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Abstract

Metallothioneins constitute a class of ubiquitously occurring low molecular mass proteins (6—7 kDa) possess-
ing two cysteine thiolate-based metal clusters usually formed by the preferential binding afetal ions

such as Zh and Cd. The three-dimensional solution structure of mammalian proteins has been determined
by two-dimensional NMR spectroscopy &fCd;-metallothionein. The structure shows two protein domains
encompassing the MCysSy- and My(CysS)-cluster with each metal ion being tetrahedrally coordinated by
thiolate ligands. The application 6t3Cd NMR proved to be indispensable in the structural studies of metalloth-
ioneins. Thus, both homonucle®*Cd decoupling studies and3Cd-113Cd COSY of'13Cd;-metallothionein
established the existence of two metal-thiolate clusters in this protein. The identification of sequence specific
cysteine-cadmium coordinative bonds came from heteronuélé@d-'H COSY experiments. Independently,

the 113Cd NMR characterization of the intermediate metal-protein complexes, leading to the cluster structure in
113c ;- metallothionein, revealed a stepwise cluster formation process with H{(€gs8) ;-cluster being formed

first. The recent demonstration of a Karplus-like dependence between the heterohuicié®ed, ! H) coupling
constants for the cysteiné’@rotons and the £+C#-S”-Cd dihedral angles should allow to derive the geometry

of the Cd-(S-Cys) centers in various metallothioneins and related metalloproteins. A possible applicdtiea of

NMR to the study of metallothioneins in the environment is discussed.

Abbrevations usedVTs — metallothioneins

Introduction modulation of biological activity of essential metal
ions (Zn, Cu). Moreover, in recent years an increas-
ing body of evidence has accumulated suggesting that

Metallothioneins (MTS) is a collective name for a MTs p|ay an important role in protecting the cells

superfamily of ubiquitous low molecular mass (67 against the mutagenic effects of free radicals produced

kDa) cysteine- and metal-rich proteins or polypep- during oxidative stress and of some neoplastic drugs

tides. They are characterized by metal-thiolate clusters which are potent DNA alkylating agents (Kéagi 1991;

formed by the coordination of'l metal ions with cys- Templeton & Cherian 1991).

teine thiolates. Despite a lapse of 40 years since its  The best studied mammalian MTs (MT-1 and MT-

discovery (Margoshes & Vallee 1957; Kagi & Vallee 2 jsoforms) are composed of a single polypeptide

1960) and intensive investigations (reviewed by Kagi chain of about 60 amino acids, 20 of which are cys-

1991; Templeton & Cherian 1991; VaSak & Kagi teine and none of which are aromatic amino acids or

1994; Poutney et al. 1995) the primary physiological hjstidine (Vasak & Kagi 1994; Pountney et al. 1995).

role of MTs is still a tOpiC of discussion. However, in Recenﬂy’ two other mammalian isoforms (MT.3 and

view of several metallic constituents of this protein it MT-4) have been discovered. Unlike MT-1 and MT-2,

