profiles of 
the MT-I1 on a TSK G2000 gel filtration column (see below) showed the 
concentration of dimer and higher aggregates to be less than 10%. Pu- 
rified protein was concentrated by ultrafiltration, dialyzed against 0.5 
mM potassium phosphate buffer a t  pH 7.5, and stored at -20 OC after 
lyophilization. Apometallothionein was formed by reducing the pH of 
the protein solution to 1.5 with HCI. 

Metal-Exchange Procedures. Metal-exchange experiments were done 
in a buffer containing 0.01 M potassium phosphate and 0.15 M KCI. 
The pH was 6.0 in order to prevent precipitation of the metal hydroxides. 
The concentration of Cd7-MT for the mercury(I1) titration was 16.4 uM 
in a 1 mL volume. Aliquots of HgCI2 (from atomic absorption standard, 
Fisher Scientific) were added, and the solution was allowed to stand for 
30 min. A 1-mL aliquot of a slurry (1 g/10 mL) of Chelex 100 was 
added to the solution to remove displaced cadmium(I1) and adventitiously 
bound mercury(I1). Control experiments demonstrated that this treat- 
ment does not remove cadmium(I1) from the Cd,-protein. The solution 
was separated from the Chelex by sedimentation or filtration. 

Cadmium(I1) concentrations were measured by flame atomic ab- 
sorption spectroscopy on an IL 157 AA spectrophotometer. Mercury 
concentrations were measured with the same instrument with use of the 
Model 555 controlled-temperature furnace. Samples for the mercury 
determination were diluted in a solution of 5% nitric acid and 0.1% 
potassium dichromate according to the protocol recommended by the 
instrument manufacturer. The presence of phosphate was observed to 
depress the readings obtained for mercury in the atomic absorption 
spectrophotometer. Accordingly, all samples and standards were made 
to contain the same buffer concentration at the final dilution. Protein 
concentrations were determined by measuring the optical absorbance at 
220 nm (e  = 47 3003’) after displacement of cadmium(I1) by reducing 
the sample pH to 1.5 with HC1. 

The determination of the state of aggregation and alterations in M T  
shape were done with gel filtration HPLC using a 7.5 mm X 600 mm 
TSK G2000 column on a Rainin HPLC system. Flow rate was 0.9 
mL/min. 

Kinetic measurements of the mercury-cadmium interchange reaction 
were done by recording the OD,w on a Gilford 252 spectrophotometer 
connected to a strip-chart recorder. The temperature was regulated at  
20 OC. The kinetic profiles were digitized with a modified “Mouse” 
interfaced to an IBM PC AT microcomputer. Initial rates of reaction 
were determined by linear regression of the absorbance data. The inte- 
grated rate equation for a bimolecular reaction was fit to the data with 
a nonlinear, least-squares program that used a modified Gauss-Newton 
algorithm.32 UV absorption spectra of the MT solutions and of the 
H g ( ~ y s ) ~  complex, which was prepared by stoichiometric metal ion ad- 
dition, were recorded on Cary 118 spectrophotometer. 

UV Spectral Analysis. It was of interest to determine the number of 
spectrally distinct components that were present during the titration of 
cadmium(I1) metallothionein with mercury(I1) since this provided an 
estimate of the minimum number of unique metal-protein complexes 
formed. This information can best be extracted from the experimental 
data by the singular value decomposition (SVD) of the ( m  X n )  matrix 
of UV spectral data.33-35 Each of the n columns of this data matrix, D, 
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consists of a spectrum of M T  measured at  m wavelengths during the 
titration with mercury(I1). The spectrum of apometallothionein was 
subtracted from each spectrum so that the resulting spectra represent 
only the contribution to the UV absorption from the metal-cysteine 
interaction. In making this correction, it was assumed that the contri- 
bution to the UV spectrum by the peptide backbone was unchanged by 
different coordinating metals,36 and furthermore, since M T  lacks any 
aromatic amino acids, this correction only affects the spectrum below a 
wavelength of approximately 250 nm. The number of spectrally unique 
components corresponds to the number of linearly independent column 
vectors, that is, to the rank, r ,  of the matrix. The rank and the r basis 
spectra from which the data can be reconstructed can be determined with 
the method of singular value decomposition as follows. The matrix D 
is decomposed into three orthogonal matrices such that D = USVT. In 
this representation, S is a diagonal matrix whose elements, the singular 
values, are ordered by descending value. In the noise-free case, the 
number of nonzero singular values is the rank of the matrix. In exper- 
imental measurements where noise is present, there may be n - r nonzero 
singular values that represent the noise contribution to the matrix. The 
r columns of U corresponding to nonnoise singular values represent the 
basis spectra. The corresponding rows of the matrix VT represent the 
titration curve for each spectrum. If the original matrix D is represented 
in this way, it follows that the magnitude of the singular value gives the 
weight that each basis spectrum contributes to the original data matrix. 
The criteria used to determine the number of spectral components are 
described in the Results section of this paper. 

