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Molecular modelling techniques have been used to calculate the structure for the primary, mammalian copper-
containing protein, metallothionein Cu,,-MT. Structural information obtained from existing spectroscopic data
and comparison with inorganic copper(r)-thiolate model compounds were employed. A two-domain structure,
with stoichiometries of CusS, and Cu,S,;, was constructed in which the copper(1)—cysteine connections were
based on the arrangement of the cysteines in the Zn,-MT precursor as determined by previous *H NMR studies.
In the minimized structure, in which metal-thiolate bond lengths and angles were allowed to vary, each copper(1)
was trigonally co-ordinated by cysteine thiolates; the average bond length was calculated to be close to 224 pm. In
the a domain of the protein both bridging (7S) and terminal (4S) thiolate ligation take part in the CugS,; cluster
structure, in the B domain all nine thiolates bridge pairs of Cu' atoms to form the Cu,S, cluster structure.
Significantly, the energy-minimized structure exhibits two main crevices that are similar to those reported for the
structure of CdsZn,-MT 1 obtained by analysis of X-ray diffraction data. These crevices could allow access to the
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otherwise embedded copper-thiolate clusters.

Metallothioneins are an important class of proteins that were
first discovered in 1957 as responsible for cadmium sequestra-
tion in horse kidney.* Since then interest in these proteins has
increased almost exponentially owing to their ability to bind
such a wide range of metal ions (particularly, the toxic Group
12 metals), the multiple ways of inducing their syntheses in vivo,
and their various physiological functions.? The copper(r) com-
plexes of metallothionein are currently under intensive study
because copper—-metallothioneins are believed to play vital roles
in (a) homeostasis of this metal, including absorption, storage
and transport,®” (b) reconstitution of various copper-depleted
proteins and enzymes,® (c) cell proliferation®?® and (d) free-
radical detoxification.'* To date, no structures of copper-
containing mammalian metallothioneins have been determined
or modelled.

The key and unique properties of metallothioneins are that
they are cysteine rich, low-molecular-weight proteins, with
a remarkable ability to bind multiple metal ions into metal-
thiolate clusters. For the Cd"- and Zn'"'-containing protein, not-
ably Cds;Zn,-, Cd,- and Zn,-MT, these clusters dominate the
tertiary structure of the peptide, see Fig. 1.27®* Mammalian
metallothioneins (MT) are composed of 61 or 62 amino acids,
of which 20 are cysteine residues in highly conserved locations
along the peptide chain. Two major isoforms exist for the
mammalian protein, namely MT 1 and MT 2. The nomen-
clature is based on the order of elution from an anion exchange
column; MT 1 elutes earlier due to its lower apparent ionic
charge. Within each isoform are numerous subisoforms, which
differ only in their non-cysteinyl amino acid composition. Fig.
2 shows the peptide sequence for rabbit liver metallothionein,
isoform 2a."” Metallothionein synthesis may be induced in vivo
by administration of metals, glucocorticoid hormones, alkylat-
ing agents, as well as stress and ultraviolet or X-ray radiation.>*®
The native protein binds Zn", Cd" or Cu' in vivo, although
many other metal ions have been observed to bind to MT in
vitro, including Ag', Au', Hg", Co", Ni", Pt" and Fe'"; see, for
example, the spectroscopic data for many of these proteins.***°

Mammalian metallothionein is able to bind seven divalent

T Supplementary data available (No. SUP 57208, 7 pp.): fractional co-
ordinates for the molecular model. See Instructions for Authors,
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metal ions (Zn" or Cd") per protein molecule in a two-domain
arrangement, see Figs. 1 and 3. The carboxy-terminal o domain
contains 11 cysteine residues and binds four metal(m) ions while
the amino-terminal B domain contains nine cysteines and binds
three metal(mr) ions. The structure and metal-cysteine con-
nectivities for M'-MT have been determined by *H-'*Cd
NMR ™ and by X-ray crystallography.*** The Cd-S,, con-
nectivities for rabbit liver Cd,-MT 2a are shown in Fig. 3. The
determination of these structures has greatly aided studies of
many properties of the protein. For example, the M,(S )
cluster structure is energetically more suited to bind Cd", and it
is this domain that is more often observed to sequester the toxic
Cd" in vivo, resulting in a highly specific (Cd,)%(Cdzn,)*-MT
species.*®?