is believed that MTs play an important role in heavy which are expressed in most organs, MT-3 expression
metal detoxification (Cd, Hg) and in metabolism and
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appears to be restricted to the brain and that of MT- Chemical shifts and chemical exchang&Cd has a
4 to certain stratified squamous epithelia (Pountney et demonstrated chemical shift range of over 900 ppm.
al. 1995 and references therein). The value of the chemical shift has been shown to
There are a variety of proteins and peptides that depend on the nature, number, and geometric arrange-
bear a functional and structural relationship to the mentof the coordinating ligands. The chemical shift of
well-characterized mammalian MTs. In the absence of 113Cd resonances is usually reported relative to a stan-
a more meaningful system of nomenclature, the MTs dard (0.1 M aqueous Cd(CKp). The greater chem-
have been divided into three arbitrary classes. Classical shift dispersion of13Cd in comparison to other
| MTs constitute proteins with 20 cysteines closely common high-resolution nuclei, e.gH, 1°F, 31p,13C,
related to mammalian MTs. Class Il encompasses and 1°N, reflects the sensitivity of shielding of the
analogous proteins with locations of cysteines only 13Cd nucleus to the local environment. The deshield-
distantly related to mammalian MTs. Class Il are en- ing of the 113Cd' ion by complexing ligands was
zymatically synthesized peptides such as the pply-( found to increase in the order o£3I>0O. In past the
glutamylcysteinyl) glycines occurring in some plants chemical shift position of13Cd resonance has often
and fungal species (Fowler et al. 1987). be used to derive structural features of the metal bind-
The subject of this article is to highlight the ap- ing site. However, recent studies indicate th&iCd
plication of 113Cd NMR in the study of the cluster ~NMR chemical shift information alone is inadequate
structure in MTs and in the determination of the for unambiguous determination of structural features
three-dimensional structure of mammalian MTs by or structural changes at metal binding sites of metallo-
NMR. proteins (Summers 1988). Due to the high dispersion
of the113Cd chemical shifts, the position of the reso-
nance is exceedingly sensitive to subtle differences in
the coordination environment. This results in the ex-
cellent spectral resolution. This is exemplified by the
113Ccd NMR spectrum of MT in which multiple coordi-
nation sites of very similar structure are well resolved
Since the demonstration of the utility 8t3Cd as a  (Figure 1). However, in some unfavourable cases this
probe for the metal binding site in metalloproteins by Very same property can lead to difficulties in resonance
Armitage et al. (1978) thé13Cd NMR spectroscopy ~ detection, owing to chemical exchange broadening. In
has received considerable attentisi?Cd NMR spec- this case both the chemical shift and the line widths
troscopy has been used successfully to examine theof **3Cd resonances can be affected. The extent of
coordination environment of a number of metallopro- the effect depends on the rate of exchange proper-
teins with Zn, Ca, Cu, Cd, Mn and Mg binding sites. In  ties relative to the chemical shift difference between
general, Cd-substituted metalloproteins retain, at least the exchanging species. In the fast exchange regime,
to some extent, their biological activity. In the case of appreciable variations in the chemical shift can be ob-
MTs the natural occurrence of cadmium in the protein tained as the observed chemical shifts represent an
makes the use df-3Cd NMR advantageous. Several average between those of th&*Cd' ion in two or

Properties of cadmium as a structural probe

reviews which include selected aspects of théCd more states. Under intermediate-exchange condition,
NMR literature have appeared (Armitage & Boulanger Problems can be more serious because of the broad-
1983; Summers 1988). ening of the resonances over a fairly large range of

exchange rates, which may prevent the observation of
Sensitivity.113Cd has a spin of 1/2, a natural abun- the resonances. However, in many instances expected
dance (V) of 12.26%, and a relative sensitivity (at resonance(s) became detectable upon variations of the
100% enrichment) of 1.0% 102 relative tolH (Ta- pH, temperature or ionic strength conditions of the
ble 1). Thus the relative sensitivity is comparable to sample. These changes of conditions can favourably
that of13C which is 1.59« 10-2. 111Cd is anothernat-  alter the time scale of the exchange process.
urally occurring isotope suitable for NMR (I = 1/2]
=12.75%). Since the relative sensitivity 3fCd with Coupling constantsThe observation of scalar cou-
9.54 x 1073 is about 10% lower than that ¢#3Cd, plings in the™*Cd NMR spectrum of proteins can

the majority of the NMR studies have been performed Provide unique information regarding the nature of
with the latter nucleus. the ligands and their mode of binding. In MTs the
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Table 1. Nuclear properties of selected isotopes

Isotope vatl11.74T Natural Sensitivity

(1=1/2) (MHz) abundance (%) Ré&l. AbsP

14 500.0 99.98 1.00 1.00

13¢c 125.7 1.11 1.6 1072 1.8x 1074
15\ 50.7 0.37 1.0< 1073 3.8x 1076
113¢cq 110.9 12.26 1.08 1072 1.33x 1073
11lcq 106.0 12.75 9.54 1073 1.21x 1073
12ca@(=0 - 24.07 NMR inactive

@ Relative sensitivity at constant field for equal number of nuclei.
b product of relative sensitivity and natural abundance.