The basis spectra determined from the columns of U do not, unfor- 
tunately, correspond to the spectra of the individual components ap- 
pearing in the titration.35 Rather, the component spectra C, are a linear 
combination of the basis spectra, C = USB, where B is a matrix that 
transforms the basis spectra to the component spectra. The inverse of 
B, B-I, transforms VT into a matrix F (= B-’VT), that represents the 
titration profiles of each component spectrum in C, such that D = CF. 
Our method for determining the matrices C and F is similar to that used 
by Gemperline3’ in his analysis of liquid chromatography/ultraviolet 
data. In order to accommodate the constraints described below, we used 
a nonlinear minimization with a downhill simplex routine.38 The un- 
known elements of B and F were iteratively changed until the difference 
between the product BF and was minimized. In order for convergence 
to be obtained, this minimization must be constrained according to sev- 
eral physically meaningful criteria. (1) The first spectra of the series 
(before the addition of any mercury(I1)) represents a single spectral 
component characteristic of the tetrahedral Cd-S complex present in the 
native protein. This constraint provides the values for the first column 
of B and the first column of F. (2) The cadmium(I1) is present in only 
one spectrally distinct species (the tetrahedral Cd-S complex, see below) 
throughout the titration. Thus, the first row of F is just the measured 
fractional amount of cadmium(I1) present in the M T  at  each point in the 
titration. (3) The sum of the number of tetrahedral cadmium(I1) and 
mercury(I1) sites cannot exceed seven, the known total number of tet- 
rahedral sites in the proteh2S8 (4) The number of linear mercury(I1) sites 
cannot exceed three times the number of vacant tetrahedral sites. The 
value of three is somewhat arbitrary. This constraint prevents the ex- 
istence of linear sites in the protein when it is fully occupied with tetra- 
hedrally coordinated cadmium(I1) and mercury(I1). (5) The site occu- 
pancies cannot be negative. Successful convergence to the same result 
was obtained by using different initial guesses for the unknown elements 
of the two matrices. 

The spectral analysis was done with Fortran programs on a Vax 
11/750 minicomputer. The singular value decomposition used the dou- 
ble-precision subroutine from the Linpack library.39 

Results 

The propensity of excess metal ions to induce aggregation of 
some proteins necessitated that this be assayed for a t  the outset 
of these mercury(I1) titration studies. To assay for aggregation 
we used high-performance liquid chromatography with a size- 
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Figure 1. Partition coefficients of metallothionein on a HPLC size ex- 
clusion column. The metallothionein was first reacted with 0 (X), 3 (O),  
6 (A), 11 (a), or 14 (+) mol equiv of mercury(I1). 
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Figure 2. Titration of CD,-MT with HgCI2. Separate samples of M T  
were exposed to a series of HgCI2 concentrations, and then treated with 
Chelex-100 to bind displaced metals. The cadmium (a), mercury (0) 
and Hg + Cd (A) measured in the protein are illustrated. The OD3”s 
(+) from the data of Figure 3 are also illustrated. 

exclusion column. From the HPLC elution profiles of the M T  
at  several Hg(I1):MT stoichiometries, we found no evidence of 
any significant aggregation induced by the mercury(I1) treatment. 
Evidence for a change in shape was observed by this method, 
however, which was perhaps not unexpected in view of the change 
in mercury(I1) coordination geometry described below. A similar 
change in the shape of the Hg(I1) derivative of M T  has been 
previously noted.10*22~24 Figure 1 shows the partition coefficient 
of the MT on the size-exclusion column at  several stages in the 
mercury(I1) titration as a function of salt concentration. The 
addition of mercury(I1) to the Cd7-MT metallothionein resulted 
in a progressive increase in partition coefficient at all salt con- 
centrations. This corresponds to a decrease in the Stokes radius 
relative to that of Cd7-MT. 

