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The three-dimensional structure of [113Cd7]-metallothionein-A (MTA) of
the sea urchin Strongylocentrotus purpuratus was determined by homonuc-
lear 1H NMR experiments and heteronuclear [1H,113Cd]-correlation spec-
troscopy. MTA is composed of two globular domains, an N-terminal
four-metal domain of the amino acid residues 1 to 36 and a Cd4Cys11

cluster, and a C-terminal three-metal domain including the amino acid
residues 37 to 65 and a Cd3Cys9 cluster. The structure resembles the
known mammalian and crustacean metallothioneins, but has a signi®-
cantly different connectivity pattern of the Cys-metal co-ordination bonds
and concomitantly contains novel local folds of some polypeptide back-
bone segments. These differences can be related to variations of the Cys
sequence positions and thus emphasize the special role of the cysteine
residues in de®ning the structure of metallothioneins, both on the level of
the domain architecture and the topology of the metal-thiolate clusters.
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Introduction

Metallothioneins (MT) are small cysteine-rich
proteins with an outstandingly high content of
diverse d10 metal ions, such as Zn2� , Cu� and
Cd2�, which occur widely in animal and plant tis-
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sues and are implicated in a variety of biological
processes (KaÈgi, 1991). For example, they are
thought to have an important role in cellular zinc
and copper metabolism (Bremner, 1991) and to
protect cells and organisms against damage from
toxic metal ions (Templeton & Cherian, 1991), free
radicals (Thornally & Vasak, 1985) and other elec-
trophilic agents (Yu et al.,1995). Signi®cantly
increased cellular MT concentrations have been
reported in proliferating cells (Studer et al., 1997;
Nagel & Vallee, 1995), in some stages of differen-
tiation (De et al., 1991), during embryonal develop-
ment (Nemer et al, 1984; 1991) and in experimental
scrapie (Dandoy-Dron et al., 1998). A special form
of MT that occurs in normal brain has also been
found to speci®cally inhibit the neurotrophic activi-
ties of Alzheimer's disease cortical extract (Uchida
et al., 1991).

Much of our understanding of the biological
actions of the MTs has come from comparative
analysis of the chemical and structural features. All
MTs have uniquely folded polypeptide structures
speci®ed by the arrangement of the Cys residues in
the chain and the coordination preferences of the
metal ions. NMR structures have thus far been
determined for three mammalian MTs (Arseniev
et al., 1988; Braun et al., 1986; Messerle et al., 1990;
# 1999 Academic Press



418 NMR Structure of Sea Urchin Metallothionein
Schultze et al., 1988) and two non-mammalian
species (Narula et al.,1995; Peterson et al., 1996),
and a crystal structure of rat MT is also available
(Robbins et al., 1991; Braun et al., 1992). All these
structures showed that the metal ions bind to Cys
sulphur atoms in metal-thiolate clusters. The mam-
malian MTs contain 20 Cys and bind a total of
seven bivalent metal ions (Me(II)), which are parti-
tioned into a (Me(II))3 Cys9 cluster enfolded by the
N-terminal half of the chain (b-domain) and a
(Me(II))4 Cys11 cluster enfolded by the C-terminal
half (a-domain). The crustacean MTs contains 18
Cys and bind six metal ions, whereby each of two
well-separated domains enfolds a (Me(II))3Cys9

cluster (Narula et al., 1995; Otvos et al., 1982; Zhu
et al., 1994). Yeast MT (Peterson et al., 1996) binds
seven univalent d10 metal ions in a single metal-
thiolate cluster.