Metal-replacement studies have shown that the seven Zn" in
Zn,-MT are replaced after addition of 12 copper(i) equiv-
alents.???* Proteolytic experiments have shown that the two-
domain nature of the protein is conserved in Cu,,-MT, with
six Cu' bound in each domain of the protein.?® Spectroscopic
studies have revealed that unique structures are formed with 9,
12 and 15 copper(1) equivalents, as well as a mixed copper(1)—
cadmium(i) species with stoichiometry (Cu,Cd,)*(Cug)’-MT.%*
The uniform increase in the absorbance due to the thiolate-to-
copper(r) charge-transfer band with each equivalent of Cu'
added up to 12 indicates similar binding environments for each
of the 12 Cu' bound to the protein, most likely trigonally co-
ordinated to three cysteine thiolates. Past the 12 copper(1)
point, optical and chiroptical data strongly suggest a lowering
of the symmetry around some Cu' to digonal co-ordination,
allowing the protein to bind the ‘extra’ metal ions.** The
copper-containing metallothioneins have frequently been
studied using the synchrotron-based EXAFS (extended X-ray
absorption fine structure) technique as a means of overcoming
the inherent silence of copper(r) as a chromophore for other
structurally sensitive techniques. The EXAFS data provide
averages for bond distances and co-ordination numbers of all
like atoms present, so interpretation can be difficult, especially
if a mixture of geometries is suspected.”?® Therefore, the
mammalian Cu,,-MT represents a crossroads in the pathway
between different structural species for cadmium- and copper—
metallothioneins: excellent structural data are available for the
M,-MT species, excellent stoichiometric data are available for
the Cu,,-MT species, average bond distances and co-ordination
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Fig. 1 Space-filling and line representation of the structure of rabbit liver Zn,-MT 2a (methionine up), showing the cadmium(m)-cysteinyl sulfur
connectivities upon which the structures are based. Key: green, Zn; yellow, S; grey, C; blue, N; red, O. The asterisk denotes the accessible sites of the

zinc(m)—cysteine thiolate clusters

numbers are available for Cu,,-MT, but no data are available
that define the three-dimensional structure. Two-dimensional
'H NMR studies have provided structural information for Cd-
and Zn-containing protein, unfortunately similar data cannot
be obtained for the Cu'-containing protein. While Ag' binds to
mammalian metallothionein, optical studies clearly show that
the binding is not the same as in Cu',?"® so that structural
information obtained by analysis of two-dimensioned NMR
data from Ag-containing mammalian protein cannot be trans-
ferred directly to the copper(1) protein. At present this leaves the
structural problem to be solved by EXAFS and modelling.
Reports describing modelling of the three-dimensional struc-
ture of metallothionein have recently appeared.”* In this
paper we describe in detail results first reported in preliminary
form.?

The structures of the metal(m) thiolate clusters in the M,S,,
protein (M,S,; in the o domain and M,S, in the § domain, for
Cd" and zn") are based on the adamantanoid structure, and
many synthetic analogues exist for them. Modelling the cop-
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per(1) thiolate structures of Cu,,-MT based on synthetic com-
plexes also proves helpful in understanding the binding and
functional properties of copper—metallothioneins. Dance et
al.® have noted several recurring structural motifs in synthetic
copper(1) thiolate complexes, including (a) (u-SR);(CuSR),
rings and (b) (u-SR),Cu, rings. These structures display trigonal
co-ordination for the Cu' atoms, the latter motif often includ-
ing terminal ligation by other types of ligands such as
phosphines.32%

The objective of this work was to develop a molecular model
specifically for rabbit liver Cu,,-MT isoform 2a, based on syn-
thetic copper(1) thiolate chemistry, taking into account the con-
straints imposed on the latter structures by the surrounding
protein, the stoichiometric ratio for copper(i) to thiolate sulfur,
and the spectroscopic evidence for possible protein rearrange-
ment as Cu' replaced Zn'" in the rabbit liver protein. This model
can be used to develop a clearer understanding of copper bind-
ing to metallothionein and of the spectroscopic properties of
the protein. The locations of the important structural com-
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Fig. 2 The sequence of the rabbit liver metallothionein isoform 2a
62-amino acid peptide from data of Kagi.'” Cysteine residues are
represented by the dark ovals
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Fig. 3 A three-dimensional representation of the S, —Cd connectivi-
ties in the two domains of rabbit liver metallothionein isoform 2a 62-
amino acid peptide from data of Kagi'” and Otvos and Armitage.**
The stoichiometries shown are Zn,S, for the f domain and Zn,S,,; for
the o domain (Zn" displays the same connectivity as Cd"). The number-
ing scheme for the S, are based on the sequence shown in Fig. 2 for the
62-amino acid peptide

ponents, the 12 Cu', the 20 cysteinyl thiolates, and the overall
wrapping of the peptide chain, can all be tested in subsequent
experimental studies.

Computational Details and Construction of the
Model

All calculations were performed using the CACHE (Computer
Aided Chemistry) three-dimensional Stereo Worksystem®*
operating on an Apple Power Macintosh 8500 computer (Mac-
intosh OS 7.5.3) using Allinger’s MM2 force field as augmented
by CACHE.* The molecular mechanics structure was investi-
gated by comparing the total energy of possible structures,
where the energy is given by the mechanics equation
Etolal = Ebonding + Etheta + Ephi + Eimprop + Eelec + EvdW + EHbondl
where these terms describe bond lengths, angles, dihedral
angles, improper torsions, electrostatic potential, van der Waals
interactions, and hydrogen bonding, respectively. The CACHE
system uses the parameters published by Allinger for the MM2
force field directly for all elements except for the metals. There
are no force-field parameters available for metals, rather the
CACHE system provides proprietary estimates of the force-
field parameters for each element in the Periodic Table. The key

parameters of Cu-S bond stretching and bond bending are: (i)
bond stretch, E =143.88k [(r — ro)? — (r — ro)*)/2, where k=
4.400 mdyn A~! (bond stiffness) and r,=2.25 A (standard
length for trigonal co-ordination); and (ii) bond angle, E =
0.043 828K, [(¢ — @o)? + 7.0 x 107%(p — ¢,)°)/2, where k,=0.450
mdyn A~* (bond stiffness) and ¢ = 120.0° (standard angle). In
this manner the structures of metalloproteins can be calculated
that include, specifically, full energy minimization of the metal
and its ligands.