The stoichiometry of cadmium(I1) displacement by mercury(I1) 
was monitored by measuring both the cadmium(I1) and mercu- 
ry(I1) remaining in the sample following additions of increasing 
amounts of mercury(I1) to separate samples of the Cd7-MT and 
treatment with Chelex a s  described in the Experimental Section. 
As illustrated in Figure 2, addition of mercury(I1) led to an 
approximate 1: 1 displacement of cadmium(I1) from the Cd7-MT 
up to approximately 6 equiv of mercury(I1). Complete dis- 
placement of the cadmium(I1) ions from Cd7-MT occurs upon 
t h e  addition of 8 equiv of mercury(I1). This  nearly 1:l dis- 
placement of cadmium(I1) is also reflected in the near  constancy 
of total metal ions bound throughout this range (Figure 1). 
Additional mercury(I1) ions continued to be bound after all 
cadmium(I1) ions were displaced. Figure 2 also shows the ab-  
sorption at 300 nm throughout the titration. For up to 7 mol equiv 
of added mercury(II), there is an increase in the absorption at  
300 nm. Unlike the linear increase in mercury(I1) bound t o  the 
protein during this part of the titration, the increase in OD300 
clearly shows a decreasing slope, particularly above a stoichiometry 
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Figure 3. UV spectra of Cd7-MT during the titration (Figure 2) with 
HgCI2. The Hg/MT stoichiometry is (a) 0-7, (b) 8-9.5, (c) 10-14. 
Arrows indicate the direction of increasing mercury(I1). 

Table I. Singular Values, Autocorrelation of the Columns of the 
Matrix U, and the Rms Difference between the Original Data 
Matrix and That Calculated from the Indicated Number of Columns 
of the Matrices U and V 

column no. SVD ACU rms 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

5.0144 
0.491 1 
0.4286 
0.0730 
0.0452 
0.0192 
0.0141 
0.0092 
0.0066 
0.0053 
0.0039 
0.0036 
0.0029 
0.0021 
0.001 7 
0.0016 
0.0014 

0.97 
1 .oo 
0.96 
0.98 
0.98 
0.90 
0.82 
0.83 
0.74 
0.63 
0.80 
0.77 
0.73 
0.53 
0.73 
0.73 
0.61 

0.0189 
0.0126 
0.0026 
0.0015 
0.0008 
0.0006 
0.0004 
0.0003 
0.0002 
0.0002 
0.0001 
0.0001 
0.0001 
0.0001 
0.0000 
0.0000 
0.0000 

of three to four bound mercury(I1) ions. For from 7 to 10 mol 
equiv of mercury(I1) per metallothionein, the OD300 drops, and 
then, above 10 mol equiv, the OD300 again increases. 