observation of-13Cd-*13Cd two-bond couplings?(/
between 29-48 Hz) has led to the elucidation of the
two-cluster structure. It may be noted that while at in-

value of 113Cd magnetic moment!3Cd can experi-
ence nuclear Overhauser enhancements (NOE's),
1, which ranges from about 1 te1.2 depending on

termediate magnetic fields the homonuclear couplings the correlation timeg.. Wherer, corresponds roughly

are still relatively well resolved, at high magnetic
fields, due to chemical shift anisotropy (CSA) of the
113cd nucleus, their lower resolution is observed.
The observation of heteronucléd?Cd-'H three-bond
couplings £J between 1-70 Hz) to cysteines allowed
their direct identification as the sole coordinating lig-
ands in MTs and by using two-dimensional heteronu-
clear £13Cd, 1H) correlated spectroscopy (COSY) the
determination of sequence specifiéCd-cysteine co-
ordinative bonds (Wuthrich 1991). In general, the
magnitude of three-bond coupling constarits)(for
lighter nuclei ¢H, 1H; N, 1H; 13C, 'H) depends
on the dihedral angle and follows a Karplus-type of
dependence. A similar correlation between the magni-
tude of heteronucleatt3Cd, 1H) three-bond coupling

to the interval between two successive reorientations
or positional changes of the molecule. Thus NOE de-
creases as. increases. Further, NOE also decreases
with increasing magnetic field. Consequently, for cad-
mium substituted metalloproteins NOE values near
zero are often observed resulting in sever reduction
or even loss of resonance intensity. Such a situation
exists at intermediate magnetic fields for metalloth-
ioneins. To overcome this problem th&Cd NMR
spectrum is acquired by gating of the decoupler. Ad-
ditional parameters which should be considered are
the Ty relaxation and the signal line width. THg
relaxation of'13Cd sites in MTs is of the order of 1

s and the line widths are about 40 Hz (Nettesheim et
al. 1985). Using a 1-2 mM sample contained in 5 mm

constants and the dihedral angles could be potentially NMR tube the one-dimension&1*Cd NMR spectrum

useful in defining the geometry of the metal binding
sites in 113Cd-substituted MTs and other metallo-
proteins. Recently, using heteronucle&3Cd, 1H)

multiple quantum coherence (HMQC) experiments

(96%113Cd enrichment) can be obtained in 5-10 h at
the magnetic field of 11.7 T.

such a Karplus-like dependence has been established**Cd metallothioneins

between the B-CF-S’-Cd dihedral angles and the
magnitude of the heteronucle&f (H*?-113Cd) cou-
pling constants (Zerbe et al. 1994). This information
will be of great use as an additional input parameter in
three-dimensional protein structure analysis by NMR
methods.

Practical considerationsThe coordination sphere of

the metal binding sites in metalloproteins always con-
tains three or more ligands provided by the protein. In
this case thé13Cd resonance experiences heteronu-
clear ¢13Cd, 'H) couplings. Because of the negative

Protein and sample preparatioh*3Cd enriched sam-
ples should be used when studying the details of the
cluster structure in MTs. However, since theAMT
form cannot be isolated from mammalian species this
form is prepared by metal reconstitution. In the orig-
inal study by Otvos & Armitage 1980:13Cd' salts
have been administered to rabbits and,ZHCds-

MT isolated. For fivell3Cd ions present in dis-
tinct sites fivel3Cd resonances would be expected.
However, in the'3Cd NMR spectrum of the iso-
lated13Cds,Zn,-MT form at least 15 resolvet3Cd
resonances were observed (see Figure 1). This fea-
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Figure 1. Comparison of one-dimensionst3Cd NMR (H-decoupled) spectra at 28 of (A) reconstituted rat'3Cd;-MT-2 and (B) isolated
rat 113Cds, Zny-MT-2. The113Cd signals in (A) are numbered according to decreasing chemical shift. The extra signals in (B) indicate the
presence of at least two additional, different molecular species (adapted fré atea. 1987).

ture reflects a Cd-distribution among a number of mometallic}13Cd occupation of all six metal binding
mixed Zn,Cd-clusters in native g@n-MT making sites can be directly isolated, i.813Cde-MT (Narula

the structural studies virtually impossible. To generate et al. 1995). However, the above approach requires a
the uniformly labeled'3Cd;-MT, the remaining about  rather large quantity of the costh}3Cd isotope. An
two Zn'! ions in 113Cds,Zn,-MT were subsequently  alternative metal reconstitution method which requires
substituted for'13Cd'! by an exposure of the sample the use of apoMT form and a small amount-éicd'

to the 113Cd' ions. The latter step is not required has also been described. Briefly, the!Zand/or Cd