Like all modelling, the first guess at the structure will define
completely the connectivities between each atom. For metals
this means that the co-ordination number and hybridization
must be known so that the correct geometry can be set. For Cd"
and Zn" in metallothionein, tetrahedral co-ordination requires
four cysteinyl groups. However, for Cu', the co-ordination
number could be four, three or two. Trigonal, three-co-ordinate
binding has been proposed based on the stoichiometric ratio of
12 Cu' to 20 S.® The minimization can only show how the
peptide will wrap under these constraints, not whether a co-
ordination number of two would give a lower total energy. By
examining the structure in detail we can determine if it is
reasonable.

A possible structure for copper-exchanged metallothionein
was determined using two major constraints: the primary
amino acid sequence and a set of connectivities which relate
cysteine residues and copper atoms. The copper—cysteine bond-
ing was formulated so that each copper atom co-ordinates three
cysteinyl residues, represented as thiolate moieties with unit
negative charges on sulfur. The o and B domains were repre-
sented by residues 31-61 and 1-30, respectively. Using the
three-dimensional structure of Cd;Zn,-MT as a guide,*? metal-
free models of the o and f domains were individually con-
structed and approximate structures obtained for each using a
three-dimensional stereo display and manually adjusting the
positions of residues and side chains in space. Six copper (1) ions
of unit positive charge were then added to each domain, with
each copper ion bonded to three cysteinyl residues so that the
connectivity constraint was obeyed. For each domain the ions
were then manipulated in three dimensions to find reasonable
positions at which there was no bond interlacing. At this point
the copper-sulfur bond lengths and angles were not chemically
reasonable, so each domain was individually refined using
steepest-descents minimization with methyl and methylene
groups treated as embedded atoms. Refinements proceeded
until the copper atom displacements were qualitatively small,
whereupon the structure of each domain was further refined
using conjugate-gradient minimization with methyl and methyl-
ene groups treated explicitly. This was continued until the
energy change upon successive iterations was less than 0.001 kJ
mol . In the final step the two domains were connected and the
entire structure minimized to the 0.001 kJ mol™* energy toler-
ance using gradient minimization and explicit methyl and
methylene groups. For the final structure it was concluded that:
(i) the above constraints are consistent with each other; (ii) it is
topologically and sterically possible, there are no interlaced
bonds, and the peptide residues display no unusual bond
lengths or angles which might be indicative of steric bad con-
tacts; (iii) the cysteine—metal bonding is chemically reasonable
as each copper(1) site can be formulated as a distorted [CuS,]*~
trigonal centre.

The computational details for the minimization of the model
copper(1)-thiolate compounds varied from the above pro-
cedure. The model structures were entered into the CACHE
Editor software manually or as fractional coordinates received
from the Brookhaven Protein Database. For the structure
created from fractional coordinates a molecular crystal was
built up using the space group for the crystal structure
described in the corresponding literature. The molecules were
then inspected to observe any conflicts in the configurations of
the atoms, and changes were made where appropriate.
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The finalized molecules were then subjected to an optimiz-
ation of geometry by molecular mechanics. The conjugate-
gradient method was utilized in the minimization of the struc-
ture, using the augmented MM2 parameters and treating
methylene and methyl groups explicitly. The structure was min-
imized and refined until the final energy change was less than
0.001 kJ mol ™.

Constraints for the Copper(1)-Cysteine
Connectivities in the Cu,,-MT 2a Model Structure

A wide range of spectroscopic studies have been reported for
copper(1)-containing metallothioneins*®2° with the sources of
the protein including mammals, yeasts and fungus. Studies of
the binding of Cu' to mammalian metallothionein have shown
that when 12 Cu' are added to the mammalian protein (i) there
are six Cu' bound in each domain of the protein, to give a
CuUy(Seys)11 a-domain cluster and a Cus(S,ys), f-domain cluster,
and that (ii) all 12 Cu' are trigonally co-ordinated to three
cysteine thiolates. Much of the recent spectroscopic data have
been summarized by Stillman.®® The stoichiometric ratio of
12 Cu' to 20 S, is directly observed from optical studies.”*
Furthermore, the isomorphous replacement of zinc with cad-
mium,*® as well as the non-co-operative nature of zinc replace-
ment by copper,®* indicate that little structural change takes
place during metal replacement. Therefore, (iii) pairs of cyst-
eine thiolate ligands that bind the same M" in the M,-MT
structure may be assumed also to bind the same Cu' in Cu,,-
MT. There will, of course, be some deviation from this since
there are five more metal atoms bound per protein molecule,
and each of these has one fewer thiolate ligand. Also, it is
thought that the prevalence of Cys-Cys and Cys-Xaa-Cys
groups in the peptide chain, unique for metallothioneins among
other proteins, is of critical importance in metal-thiolate
cluster formation.*” Thus, the final constraint (iv) is that these
proximal cysteines bind the same Cu' in each domain cluster.