Ultraviolet absorption spectra of the metallothionein following 
mercury(I1) addition and Chelex treatment are shown in Figure 
3. As previously noted under somewhat different  condition^,^^^^^ 
the spectral changes are complex, showing a multiphasic response 
at  most wavelengths. The spectra with up to four mercury(I1) 
atoms bound per mole of M T  show an isosbestic point a t  256 nm. 
No clear isosbestic point is observed above that stoichiometry. 
It was of interest, therefore, to determine the number of spectrally 
distinct components taking part in the overall titration. For this 
purpose, the method of singular value decomposition was applied 
as described in the experimental section. Table I lists the mag- 
nitude of the singular values, the autocorrelation of the columns 
of U, and the rms difference between the raw data matrix and 
that reconstructed from the listed number of columns U and V. 
It can be seen from this table that, when one moves in order of 
increasing singular value, the first large jump occurs between the 
fourth and third values. The fact that the columns of U corre- 
sponding to these three singular values all have autocorrelations 
greater than 0.97 supports their assignment as signal rather than 
noise. Furthermore, a noticeable improvement in rms deviation 
occurs upon inclusion of each of the first three columns, while 
the addition of the fourth yields a negligible improvement. The 
fourth and fifth columns of U show high autocorrelations, sug- 
gesting that they are not noise related. Their low singular values 
and the small improvement in the rms deviation obtained upon 
their inclusion, however, indicates that their contribution is 
negligible. The conclusion from this analysis is that only the first 
three columns of U and V, which correspond to the largest singular 
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Figure 4. Results of the SVD analysis of the UV spectra (Figure 3) of 
Cd,-MT during a titration with HgCI2. Panels a-c illustrate the basis 
spectra. These are the columns of matrix U that correspond to the largest 
three singular values. Each column is multiplied by its singular value. 
Panels d-f illustrate the corresponding columns of the matrix V. These 
give the amplitudes of the corresponding basis spectra throughout the 
titration. 
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Figure 5. Results of the transformation of the basis spectra of Figure 4 
as described in the text. Panels a-c illustrate these spectra, which are 
a linear combination of the basis spectra of Figure 4. These give the 
spectral contribution of the three components present during the titration 
of Cd7-MT with HgCI,. The spectrum of Hg(cys)2 is indicated in panel 
c with an arrow. Panels d-f give the fractional abundance of each of 
these three components during the titration. 

values, are required to obtain an excellent description of the data 
set. This therefore suggests the involvement of three spectrally 
distinct components in the titration. 

The columns of U corresponding to the first three singular 
values are illustrated in Figure 4. The columns of U have been 
multiplied by their corresponding singular value. While the or- 
thogonality condition of the SVD technique precludes these spectra 
from corresponding to physically meaningful spectra, some sig- 
nificance can be ascribed to their appearance. The first (Figure 
4a) represents the general trend seen in all the spectra, which is 
a gradual increase in absorbance toward the high-energy end of 
the spectrum. The second (Figure 4b), provides a contribution 
in the 300-nm region of the spectrum, corresponding to tetrahedral 
Hg-S absorption (see below). The third (Figure 4c), provides 
a contribution in the 250-nm region, corresponding to the tetra- 
hedral Cd-S absorption (see below). The columns of V (rows 
of V') corresponding to the three largest singular values are also 
illustrated in Figure 4 (parts d-f). These indicate the fractional 
contribution of the corresponding basis spectrum (column of U) 
throughout the titration. 

The actual absorption spectra of the individual metal ligand 
complexes present in the titration are linear combinations of the 
basis spectra just described. The transformation matrix, B, was 
determined as described in the Experimental Section. The re- 
sulting spectra, corresponding to columns of the matrix C (=USB) 
are illustrated in Figure 5. The first (Figure 5a), of course, 
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Figure 6. Representative illustration of the time course of spectral 
changes occurring following the mixing of Cd-MT and Hg-MT. Spectra 
were collected at 2-min intervals in a Hewlett-Packard diode array 
spectrophotometer. Spectrum a is that of the all-Cd metallothionein, and 
spectrum b is that of the all-Hg metallothionein. 

corresponds to the first spectrum in the titration. The third 
component spectrum (Figure 5c) is essentially the same as the 
spectrum present a t  the addition of the ninth or tenth equivalent 
of mercury(II), where there is a negligible contribution from the 
first two spectra. The second spectrum (Figure 5b), on the oth- 
erhand, corresponds to a single component that is never present 
in more than 60% abundance at  any stage in the titration. Figure 
5 also shows the titration profiles for each of the three component 
spectra. The profile for the first component (Figure 5d) is just 
that corresponding to the observed decrease in cadmium(I1) 
concentration during the titration. The second component (Figure 
5e) first rises in abundance as mercury(I1) is added to the protein, 
reaching a plateau in the range from 4 to 7 equiv of added 
mercury(II), and then declines to a minimum at  the ninth 
equivalent. The third component (Figure 5f) rises in abundance 
through the titration, reaching a maximum when the first and 
second components are zero at  9 equiv of added mercury(I1) and 
then subsequently declines. 