The three-dimensional structure of the metal-
lothionein isoform A of the sea urchin Strongylocen-
trotus purpuratus (MTA) reported here further
extends our knowledge of this family of proteins.
Similar to the mammalian MTs, the sea urchin pro-
tein is encoded by three exons, contains 20 Cys
and binds seven metal ions, which are partitioned
into a four-metal and a three-metal cluster (Wang
et al., 1994, 1995). Sea urchin MTA contains essen-
tially the same number of metal-chelating Cys-Cys
and Cys-Xxx-Cys motifs as the mammalian MTs
(Nemer et al., 1985), but otherwise there is no
obvious sequence relationship with the mamma-
lian MTs. In particular, in the mammalian MTs all
three Cys-Cys pairs are located in the carboxyl-
terminal half of the polypeptide chain, whereas all
four Cys-Cys pairs in sea urchin MTA occur in the
N-terminal portion. This interchange, which entails
an inverted arrangement of the three and four-
metal domains in the two proteins (Wang et al.,
1995) is postulated to result from inversion of the
second and third exons in the mammalian and
echinoid MT families (Harlow et al., 1989). Here,
the impact of these similarities and differences in
the primary structures on chain folding and on the
framework of the metal-thiolate clusters is further
evaluated by the determination of the complete
three-dimensional structure of sea urchin MTA.

Results

The NMR structure determination of sea urchin
[Cd7

2�]-MTA was performed at pH 7.0 and 15 �C,
using 113Cd or 112Cd-labeled recombinant protein
samples (Wang et al., 1994, 1995). The NMR spec-
tral analysis and the structural interpretation of the
NMR data followed closely the procedures used
previously for rabbit MT-2a (Arseniev et al., 1988;
Frey et al., 1985; Neuhaus et al., 1984; Wagner et al.,
1986a), rat MT-2 (WoÈrgoÈ tter et al., 1987; Schultze et
al., 1988) and human MT-2 (Messerle et al., 1990).
Therefore, only a short description of the structure
determination is presented here.
Resonance assignments

Resonance assignments were obtained by stan-
dard procedures based on the observation of
sequential NOEs (WuÈ thrich, 1986). 2D clean-
TOCSY (Griesinger et al., 1988), 2D NOESY (Anil
Kumar et al., 1980) and 2D E.COSY (Griesinger
et al., 1985) experiments were used for spin system
identi®cation. The assignments for the backbone
amide protons and the carbon-bound hydrogen
atoms are complete except for HN of Asp3, and
gCH2 and dCH2 of Lys30 (Figure 1). Among the
labile side-chain protons, all amide protons of Asn
and Gln residues were assigned, and so was the
hydroxyl proton of Thr58. The analysis of the 3JHNa
and 3Jab coupling constants in combination with
the intraresidual and sequential NOEs using the
program HABAS (GuÈ ntert et al., 1989) yielded
stereospeci®c assignments for 14 bCH2 groups. The
1H, 15N and 113Cd chemical shifts have been depos-
ited in the Bio Mag Res Bank, accession numbers
r1qjkmr and r1qjlmr.

The seven metal ions in sea urchin [Cd7
2�]MTA

are labeled I to VII in the order of decreasing
chemical shift (Wang et al., 1994). The thiolate-
metal connectivities were determined using 2D
[113Cd,1H]-COSY spectra (Frey et al., 1985). The dis-
tribution of the Cd ions into a four-metal cluster
and a three-metal cluster could thus be unambigu-
ously established. Employing the convention
adopted for the mammalian MTs (e.g. Messerle
et al., 1990) we denote the four-metal domain
as ``a-domain'' and the three-metal domain as
``b-domain''. It is to be noted, however, that
compared to the mammalian MTs, the sequential
arrangement of the two domains is inverted in the
sea urchin protein (see Figure 6, below).

Collection of conformational constraints and
structure calculation

A total of 1446 NOESY cross-peaks, and 49 3JHNa
and 31 3Jab coupling constants (Figures 1 and 2)
were determined and used for the generation of
the input constraints for the structure calculation.
In addition, there were the constraints for the 28
Cd2�-sulfur bonds (Arseniev et al., 1988). Separate
structure calculations were performed for the two
domains, since no long-range NOEs were observed
between protons located in the different domains.
For the b-domain, the input for the ®nal structure
calculation with the program DYANA (GuÈ ntert
et al., 1997) consisted of 234 NOE upper limit dis-
tance constraints (58 intraresidual, 69 sequential, 48
medium-range, 59 long-range) and constraints on
12 Cd-S bonds and 60 dihedral angle constraints,
for the a-domain there were 420 NOE distance con-
straints (97 intraresidual, 134 sequential, 97 med-
ium-range, 92 long-range), constraints on 16 Cd-S
bonds and 83 dihedral angle constraints. Figure 2
shows that a higher density of NOEs was observed
for the a-domain comprising residues 2-36 than for
the b-domain of residues 37-64. The standard