Discussion

The results of the molecular modelling calculation with the
proposed copper(1)—cysteine connectivities for Cu,,-MT 2a are
shown in Fig. 4, as a ball-and-stick representation of the
copper(r) thiolate cores in each domain of the protein. Figs. 5
and 6 display the outline of the peptide chain in both domains
and views of a space-filling model of the protein that illustrates
the location of two crevices; these are unprotected regions of
the Cu-S cluster structure (Fig. 6 has been rotated by 90°). The
copper(1)—cysteine connectivities and the Cu-S bond lengths
are given in Table 1, the nearest Cu - - - Cu distances in Table 2,
and the coordinates of the 761 atoms used in the fit have been
deposited (SUP 57208). The average Cu-S bond length is 224.3
pm, which is comparable to the average bond length of 225 pm
as determined by XAFS for the same protein.?®3® In terms of
the constraints placed on the copper(r)-cysteine connectivities
as described earlier, each bound Cu' in the structure proposed
for Cu,,-MT 2a has at least one, and in most cases two, pairs of
cysteine thiolates which co-ordinate the same Cu' and also bind
the same Cd" in Cd,-MT 2a. For example, Cys-7 and Cys-14
are co-ordinated to Cd(2) in Cd,-MT 2a and to Cu(3) in the
proposed structure for Cu,,-MT 2a. Nine out of ten proximal
cysteine groups along the metallothionein peptide chain
co-ordinate the same Cu' in the Cu,,-MT 2a model. The only
such group chosen not to fit this criterion is the Cys48-1le49-
Cys50 group, which also does not bind to the same Cd" in Cd.-
MT 2a.

The CugS,; cluster, shown in Fig. 4, representing the a-
domain cluster, is composed of two Cu,(S,s), rings, connected
by a bridging S (Cys-38) co-ordinated to Cu(9) and Cu(11).
There are also four terminal cysteine thiolate ligands which
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Fig. 4 Ball-and-stick representations of the copper(r) thiolate clusters
in the proposed structure of Cu,,-MT 2a, showing the copper(1)-
cysteinyl sulfur connectivities upon which the structures are based:
a represents the Cug(S,y),;; domain cluster, B the Cug(S,), domain
cluster. The S ,, numberings are based on the sequences shown in Fig. 2.
Key: green, Cu; yellow, S
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bind the remaining Cu', so that all copper atoms are co-
ordinated to three thiolates. This structure contains the
(u-SR),Cu, ring motif common in several synthetic copper(1)
thiolate complexes.®**

The CugS,; cluster representing the B-domain cluster shown
in Fig. 4 is a cage displaying two six-membered rings with alter-
nating Cu and S atoms, forming front and back ‘faces’ of the
cage. These rings or faces are interconnected by bridging sulfur
atoms between the opposite Cu atoms, such that three Cu,(Sys),
rings make up the sides of the cage and all Cu' have trigonal
geometry. This structure is a distorted prism of copper(1) ions,
has only bridging thiolate ligation, in contrast with the pro-
posed a-domain cluster which has four terminal thiolates, and
displays both the (u-SR),Cu, ring and the (u-SR);(CuSR), ring
motifs that are common among synthetic copper(i) thiolate
complexes. Tables 1 and 2 display the Cu-S and Cu---Cu
distances.

Agreement of the model with experimental results

The metal-thiolate bond lengths calculated and reported here
are slightly short for trigonal co-ordination (typically expected
to be 225 pm, but individually found to vary significantly when
separate Cu-S bonds are examined in crystalline samples, see
the comparison of Cu-S bond lengths in ref. 39). However, the
values calculated for the model compound also appear slightly
short and may represent the large difference in environment
between the solid state and the gaseous state of the calculation.
The mean calculated Cu-S bond length in the Cu,,-MT 2a
model described here is 224.3 pm. X-Ray absorption fine struc-
ture (XAFS) data for Cu,,-MT provide an average bond length
of 225 pm.®

We considered the question what is the effect on the bond
length and geometry of the thiolates around the Cu' when the
thiolates are connected to a peptide chain through cysteines
rather than simply being connected to small ligands. The calcu-
lation of the structure of the metal-thiolate core using CH,SH
to model the cysteinyl thiols, Fig. 7, provides that information.
The bond lengths listed in Table 3 are very much more regular
but are the same (at 224.6 pm) as those found for the same
metal-thiolate clusters in the protein, which can be interpreted
in terms of the differing effects of strain imposed on the struc-
tures by the presence of the peptide chain.