for invertebrate MTs as the protein possessing ho- ions present in isolated MTs are removed by a low
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pH treatment. In the subsequent anaerobic step the An example of the study of cluster structures in
required mol equivalents df-3Cd' are added to the ~ MT, where only the gene sequence is available, is that
solution of apo-MT and the pH adjusted to neutral of sea urchin MT which has been expresse# ircoli
(Vasak 1991). Protein samples for NMR are then con- as the Cd containing form (Wang et al. 1995). In Fig-
centrated by ultrafiltration and 10% of;D is added ure 2 the one-dimension&3Cd NMR spectra of sea
to provide the field-frequency lock. urchin C¢-MT at natural abundance and at about 96%
For a number of MTs from different species only 113Cd enrichment are shown. The close similarity be-
the gene sequences are known. To learn more abouttween both spectra established the correctness of metal
the structure of these MTs they are expresse&.in  reconstitution. Subsequeht3Cd-113Cd COSY pro-
coli cell cultures as the Cd containing form. The as- vided the information about the cluster organizationin
sumption made in such a structural study is that the this protein (Figure 3). This information has been de-

protein as isolated fror&. coli represents a correctly
folded native MT form. For NMR studies of these MTs
a following strategy has been adopted. The protein is

rived from the cross-peak pattern. Thus, the three cross
peaks associated wit}3Cd resonances IV, V, VI, and
VIl and two of them with resonances |, Il and 11l sug-

expressed as Cd-MT using natural abundance Cd salts gested the presence of a two cluster structure. In the

The natural abundance one-dimensioHaCd NMR
spectrum is then obtained which provides the basis
for the metal reconstitution. For the natural abundance
spectrum an approximately 5-8 mM sample of the
protein is required. Thé&*3Cd-MT form (96%*3Cd
enrichment) is then generated by the method of metal

one-dimensiond'3Cd NMR spectrum the resonances
V, VI show almost identical chemical shift positions
which precluded the details of this @dluster struc-
ture to be obtained from'3Cd-113Cd COSY. The
fact that the cluster topology of Getluster is simi-
lar to that found in mammalian MTs came from the

reconstitution as described above. The subsequentlyanalysis of the two-bond!3Cd-coupling pattern of

obtained one-dimensiondi*3Cd NMR spectrum of re-
constituted3Cd-MT must match that obtained using
the naturat*3Cd abundance. With such a sample more
advanced NMR experiments including®cd-113Cd
COSY and t*3Cd, *H) HMQC can be performed.

Cluster structure in metallothioneins from 113Cd
NMR

The presence of two metal-thiolate clusters in mam-
malian 113Cd;-MT has been established by one-
dimensional homonuclear decoupling studies of this
metalloform (Otvos & Armitage 1980). In this metal
homogenous form the seved3Cd resonances for
seven metal binding sites are present. By analysis of
the two-bond!3Cd-113Cd spin coupling connectiv-
ities, responsible for the multiplet splitting patterns

the resonance IV obtained by selective decoupling of
the overlapping resonances V and VI, i.e., original
guartet collapsed into a doublet. From these studies
the presence of two metal-thiolate clusters of three-
and four-metal ions have been concluded. However,
although the same type of clusters exists also in mam-
malian Cg-MTs, in sea urchin CAMT they are
interchanged in their location along the polypeptide
chain.

Cluster dynamics

In order to function as efficient metalloregulatory
agents, MTs should be able to acquire and release
metal ions rapidly. Indeed, the metal-sulfur coordi-
native bonds of MT clusters have been found to be
highly labile by a variety of spectroscopic techniques.
Direct evidence for metal fluxionality in GeMT

of each resonance, the presence of two separate cluswas furnished by-13Cd NMR saturation transfer ex-

ters was deduced, i.e., the cyclohexane-liléle(&Vs)g
cluster and the adamantane—likei{M:ys)ll cluster
(Figure 6). It may be noted that in the X-ray struc-
ture of rat Zp,Cds-MT only an unique distribution of
these ions in this metalloform crystallized (Robbins
et al. 1991). Using two-dimensional NMR technique
the same information regarding the cluster structure
in MTs can be obtained much easier by homonuclear
113Cd COSY experiments (Frey et al. 1985).