In these studies of mercury(I1) derivatives of MT, it was also 
of interest to determine whether interprotein exchange of metals 
occurs with the cadmium(I1) form of M T  as has been recently 
demonstrated to occur between Cd and ZII-MT.~~ In order to 
address this issue, we made use of the fact that the OD300 is near 
a minimum at the point where all the cadmium(I1) has been 
displaced by mercury(I1) (Figure 2) and that the Cd7-MT has 
no absorbance at  300 nm. Thus, a nonreacting mixture with equal 
concentrations of the two species should show an absorbance 
approximately half that of the OD3oo of the mercury(I1)-containing 
MT. On the other hand, if the proteins exchange metals and form 
the mixed Cd-Hg protein, it can be seen from Figure 2 that an 
increase in absorbance at 300 nm will result. When the two 
proteins were mixed, it was observed that the initial OD300 was 
intermediate between the two forms, but with time increased to 
values that were characteristic of the mixed-metal (Cd, Hg) MTs. 
One example of this interchange is illustrated in Figure 6. For 
quantitative analysis of the interchange, the change in OD300 was 
followed with time at  six protein concentrations. A plot of the 
initial rate of absorbance change vs. the square of the protein 
concentration was linear, supporting a bimolecular reaction 
mechanism. The rate constant was calculated by simultaneously 
fitting the OD3oo from all six reactions to eq 1 

where 
1 

= 1 + k[PIit 

(40) Nettesheim, D. G.;  Engeseth, H. R.; Otvos, J .  D. Biochemistry 1985. 
24, 6744-67s 1. 
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Figure 7. Time course of the OD3W during the reaction of Cd-MT and 
Hg-MT. The initial concentrations of the two proteins are (a) 1.0, (b) 
1.5, (c) 2.0, (d) 5.1, (e) 7.1, and (f) 10.1 pM. The crosses give the 
measured data. The solid lines are calculated from the best-fit param- 
eters of eq 1, when simultaneously fit to all six data sets. 

and [PIi is the initial concentration of the cadmium(I1) metal- 
lothionein, the e's are the extinction coefficients a t  300 nm for 
the all-cadmium, all-mercury, and mixed-cadmium-mercury 
metallothioneins, t is the time, and k is the rate constant for the 
bimolecular reaction. Only the first 20% of each reaction was 
fitted, as once significant metal exchange has occurred, the kinetics 
are likely to be more complex. Figure 7 shows the experimental 
data and the fitted curve. The square root of the variance of the 
fit was 0.003 absorbance units, indicating an excellent fit to the 
data. The calculated rate constant is 182 M-I s-' (65% confidence 
interval, 152-214). 
Discussion 

Numerous studies now demonstrate that mammalian metal- 
lothioneins are inducible by mercury, as well as by zinc, cadmium, 
and copper. Very little was known, however, about either the 
structure of the resulting Hg-MT or the Hg-MT exchange 
properties. Our results, demonstrating quantitative displacement 
of cadmium(I1) by mercury(II), are consistent with earlier reports 
of mercury(I1) interaction with and with 
known affinities of these metals for thiolate ligands. Together, 
these results suggest that, in vivo, in the absence of competition 
of other sites for mercury(I1) (which may be important), intra- 
cellular mercury( 11) will displace cadmium( 11) and by inference 
zinc(I1) bound to metallothioneins. 