Figure 1. Amino acid sequence of the metallothionein MTA from the sea urchin Strongylocentrotus purpuratus (the
N-terminal Met is shown in parentheses, since it was absent from the recombinant protein used here) and survey of
the sequential and medium-range NOE connectivities, amide proton exchange data and 3JHNa coupling constants.
Sequential NOE connectivities dNN, daN and dbN are indicated with thick and thin black bars for strong and weak
NOEs, respectively. Medium-range connectivities dNN(i, i � 2), daN(i, i � 2), daN(i, i � 3) and dab(i, i � 3) are shown by
lines starting and ending at the positions of the two residues related by the NOE. In the row labeled 3JHNa, ®lled and
open circles denote residues with 3JHNa < 6.0 Hz and 3JHNa > 7.0 Hz, respectively. In the row labeled kNH, squares
identify residues with suf®ciently slow amide proton exchange rates to enable observation of the 1HN-1Ha cross-peaks
in a 1H,1H-TOCSY spectrum recorded 30 minutes after dissolving the protein in 2H2O at 15 �C and pH 7.0. Common
secondary structure elements are indicated at the bottom, where H indicates helices, I and II indicate turns of types I
and II, respectively, and h stands for half-turns (Wagner et al., 1986b).
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DYANA torsion angle dynamics protocol was
employed (GuÈ ntert et al., 1997). The small size and
small number of residual constraint violations in
the 20 conformers that are used to represent the
solution structure show that the input data rep-
resent a self-consistent set, and that the constraints
are well satis®ed in the calculated conformers
(Table 1). The high quality of the structure determi-
nation is re¯ected by global r.m.s.d. values relative
Figure 2. Plot of the number of NOE distance con-
straints per residue, n, versus the amino acid sequence of
sea urchin MTA (white, intraresidual NOEs; light grey,
sequential NOEs; grey, medium-range NOEs; black,
long-range NOEs). A total of 97 intraresidual, 134
sequential, 97 medium-range and 92 long-range
constraints were determined within the a-domain, and
58 intraresidual, 69 sequential, 48 medium-range and 59
long-range NOE constraints within the b-domain. None
of the long-range or medium-range NOEs connect
protons in the different domains (see the text).
to the mean coordinates of about 0.8 AÊ for the
backbone atoms of both domains (Table 1), where-
by the core of the a-domain is characterized with
greatest precision (Figure 3): the r.m.s.d. calculated
for the backbone heavy-atoms of residues 4-30 is
0.4 AÊ (Table 1). The r.m.s.d. for all heavy-atoms is
about 1.2 AÊ for each domain (Table 1). The arbitra-
rily prede®ned tetrahedral metal-Cys connectivities
with an allowed metal-sulfur bond length variation
of �0.1 AÊ are re¯ected by r.m.s.d. values calcu-
lated for the Cys Sg atoms and the Cd ions of
0.14 AÊ for the cluster of the a-domain, and 0.27 AÊ

for the b-domain cluster.

The NMR solution structure of sea urchin MTA

As it had become evident during the collection
of conformational constraints, the global three-
dimensional structure of sea urchin [Cd7

2�]MTA is
characterized by the presence of two domains, i.e.
an a-domain comprising residues 2-36 and a four-
metal cluster (Figure 3(a)), and a b-domain
comprising residues 37-64 and a three-metal cluster
(Figure 3(b)). No information on the relative spatial
orientation of the two domains was obtained from
the NMR data, indicating that they are connected
only by the ¯exible linker peptide and not by
additional non-bonding contacts that would stabil-
ize a unique docking of the two domains against
each other.