Fig. 8 shows the structure of [Cu,(SCH,)s]*", a model com-
pound described by Dance et al.,*’ that was used to calibrate the
bond lengths reported by the MMZ2 calculation. The bond
lengths reported in Table 4 are clearly shorter in our calculation
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Fig. 5 Space-filling and tube representations of the proposed rabbit liver Cu,,-MT 2a structure (methionine behind). Although the copper(1)-
thiolate clusters are embedded within the peptide wrapping, crevices visible in both domains may provide solvent access to the edges of the respective
clusters. Key: green, Cu; yellow, S; grey, C; blue, N; red, O. The asterisk denotes the accessible sites of the copper(1)—cysteine thiolate clusters

Table 1 Connectivities and bond lengths (pm) in the copper(1)-thiolate clusters for each domain of the proposed rabbit liver Cu,,-MT 2a structure.
See Fig. 4 for the numerical assignments of the Cu and S atoms

B Domain o Domain

Cu-S,, Bridging/ Cu-S,ys Bridging/
connectivity terminal Sy, Bond length connectivity terminal Sy, Bond length
Cu(1)-S(5) Bridging 224.5 Cu(7)-S(34) Bridging 220.7
Cu(1)-S(7) Bridging 224.3 Cu(7)-S(35) Terminal 228.6
Cu(1)-S(30) Bridging 225.2 Cu(7)-S(37) Bridging 225.9
Cu(2)-S(5) Bridging 223.7 Cu(8)-S(42) Bridging 222.7
Cu(2)-S(25) Bridging 224.3 Cu(8)-S(60) Bridging 225.1
Cu(2)-S(27) Bridging 223.2 Cu(8)-S(61) Terminal 224.9
Cu(3)-S(7) Bridging 222.7 Cu(9)-S(38)*  Bridging 225.6
Cu(3)-S(14) Bridging 223.7 Cu(9)-S(58) Bridging 224.5
Cu(3)-S(22) Bridging 224.0 Cu(9)-S(60) Bridging 226.2
Cu(4)-S(16) Bridging 225.3 Cu(10)-S(37) Bridging 225.0
Cu(4)-S(27) Bridging 224.4 Cu(10)-S(51)  Terminal 224.8
Cu(4)-S(30)  Bridging 226.1 Cu(10)-S(58)  Bridging 223.4
Cu(5)-S(14) Bridging 223.0 Cu(11)-S(34)  Bridging 223.3
Cu(5)-S(16) Bridging 222.8 Cu(11)-S(38)*  Bridging 226.0
Cu(5)-5(20) Bridging 225.1 Cu(11)-S(45)  Bridging 223.1
Cu(6)-S(20) Bridging 223.1 Cu(12)-S(42) Bridging 224.5
Cu(6)-S(22) Bridging 223.4 Cu(12)-S(45)  Bridging 226.3
Cu(6)-S(25) Bridging 223.5 Cu(12)-S(49) Terminal 223.4
Mean 224.02 224.67

* Atom S(38) bridges two eight-membered rings in the proposed structure of the o domain.

than the X-ray data, on average by 3 pm. However, the major distortion in bond lengths and angles clearly results from pack-
differences are found in distortion within the solid-state struc- ing effects that are not currently calculable.
ture that is not reproduced in the gas-phase structure. This Several researchers have suggested that some of the Cu' in
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Fig. 6 Space-filling and tube representations of the proposed rabbit liver Cu,,-MT 2a structure (methionine right) rotated 90° from Fig. 5

Table 2 Interatomic distances (pm) of the nearest copper atoms in the
copper(1)-thiolate clusters for each domain of the proposed rabbit liver
Cu,,-MT 2a structure. See Fig. 4 for the numerical assignments of the
Cu and S atoms

B Domain a Domain

Cu(l)---Cu(2) 371.2 Cu(7) - -+ Cu(10) 4134
Cu(l)---Cu(3) 359.4 Cu(7)---Cu(11) 336.9
Cu(l)---Cu(4) 363.6 Cu(8)---Cu(9) 311.3
Cu(2)---Cu(4) 3613 Cu(8)---Cu(12) 366.0
Cu(2)---Cu(6) 355.4 Cu(9) - - - Cu(10) 258.6
Cu(3)---Cu(5) 376.3 Cu(9)---Cu(11) 347.1
Cu(3)---Cu(6) 369.5 Cu(11)---Cu(12) 369.7
Cu(4)---Cu(5) 365.2

Cu(5)---Cu(6) 367.7

Mean 365.51 343.29

Cu,,-MT adopt digonal co-ordination geometries based on
comparisons with (a) the X-ray absorption fine structure
parameters of three synthetic copper(r) thiolate structures,®
and with (b) the structure of a silver-metallothionein species
from the yeast Saccharomyces cerevisiae having a stoichiometry
of Ag,S,,.®* As shown in Figs. 4-6, some of the Cu' in the
Cus(Seys)11 structural model for the a-domain cluster do have
shorter bonds to two bridging sulfurs, and a third longer inter-
action with a terminal thiolate. This co-ordination geometry
may account for the apparent digonality obtained by XAFS
measurements for some Cu' in copper—metallothioneins.