Previous investigations of the shape of mammalian metallo- 
thioneins demonstrated by size-exclusion chromatography that 
MT behaved as a prolate ellipsoid with an axial ratio of about 
6.43 The recent analysis of the X-ray crystal structure confirms 
that the protein has a nonspherical shape, but gives a smaller axial 
ratio of 3.* Vasak et al.44 noted that the Stokes radius of the 
cadmium(I1) and zinc(I1) MTs, as determined by size-exclusion 
chromatography, are dependent on the ionic strength of the buffer. 
These investigators suggested that the smaller Stokes radius ob- 
served at higher ionic strengths results from a minimization of 
charge repulsion between the two metal clusters. While we have 
not explicitly calculated the Stokes radius, our size-exclusion 
HPLC results on Cd-MT confirm the decreased radius a t  higher 
ionic strengths. More pertinent to the current study is the ob- 
servation that at all ionic strengths studied, the mercury(I1)- 
containing MT shows a greater partition coefficient than does the 
Cd7-MT. This result is consistent with a decreased Stokes radius 
of the protein after even partial displacement of cadmium(I1) by 
mercury(I1). Such a difference is Stokes radius has also been 
observed between the cadmium and copper forms of mammalian 
M T S . ~ ~  
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Optical absorption studies can be used to obtain insight into 
the nature of the metal-ligand coordination in metallothioneins. 
Vasak et al.36 have used Jolrgensens optical electronegativity theory 
to assign the UV absorption due to metals in zinc(II), cadmium- 
(11), and mercury(I1) metallothioneins as ligand-metal charge- 
transfer bands (LMCT). The positions of the lowest energy bands 
observed in the spectra are consistent with the known electrooptical 
properties of the ligands and metals involved. In particular, a 
Cd-S transition is expected at  approximately 250 nm and the 
Hg-S transition is expected at  lower energy (ca. 300 nm). These 
Cd-S and Hg-S ligand-metal charge-transfer bands have also 
been assigned to tetrahedral coordination sites in other proteins.&q4’ 

Earlier reports of the analysis of the metal-ligand interactions 
that contribute to the UV spectra of MTs have not dealt with the 
problem of separating out the multiple components that can be 
present in these spectra. The SVD analysis indicates at least three 
spectrally distinct components take part in the titration of C d r M T  
with mercury(I1). The first, of course, corresponds to the tet- 
rahedral Cd-S LMCT bands assigned by Vasak et al.36 The 
second component, which is not present in pure form at any point 
in the titration and is only extractable with a spectral deconvolution 
method such as the SVD analysis, corresponds to tetrahedral Hg-S 
LMCT bands as assigned by Vasak et al.36 The third component 
shows a spectrum which is characteristic of that expected for a 
linear Hg-S complex48 (Figure 5c). 

Earlier investigators have suggested that the displacement of 
cadmium(I1) by mercury(I1) occurs with retention of the tetra- 
hedral coordination geometry.36 However, Sokoloski et al.41 in 
their studies on a Hg1l8-MT by X-ray photoelectron spectroscopy 
suggested that an uncharacterized but dramatic alteration in 
structure occurs upon mercury(I1) binding. The nearly 1:l  dis- 
placement of cadmium(I1) by mercury(I1) we observed with up 
to 6 equiv of added mercury(I1) is consistent with a replacement 
of cadmium by mercury(I1) with retention of tetrahedral geometry. 
However, the reduced displacement ratio seen above a mercury(I1) 
stoichiometry of approximately 6 and, more importantly, the 
results of the SVD analysis of the UV spectra, are consistent with 
a shift to a different coordination geometry before all the cad- 
mium(I1) is displaced. This is shown most clearly in Figure 5e 
where it can be seen that approximately the first four mercury(I1) 
ions displace the cadmium(I1) ions with retention of the tetrahedral 
geometry. Above this stoichiometry, the spectral data are con- 
sistent with a linear geometry for the additional mercury(I1) ions. 
This is demonstrated by the similarity to the spectrum of H g ( ~ y s ) ~ ,  
which is known to be linear from the crystal structure28 (Figure 
5C) and is consistent with the known preference of mercury(I1) 
for linear two-coordinate complexes. It is quite possible that the 
shift in coordination geometry at  this point in the titration may 
be correlated with a difference in coordination geometry between 
the four and three metal clusters in MT. Above a mercury- 
(II)/MT stoichiometry of 7 there is a precipitous drop in the 
occupancy of the tetrahedral geometry. The peak occupancy of 
the linear form is observed at  a mercury(II)/MT stoichiometry 
of 9. The nearly 2:l cysteine:mercury(II) ratio a t  this point is 
also consistent with this assignment to the linear coordination 
geometry. Above a mercury(II)/MT stoichiometry of 10, the 
analysis suggests that a mixture of the linear and tetrahedral 
coordination geometries are present. At these Hg/protein stoi- 
chiometries, the natural metal-binding capacity of the protein has 
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almost certainly been exceeded, and consequently our results are 
most relevant a t  levels below this. 