periments which established the presence of inter-
and/or intramolecular metal exchange within cluster
B (B-cluster) with a half-life in the order of 0.5 s
(Nettesheim et al. 1985). The absence of such NMR-
detectable processes within cluster &-dluster) is
apparently responsible for the usually observed about
20% increased signal intensity of the fold#Cd res-
onances of this cluster (see Figure 4A). The confir-
mation of similar processes taking place within the
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Figure 2. Comparison of one-dimension&t3Cd NMR (:H-decoupled) spectra at ZTC of (A) reconstituted sea urchiht3Cdz-MT (3.7
mm) and (B) isolated recombinant sea urchiny@dT at natural abundance (5.7 mm). T d signals in (A) are numbered according to
decreasing chemical shift (from Wang et al. 1995).

a-cluster of C@-MT, but with a half-life of about 16 interchanging cluster substates of comparable stability
min, was afforded by metal exchange studies using and structure. It is likely that similar types of dy-
the radioactivet®®Cd isotope (K&gi 1991). Such dy- namic processes take place in MT. Overall, these data
namic fluctuations in MT clusters are thought to be reaffirm that notwithstanding the high thermodynamic
a manifestation of the non-rigid nature of the overall stability of MJ-MT complexes they are kinetically
protein structure as supported by NMR-2H amide very labile, i.e. that the thiolate ligands undergo both
exchange studies (Messerle et al. 1990). The mech-metallation and demetallation rapidly. Interestingly, a
anism underlying the fluxionality of the MT structure metal exchange rate with a half-life of minutes also
and its extent s currently unknown. It should be noted, occurs in the binuclear Z2€ys; cluster of a GAL4
however, that very large structural fluctuations have protein involved in the stabilization of the DNA bind-

also been observed it NMR studies of adamantane-
like cages with the general formula j¢8Ph) )%~ (M
=cd', zn", cd', and Fé) (Hagen et al. 1982). These

ing domain of this transcription factor as well as in
zinc containing DNA binding ‘zinc-finger proteins’.
By contrast, in zinc enzymes, e.g., alkaline phos-

results were interpreted in terms of a nonrigid cluster phatase, carboxypeptidase, the exchange half-lifes are
model in which the metal-thiolate bonds are temporar- in the order of hours and days. Thus, the actual ex-
ily broken and reformed giving rise to a number of change rates of metal ions of protein complexes are
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Figure 3. Two-dimensional homonucledt3Cd COSY spectrum at 27C of reconstituted sea urchid3Cdz-MT (5.7 mm) (from Wang et al.
1995).

not an intrinsic feature of bonding properties of the tein unit (Palumaa et al. 1992). The structural fea-

metal but are determined by the energies and kineticstures of generated cluster forms have been examined

of protein folding (structure flexibility). by 13Cd NMR. However, although the resonances
To date, structural and biological studies of mam- of the unperturbed four-metal cluster were observed,

malian MTs have focused mainly on the monomeric the remaining!'3Cd resonances of the dimer re-

form of this protein containing 7 equivalents of diva- mained undetected due to an unknown metal-exchange

lent metal ions. Howevem vitro studies have shown  process(es).

that exposure of GAMT from rabbit liver to free CH

ions in phosphate buffer yields non-oxidized dimers

which contain additionally 2 less strongly bound'Cd

ions and 1 inorganic phosphate per monomeric pro-
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Figure 4. One-dimensionat3cd NMR (:H-decoupled) spectra df:3Cd-MT-2 from rabbit liver as a function of-3Cd to apoMT-2 ratio
obtained at both 7.2 and 8.6 pH values. The spectra A-D were identical at both pH valué$3Qtisignals in (A) are numbered according to
the metal positions given in Figure 6 (adapted from Good et al. 1988).
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Figure 5. Ribbon drawing of the rat MT three-dimensional structure as determined (A) by X-ray crystallography (Robbins et al. 1991) and (B)
by NMR (Schulze et al. 1988) in aqueous solution. Metals are shown as shaded spheres connected to the protein backbone by cysteine thiolate
ligands. (Adapted from entries made to Brookhaven Data Bank).