The Ag-S., connectivities in S. cerevisiae Ag-MT were
determined by sequential *H NMR assignments.** These results
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Table 3 Connectivities and bond lengths (pm) in the modelled
copper(1)-thiolate cluster structures containing CH,SH instead of the
cysteine in the peptide chain. See Fig. 7 for the numerical assignment of
the Cu and S atoms

Cug(SCH,),

Cu(1)-S(2) 224.6
Cu(1)-S(3) 225.1
Cu(1)-S(9) 224.6
Cu(2)-S(1) 224.7
Cu(2)-S(7) 224.6
Cu(2)-S(8) 2245
Cu(3)-S(2) 225.1
Cu(3)-S(3) 224.6
Cu(3)-S(6) 224.3
Cu(4)-S(4) 224.7
Cu(4)-S(8) 224.6
Cu(4)-S(9) 224.6
Cu(5)-S(5) 224.7
Cu(5)-S(3) 224.7
Cu(5)-S(4) 224.7
Cu(6)-S(5) 224.8
Cu(6)-S(6) 224.4 Cu(6)-S(6) 224.5
Cu(6)-S(7) 224.6 Cu(6)-S(7) 224.8
Mean 224.66 224.6

Cus(SCH3)y;

Cu(1)-S(1) 224.6
Cu(l)-S(2) 224.7
Cu(1)-S(3) 224.3
Cu(2)-S(5) 224.6
Cu(2)-S(10) 224.6
Cu(2)-S(11) 224.7
Cu(3)-S(4) 224.8
Cu(3)-S(9) 224.6
Cu(3)-S(10) 224.6
Cu(4)-S(3) 224.4
Cu(4)-S(8) 224.8
Cu(4)-S(9) 224.6
Cu(5)-S(1) 2245
Cu(5)-S(4) 224.7
Cu(5)-S(6) 224.3
Cu(6)-S(5) 224.7

indicate that the silver(r)-thiolate aggregate may have a struc-
ture comprised in part by two eight-membered Ag,S, rings
linked at a bridging cysteinyl sulfur, similar to the proposed
structure for the Cuy(Ss)i; a-domain cluster. The higher
Ag': S,y ratio of 7:10, compared with Cu".S.,, = 6:11 or 6:9 for
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Table 4 Connectivities and bond lengths (pm) in the crystallographi-
cally determined and calculated structures of the model compound
[Cu,(SCHS,)]?.*° See Fig. 8 for the numerical assignment of the Cu and
S atoms

Bond length
Connectivity Experimental Model
Cu(1)-S(1) 227.6 224.6
Cu(1)-S(2) 224.7 2245
Cu(1)-S(3) 228.4 224.5
Cu(2)-S(1) 225.0 224.6
Cu(2)-S(4) 230.4 224.5
Cu(2)-S(5) 2275 224.7
Cu(3)-S(2) 228.1 224.7
Cu(3)-S(4) 227.2 224.7
Cu(3)-S(6) 2315 224.6
Cu(4)-S(3) 226.5 224.7
Cu(4)-S(5) 229.3 224.6
Cu(4)-S(6) 227.8 224.8
Mean 227.8 224.63
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Fig. 7 The copper-thiolate cluster structures calculated for Cu,,-MT 2
using CH3SH in place of cysteine in the peptide chain to investigate the
effect of the latter on the structures. The Cug(SCHy;),;, a domain (right)
involves both bridging and terminal thiolates. The Cug(SCH), B
domain (left) involves only bridging thiolates. Methyl groups have been
removed. Key: green, Cu; yellow, S

"'?“**' *W‘*’
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Fig. 8 The copper-thiolate cluster structure calculated for the model
compound [Cu,(SCH,):J*.*° The experimental crystal structure may be
found on the left and the modelled compound on the right. Key: green,
Cu; yellow, S

the a- and B-domain clusters respectively, requires that some
Ag' adopt digonal co-ordination. Optical measurements of Ag-
MT from rabbit liver clearly differentiate the co-ordination
geometry from that in Cu-MT.%?42728 Recent XAFS data that
compare the sulfur co-ordination in Ag,,- and Ag,,-MT 1 also
suggests that a high degree of digonal co-ordination exists in
the Ag-MT species.®

The space-filling models of the protein, Figs. 5 and 6, may be
used to account for several interesting properties of copper—
metallothioneins. First, although the metallothionein peptide

chain is rather short, it is quite efficient at embedding the
copper(1)-thiolate clusters within the hydrophobic amino acids
on the peptide chain. Only the crevices offer direct access to the
clusters by the solvent. In effect the clusters exist in a porous, or
leaky, cage through which some solvent can permeate. It has
been proposed that it is for this reason that Cu,-MT (n = 1-20)
luminesces brightly at about 600 nm*%%2 (), ... =300 nm)
even in solution at room temperature (the luminescence inten-
sity is greatly diminished by increasing the temperature and is
dramatically more intense in frozen solutions).? Synthetic
copper(t) complexes normally luminesce only in the frozen
glassy state.*?