Insofar as M T  is involved in the buffering of essential metal 
ions such as copper and zinc and with the sequestration of toxic 
metals such as mercury and cadmium, the process of the exchange 
of metals on and off the protein is crucial to its in vivo function. 
If cadmium(I1) displacement by mercury(I1) is a simple com- 
petition for free sites, the exchange should be limited by the off 
rate of cadmium(I1) from the MT. A rough calculation of this 
rate can be made by using a value of K = l O I 5  M-’ for the 
association constant2 and assuming that the on rate is diffusion- 
controlled (ca. lolo). The off rate calculated in this way is on 
the order of s-l. This extremely low rate should limit the 
replacement reaction time scale to days. Instead, preliminary 
kinetic measurements suggest time scales on the order of a minute 
or less. Clearly the mercury(I1) must “facilitate” the displacement 
reaction, presumably by a mechanism such as a concerted reaction 
with a trivalent sulfur intermediate. 

The displacement of cadmium(I1) by mercury(I1) indicates that 
the affinity for mercury(I1) is higher. The published value49 for 
the H g ( ~ y s ) ~  affinity constant is M-2. Given the very low 
off rates expected, therefore, for cadmium(I1) and especially for 
mercury(II), the apparent exchange of these metals between the 
two forms of the protein is surprising. Both forms of the protein 
were pretreated with Chelex- 100; hence, the free metal concen- 
tration should be negligible. A consideration of the expected off 
rates for the metals and of the bimolecular reaction rate observed 
suggests that a direct interaction between Cd-MT and Hg-MT 
is responsible for the metal exchange. Direct interaction between 
MT and other metalloproteins during metal exchange has also 
been suggested by other  investigator^.^^ Consideration of the 
crystal structure of the protein* shows that unlike many metal- 
loproteins, the metal sites are not buried deeply within the protein. 
The high metal and cysteine contents found in M T  effectively 
preclude the burial of the metal sites, rendering them available 
to interact with other proteins. This presumably is crucial to the 
in vivo function of this protein. The thiolate ligands and chelate 
effect of the protein ensure a high affinity for toxic metals, while 
the ligand availability may lower kinetic barriers to the exchange 
of essential metals to other proteins during biosynthesis. 
Conclusions 

The above results documenting the presence of different 
mercury(I1)-ligand geometries in MT, along with the known 
lability of mercury complexes as observed by 199Hg NMR,S’ 
emphasize the difficulties present in obtaining structural infor- 
mation from 199Hg N M R  spectra of MTs. If the exchange of 
individual mercury(I1) ions between the two geometries is facile, 
chemical exchange broadening could readily render the resonances 
unobservable. On the basis of this new understanding of how the 
occupancy of the different forms change through the titration, 
however, we are currently initiating new efforts to observe 199Hg 
N M R  signals from MT. We would also like to emphasize the 
power of the singular value decomposition technique in analyzing 
spectral data. This technique has not received wide recognition 
yet it is potentially applicable in a wide variety of spectroscopic 
studies. 

Acknowledgment. This work was supported by Grant No. DK 
18778 from the National Institutes of Health. We wish to thank 
Drs. Joseph and Celia Bonaventura for allowing us to use their 
HP diode array spectrophotometer. 

Registry No. Hg2+, 14302-87-5; Cd, 7440-43-9. (45) Winge, D. R.; Miklossy, K.-A. Arch. Eiochem. Eiophys. 1982, 214, 
80-88. 

(46) Beltramini, M.; Lerch, K.; Vasak, M. Biochemistry, 1984, 23, 

(47) Tamilarasn, R.; McMillin, D. R. Inorg. Chem. 1986, 25, 2037-2040. 
(48) Steinberg, I. Z.; Sperling, R. In Conformation of Biopolymers; Ra- 

machandran, G. N., Ed.; Academic: London, 1967; pp 215-233. 

3422-3427. (49) Stricks, W.; Kolthoff, I. M. J .  Am. Chem. Soc. 1953, 75, 5673-5681. 
(50) Li, T.-Y.; Kraker, A. J.; Shaw, C. F.; Petering, D. H. Proc. Nazi. Acad. 

Sci. U.S.A. 1980, 6334-6338. 
(51) Carson, G. K.; Dean, P. A. W. Inorg. Chim. Acta 1982, 66, 157-161. 