Cluster Formation trast, similar studies at pH 8.6 and with less than four
113cd equiv (2.9 equiv) gave rise to a broad NMR
signal centred at 688 ppm (Figure 4 bottom). This

The process of cluster formation has been studied feature is characteristic of a metal exchange between

for Cd! and Cd MT derivatives (Good et al. 1988;  clustered and mononuclear metal centers. When at this

Bertini et al. 1989) In both instances the formation pH value exacﬂy fou|113Cd equiva|ents were bound

of each cluster appears to proceed in a cooperativeto apoMT the!!3Cd NMR spectrum changed to the

manner at neutral pH, whereas, under alkaline condi- characteristic spectrum of the-cluster and further

tions (pH 8.6), isolated sites are first formed with up addition of 113Cd' ions again led to the successive
to four metal equivalents after which cluster formation generation of the resonances of thajuster (F|g_
sets in. Thus in thélSCd titration studies of rabbit ure 4, Spectra D_A) These results demonstrated that
apoMT-2 at pH 7.2 and at low metal occupancy (2.9 the formation of metal-thiolate clusters in MT is se-
and 4113Cd equivalents) only the four-metal cluster quential and cooperative at physiological pH with the

(a-cluster) resonances 1, 5, 6 and 7 were observedC-terminal four-metal cluster being formed first.

(Figure 4, spectra D and E). Further additiorrbiCd" This pH-dependent difference in the pathway of

ions generated all the resonances of the three'metalduster formation can be accounted for by the com-
cluster (resonances 2, 3 and 4) in succession. In con-
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Figure 6. Schematic drawing of the two metal-thiolate clusters in mammalignMd and Zrp,Cds-MT. M denotes the respective divalent
metal ions with M2 and M3 in cluster B of ZnCds-MT being occupied by Zh. S, atoms are labeled by the Cys residue number. (Adapted
from entries made to Brookhaven Data Bank).

petition between metal ions and protons for the thio- native Zrp,Cds-MT (Robbins et al. 1991) from cad-
late sulfurs of the cysteine residues. Thus, at neutral mium overloaded rat liver at 2.0 A resolution. So far
pH the binding of substoichiometric amount of metal attempts to crystallize metal-homogeneous-Cahd
ions is accompanied by the displacement of cysteine Zn;-MT have been unsuccessful. In the NMR studies
thiol protons. In this case the formation of clusters the homonucleatH COSY of C-MT with either
with bridging cysteines at low metal-to-protein ratios the NMR inactivel1?Cd isotope (I = 0) or NMR ac-
will require fewer protons to be displaced per metal tive 113Cd (I = 1/2) allowed the identification of all
bound than if each metal ion were coordinated by four 20 cysteines on the basis of heteronucfded-1H
separate terminal thiolates (Good et al. 1988). couplings. Subsequent heteronucfF'd€d-1H COSY
experiments yielded the sequence specific cysteine-
cadmium coordinative bonds. The latter information
Three-dimensional structure of mammalian provided crucial constraints as to the polypeptide fold
Cd--metallothioneins around the metal clusters in MTs.
Both the NMR structure of GAMT in solution
and the 2.0 A resolution X-ray structure of Z6d-
MT determined for the same molecular species reveal
identical metal-thiolate cluster structures and closely
comparable global polypeptide folds (Figure 5) (Braun
et al. 1992). The crystal packing reveals intimate asso-
ciation of MT molecules as dimers interdigitated about
a 2-fold axis containing trapped ions of crystallization

MT were determined in agueous solution by two- (modelled as two phosphates and two sodium ions).

dimensional NMR spectroscopy using the reconsti- The monomeric species, in both solution and crystal

tuted Cg-MT from rabbit (Arseniev et al. 1988), rat structures, has a dumbbell-like shape with uniformly
(Schultze et al. 1988) and human (Messerle’et al. sized and almost spheric@tterminala-domain and

1990) liver, and in crystals by X-ray diffraction of N-terminal B-domain each with a diameter of 15-20

The characteristic feature of all MTs is the occur-
rence of Cys-Xaa-Cys tripeptide sequences, where
Xaa stands for an amino acid residue other than Cys.
In all mammalian forms the 20 Cys residues are
highly conserved and involved in the binding of seven
divalent metal ions (Vasak & Kagi 1994).

The three-dimensional structures of mammalian
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A and containing at their centers the respective four of the 113Cd resonances of MT is conceivable under

and three metal cluster (Figure 6). conditions where large protein amounts (5—-10 mM
The cluster geometries can best be described asconcentrations) are available and/or wide-bore NMR

distorted chair (3-metal cluster) and adamantane-like magnets are employed.

(4-metal cluster) polyhedra with tetrahedral metal cen-

ters inaccessible to the solvent. The polypeptide back-

bone wraps around both clusters forming two large Acknowledgements
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