Within this general encapsulation of the copper(i)-thiolate
cores by the peptide chain there do exist small openings in each
domain where sulfur and copper atoms are visible, much like in
the structure calculated from the crystal structure data for the
Cd,Zn-MT protein,**3% and also in a model of yeast Ag,-
MT.# These exposed edges of the copper-thiolate cluster are
presumably accessible to the solvent, and by this means the
excited states activated following absorption of a 300 nm
photon can be deactivated by non-radiative mechanisms to
greater or lesser extents depending on the porosity of the cage.?
In addition the four terminal thiolates in the Cug(S.).; o-
domain cluster are available to co-ordinate extra metals; the
presence of the crevice strongly suggests that these exposed
sulfur atoms in the a domain may be the most susceptible to
bind the metals that form the Cu,-MT and (CueCd,)*(Cug)’-
MT species observed from CD experiments.?*** The exposed
Cu' may also represent the sites of interactions with small
ligands like glutathione (y-glutamylcysteinylglycine),*® which
would be able to penetrate the opening and thus could be
involved in metal-exchange reactions.

In conclusion, the first fully energy-minimized structural
model for any copper-containing metallothionein has been cal-
culated for mammalian Cu,,-MT 2a. The calculation takes into
account the constraints of synthetic copper(1)-thiolate chem-
istry and of the protein. This model is in good agreement with
the physicochemical properties of copper—-metallothioneins,
and may be used as a preliminary tool in understanding the
binding of Cu' to metallothionein. Both the Cu-S and
Cu---Cu distances can be used to interpret interatomic dis-
tances determined by EXAFS techniques.

Acknowledgements

We gratefully acknowledge financial support of this research
from the Natural Sciences and Engineering Research Council
of Canada through operating funds (to M. J. S.) and a Post-
graduate Scholarship (to A. P.), and the Academic Develop-
ment Fund at the University of Western Ontario (U.W.O.) (to
M. J. S.). We would like to acknowledge and thank Dr. J. J. Vittal
at the U.W.0., and D. Gallagher and H. Zinnen of CACHE for
assistance in this project. M. J. S. is a member of the Centre for
Chemical Physics at the U.W.O. and the Photochemistry Unit.
This is publication 530 of the Photochemistry Unit.

References

1 M. Margoshes and B. L. Vallee, J. Am. Chem. Soc., 1957, 79, 4813.

2 C. F. Shaw 111, M. J. Stillman and K. T. Suzuki, in Metallothioneins,
eds. M. J. Stillman, C. F. Shaw Ill and K. T. Suzuki, VCH, New
York, 1992, ch. 1, pp. 1-13.

3 J. R. Riordan and L. Jolicoeur-Paquet, J. Biol. Chem., 1982, 257,
4639.

4 R. Nath, R. Kambadur, S. Gulati, V. K. Paliwal and M. Sharma,
Crit. Rev. Food Sci. Nutr., 1988, 27, 41.

5 K. T. Suzuki, A. Karasawa, H. Sunaga, H. Kodama and
K. Yamanaka, Compr. Biochem. Physiol., 1989, 94C, 93-97.

6 R. O. Castillo, M. M. Thaler, C. O’Toole and S. Packman, Pediatr.
Res., 1990, 27, 492.

J. Chem. Soc., Dalton Trans., 1997, Pages 977-984 983


http://dx.doi.org/10.1039/a605462e

7 W. E. N. D. Evering, S. Haywood, I. Bremner and J. Trafford,
Chem.-Biol. Interact., 1991, 78, 283; W. E. N. D. Evering,
S. Haywood, 1. Bremner, A. M. Wood and J. Trafford, Chem.-Biol.
Interact., 1991, 78, 297.
8 M. Brouwer and T. Brouwer-Hoexum, Biochemistry, 1992, 31, 4096.
9 M. Karasawa, N. Nishimura, H. Nishimura, C. Tohyama,
H. Hashiba and T. Kuroki, J. Invest. Dermatol., 1991, 96, 97.
10 T. Wlostowski, BioMetals, 1993, 6, 71.
11 R. Miesel and M. Zuber, Inflammation, 1993, 17, 283; R. Miesel,
Inflammation, 1994, 18, 239.
12 A. H. Robbins, D. E. McRee, M. Williamson, S. A. Collett,
N. H. Xuong, W. F. Furey, B. C. Wang and C. D. Stout, J. Mol.
Biol., 1991, 221, 1269.
13 W. Braun, M. Vasak, A. H. Robbins, C. D. Stout, G. Wagner,
J. H. R. Kagi and K. Wuthrich, Proc. Natl. Acad. Sci. USA, 1992,
89, 10124; A. H. Robbins and C. D. Stout, in Metallothioneins, eds.
M. J. Stillman, C. F. Shaw 11l and K. T. Suzuki, VCH, New York,
1992, ch. 3, pp. 31-54.
14 J. D. Otvos and |. M. Armitage, Proc. Natl. Acad. Sci. USA, 1980,
77, 7094.
15 M. H. Frey, G. Wagner, M. Vasak, O. W. Sorensen, D. Neuhaus,
E. Worgotter, J. H. R. Kagi, R. R. Ernst and K. Wuthrich, J. Am.
Chem. Soc., 1985, 107, 6847.
16 A. Arseniev, P. Schultze, E. Worgotter, W. Braun, G. Wagner,
M. Vasak, J. H. R. Kagi and K. Wuthrich, J. Mol. Biol., 1988, 201,
637.
17 J. H. R. Kagi and Y. Kojima, Experientia Suppl., 1987, 52, 25;
J. H. R. Kagi, in Metallothionein 11, eds. K. T. Suzuki, N. Imura and
M. Kimura, Birkhauser Verlag, Basel, 1993, pp. 29-55.
18 Metallothionein 111, eds. K. T. Suzuki, N. Imura and M. Kimura,
Birkhauser Verlag, Basel, 1993.
19 M. J. Stillman, in Metallothioneins, eds. M. J. Stillman, C. F. Shaw
111 and K. T. Suzuki, VCH, New York, 1992, ch. 4, pp. 55-127.