The four-metal cluster in the a-domain of MTA
contains two fused six-membered rings, where the
one containing Cd(IV), Cd(VI) and Cd(VII) is in a
boat conformation and the one with Cd(IV), Cd(V)
and Cd(VI) in a chair conformation (Figures 3(a)
and 4(a)). The backbone of residues 2-36 is wound
with left-handed chirality around this cluster



Figure 3. (a) The a-domain of sea urchin MTA
comprising the residues 2-36 and a four-metal/11 Cys
cluster. (b) The b-domain of MTA comprising residues
37-64 and a three-metal/nine Cys cluster. The variable
radius of the cylindrical rod, which represents the poly-
peptide backbone by a spline function through the Ca

positions, is proportional to the mean global backbone
displacement per residue evaluated after superposition
of the atoms N, Ca and C0 of the 20 conformers with the
smallest residual DYANA target function values. The
cysteinyl side-chains and the Sg-Cd connectivities are
shown as red stick models, and the Cd ions as red
spheres. The N and C-terminal amino acids of the

Table 1. NMR structure determination of sea urchin
MTA

Quantity
a-Domain

(residues 2-36)
b-Domain

(residues 37-64)

DYANA target function (AÊ 2)a 1.02 � 0.23 0.3 � 0.12
Residual distance constraint
violationsa

Number 5 0.2 AÊ 1 1
Sum (AÊ ) 5.1 � 0.23 1.8 � 0.4
Maximum (AÊ ) 0.46 � 0.04 0.24 � 0.11

Residual dihedral angle
constraint violationsa

Number 5 5 deg. 0 0
Maximum (deg.) 3.7 � 0.8 1.3 � 0.8
Sum (deg.) 18.2 � 5.5 3.3 � 2.1

R.m.s.d. to the averaged
coordinatesb (AÊ )

N, Ca, C0 0.85 � 0.17 0.75 � 0.13
All heavy atoms 1.2 � 0.1 1.16 � 0.21
Sg and Cd atomsc 0.14 � 0.1 0.27 � 0.1
N, Ca, C0 of residues 4-30 0.4 � 0.09
All heavy atoms of
residues 4-30 0.86 � 0.2

a The values given are the mean � standard deviations
among the 20 conformers used to represent the solution struc-
ture.

b Average coordinates of the 20 conformers after superposi-
tion of all listed atoms.

c The tetrahedral metal-sulphur connectivities were prede-
®ned with a bond length variation of �0.1 AÊ .
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(Figure 3(a)). The residues 4-30 are signi®cantly
better de®ned than the two peripheral segments
2-3 and 31-36 (Figure 3(a)), with a r.m.s.d. value of
0.4(�0.1) AÊ for the backbone atoms (compare with
Table 1). The following secondary structure
elements can be identi®ed. Two somewhat irregu-
lar helical regions with the residues Cys6-
Glu11 and Asp21-Thr25 (Figure 1), where the
hydrogen bonds 9CysHN-O0Cys6, 10ThrHN-
O0Cys6, 24ValHN-O0Asp21, 25ThrHN-O0Asp21 and
26GlyHN-O0Cys22 occur in more than one-third of
the 20 DYANA conformers, and three half-turns
with the residues Pro2-Lys5, Lys13-Ala16 and
Ala16-Gly19 (Figure 1). Half-turns, which were
®rst described in a mammalian MT (Wagner et al.,
1986b), differ from the well-known type II turns in
that the angle fi � 2 is ÿ90 � instead of �90 �, which
prevents formation of the type II turn hydrogen
bond. An interesting tertiary structure feature is
indicated by slow amide proton exchange for the
residues Cys8 and Cys17, which might be due to
hydrogen bonding with the sulfur atoms of Cys6
and Cys15, respectively (for a description of this
type of hydrogen bond, see Robbins et al., 1991).
domains are labeled with the amino acid one-letter code
and the sequence number. These and all other colour
pictures were prepared with the program MOLMOL
(Koradi et al., 1996).



Figure 4. Stereo view of the Cd2�-thiolate clusters in
sea urchin MTA. (a) Four-metal cluster of the a-domain;
(b) three-metal cluster of the b-domain. The Cd ions are
shown as red spheres labeled by roman numerals in the
sequence of increasing 113Cd chemical shifts (Wang et al.,
1994, 1995). The sulphur-metal coordinative bonds and
the cysteine side-chains are shown as black lines repre-
senting a superposition of the 20 best DYANA
conformers. The sequence positions of the Cys residues
are indicated by arabic numerals.