0 M. J. Stillman, Coord. Chem. Rev., 1995, 144, 461.

1 M. Vasak, E. Worgotter, G. Wagner, J. H. R. Kagi and K. Wuthrich,
J. Mol. Biol., 1987, 196, 711.

22 D. R. Winge, Experientia Suppl., 1987, 52, 213.

23 A. R. Green, A. Presta, Z. Gasyna and M. J. Stillman, Inorg. Chem.,
1994, 33, 4159.

24 A. Presta, A. R. Green, A. Zelazowski and M. J. Stillman, Eur. J.
Biochem., 1995, 227, 226.

25 K. B. Nielson, C. L. Atkin and D. R. Winge, J. Biol. Chem., 1985,
260, 5342.

2
2

984 J. Chem. Soc., Dalton Trans., 1997, Pages 977-984

26 1. J. Pickering, G. N. George, C. T. Dameron, B. Kurz, D. R. Winge
and I. G. Dance, J. Am. Chem. Soc., 1993, 115, 9498.

27 A.J. Zelazowski, Z. Gasyna and M. J. Stillman, J. Biol. Chem., 1989,
264, 17091.

28 A. J. Zelazowski and M. J. Stillman, Inorg. Chem., 1992, 31, 3363.

29 C. W. Peterson, S. S. Narula and I. M. Armitage, FEBS Lett., 1996,
379, 85.

30 D. Fowle and M. J. Stillman, J. Biomol. Structure Dynam., in the
press.

31 1. Dance, K. Fisher and G. Lee, in Metallothioneins, eds.
M. J. Stillman, C. F. Shaw 11l and K. T. Suzuki, VCH, New York,
1992, ch.13, pp. 284-345.

32 1. G. Dance, M. L. Scudder and L. J. Fitzpatrick, Inorg. Chem.,
1985, 24, 2547.

33 M. A. Khan, R. Kumar and D. G. Tuck, Polyhedron, 1988, 7, 49.

34 CACHEM, version 3.8, CACHE Scientific, 1996.

35 N. L. Allinger, J. Am. Chem. Soc., 1977, 99, 8127.

36 B. A. Messerle, A. Schaffer, M. Vasak, J H. R. Kagi and
K. Wuthrich, J. Mol. Biol., 1992, 225, 433.

37 P. Kille, A. Hemmings and E. A. Lunney, Biochim. Biophys. Acta,
1994, 1205, 151.

38 Z. Gui, A. R. Green, M. Kasrai, G. M. Bancroft and M. J. Stillman,
Inorg. Chem., 1996, 35, 6520.

39 M. J Stillman, P. A. Presta, Z. Gui and D.-T. Jiang, Metal-Based
Drugs, 1994, 1, 375.

40 1. G. Dance, G. A. Bowmaker, G. R. Clark and J K. Seadon,
Polyhedron, 1983, 10, 1031.

41 S. S. Narula, D. R. Winge and I. M. Armitage, Biochemistry, 1993,
32, 6773.

42 M. T. Buckner and D. R. McMiillin, J. Chem. Soc., Chem. Commun.,
1978, 759.

43 F. Sabin, C. K. Ryu, P. C. Ford and A. Vogler, Inorg. Chem., 1992,
31, 1941.

44 D. M. Knotter, G. Blasse, J. P. M. van Vliet and G. van Koten,
Inorg. Chem., 1992, 31, 2196.

45 A.J Zelazowski, J. A. Szymanska, A. Y. C. Law and M. J. Stillman,
J. Biol. Chem., 1989, 259, 12960.

46 A. Presta and M. J. Stillman, unpublished work.

Received 5th August 1996; Paper 6/05462E


http://dx.doi.org/10.1039/a605462e