Figure 5. Plot of the sequence of the ratio of the rotat-
ing frame relaxation time, T1r, versus the transverse
relaxation time, T2, measured for the backbone amide
nitrogen atoms of uniformly 15N-labeled sea urchin
[Cd7

2�]MTA at a 1H frequency of 400 MHz. The vertical
bars indicate the uncertainty in the measured data. The
relaxation rates were determined by least-squares ®tting
of the magnetization decay curves to a single exponen-
tial function. The error bars were obtained by Monte-
Carlo type procedures, which involved ®tting of the
time-course of the peak intensity multiple times with
random addition or subtraction of 10 % of the measured
peak volume. Where no data are given, spectral overlap
prevented reliable measurements.

NMR Structure of Sea Urchin Metallothionein 421
In the b-domain of MTA the metal-sulfur cluster
is in a boat conformation (Figure 4(b)), and
the backbone winds around the cluster with left-
handed chirality (Figure 3(b)). Common secondary
structure elements include two type II turns with
Ala46-Cys49 and Thr58-Asn61, for which
the hydrogen bonds 49CysHN-O0Ala46 and
58ThrHN-O0Asn61 were identi®ed with the stan-
dard criteria in more than half of the 20 DYANA
conformers, a type I turn Asn40-Cys43 with the
hydrogen bond 43CysHN-O'Asn40, and a half-turn
Ile37-Asn40 (Figure 1). The previously identi®ed
subtilisin cleavage sites (Wang et al., 1996) are
located at this half-turn. Slow amide proton
exchange for Cys57 and Cys62 is possibly due to
hydrogen bonding with the sulfur atoms of Cys55
and Cys60, respectively.

The lower average number of NOEs per residue
in the b-domain of MTA (Figure 2) results in a
lower precision of the structure determination for
the backbone when compared with the core of the
a-domain from residues 4-30 (Table 1). To investi-
gate whether the increased disorder in the
b-domain is static or dynamic in nature, we turned
to 15N spin relaxation measurements. The T1r/T2

ratios (Figure 5) indicate slow conformational
exchange on the millisecond to microsecond time-
range for the b-domain, whereas the a-domain
shows no indication of slow conformational
exchange (Szyperski et al., 1993). A similar situ-
ation was previously reported for the mammalian
MTs, where the NMR-derived structures of the
b-domain invariably featured a larger average
r.m.s.d. value than the a-domain (Messerle et al.,
1990). It has also been shown with 113Cd saturation
transfer NMR experiments that the life-time with
respect to metal exchange in the three-metal cluster
of rabbit MT is shorter than one second, whereas
the four-metal cluster domain has corresponding
life-times of the order of hours (Otvos et al., 1987,
1989). Thus the conformational exchange process
manifested in the 15N relaxation data could be
related to the more facile metal exchange in the
b-domain. For MTA, a lower limit of about one
millisecond for the exchange life-time is given by
the fact that well-resolved lines were observed in
the 113Cd NMR spectrum (Wang et al., 1994). Both
the weaker binding of Cd2� to the b-domain
(Wang et al., 1994) and the observed increased
dynamic disorder may be a consequence of the
smaller number of Cys-metal-Cys crosslinks in the
b-domain. With only 18 cross-links, as compared
to 24 cross-links in the a-domain, the b-domain
might indeed be anticipated to be stabilized to a
lesser extent by its total metal complement.
However, there is evidence that other factors may
play a role. Thus, one of the three-metal clusters in
lobster MT-1 was shown to be kinetically more
stable than the other (Narula et al., 1995), and
amino acid replacements in recombinant mamma-
lian metallothioneins were used to demonstrate
that non-cysteine amino acids contribute to the
metal-binding competence (Pan et al., 1994;
Yamasaki et al., 1997).
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Discussion

Structure comparison of sea urchin MTA with
human MT-2

Human metallothionein, hMT-2, is used here
to represent the three-dimensional structure of
mammalian metallothioneins (Messerle et al., 1990).
Since the NMR structures of rabbit MT-2a
(Arseniev et al., 1988) and rat MT-2 (Schultze et al.,
1988), and a crystal structure of rat MT-2 (Braun
et al., 1992; Robbins et al., 1991) are all highly
similar to that of human MT-2, the resulting con-
clusions apply to all presently known mammalian
MTs.

The dominant impression obtained from compari-
son of sea urchin [Cd7

2�]MTA with h[Cd7
2�]MT-2 is

that both proteins form a two-domain structure,
with one domain containing a three-metal cluster
and the other one a four-metal cluster, and that the
corresponding individual domains have related
geometries in the two proteins. However, the
sequential order of the a and b-domains, and
hence of the three and four-metal clusters, is
inverted between the two MT types. In
h[Cd2 �

7 ]MT-2 the three-metal-containing b-domain
corresponds to the N-terminal half of the sequence
and the a-domain is located in the C-terminal part,
whereas in sea urchin MTA the N-terminal
a-domain contains four metal ions and the
C-terminal b-domain three metal ions (Figure 6).
This domain inversion con®rms inferences from
limited proteolysis studies (Wang et al., 1995, 1996)
and from comparison of the sea urchin and
mammalian gene structures (Harlow et al., 1989;
see also Introduction). Combined with the result,
obtained with recombinant techniques, that
domain inversion in human metallothionein does
not in¯uence the Cd-binding af®nity (Yamaguchi
et al., 1997), the similar metal-binding properties of
sea urchin MTA and mammalian MTs indicate that
Figure 6. Comparison of the cluster connectivities betwee
a and b-domains of sea urchin MTA and three mammalian
given in the sequence of increasing 113Cd chemical shift (M
acid sequences are written in the one-letter amino acid co
identity with the human protein. The coordinative bonds ar
1H-113Cd or 1H-111Cd heteronuclear correlation experiments
given with arabic numerals.
although the presence of two domains is essential,
interdomain interactions have only limited in¯u-
ence on the metal binding by the individual
domains.

A superposition of the polypeptide backbone in
the human and sea urchin MT a-domains
(Figure 7(a)) shows quite similar overall arrange-
ments of the polypeptide chain around the metal-
sulfur cluster. This is all the more surprising, since
for each of the four pairs of corresponding metal
ions (according to Figure 6) the sequence spacings
of the Cys ligands differ quite substantially in the
two proteins. In particular, this is re¯ected by the
absence of similarity of the structural roles between
corresponding cysteine residues in Figure 6, i.e.
their serving either as singly bound or bridging
ligands. Thus, although there are some similarities
in the sequential grouping of the Cys-metal
connectivities in sea urchin and human MT, for
example, for the pairs of metal ions Cd(IV) in sea
urchin MTA and Cd(VII) in hMT2, Cd(VI) and
Cd(VI), Cd(VII) and Cd(I), and Cd(V) and Cd(V),
the locations of the bridging Cys along the
sequence are clearly different. The ®rst cysteine
residue of sea urchin MTA, Cys6, is the ligand
involved in the special bridged position that
belongs to both of the two fused six-membered
rings. In hMT-2 this position is occupied by the
fourth a-domain cysteine residue, Cys37. The
fourth, seventh, eighth and tenth Cys in sea urchin
MTA form the additional bridging ligands (Cys15,
Cys23, Cys29 and Cys35), whereas in hMT-2 the
fourth, sixth, eighth and 11th Cys have this struc-
tural role (Cys34, Cys44, Cys50 and Cys60). The
last cysteine residue in hMT-2, Cys60, is thus a
bridging cysteine residue, whereas Cys35 in MTA
is a singly bound ligand. The simple fact that
all four metal ions cannot be simultaneously
completely overlapped (Figure 7(a)) shows that
there must also be some differences between the
n the cysteine thiolate groups and the metal ions in the
MTs. The metal ions are speci®ed by roman numerals

esserle et al., 1990; Wang et al., 1994, 1995). The amino
de, where dots for the rat and rabbit proteins indicate
e indicated by straight lines as they were determined by
(see the text), and the positions of the Cys ligands are



Figure 7. Stereo view of superpositions for best ®t of
the metal ions of sea urchin MTA and human MT-2.
(a) The a-domain; (b) the b-domain. The polypeptide
backbone of the sea urchin MTA is drawn as a yellow
spline function through the Ca positions, and a corre-
sponding presentation of the backbone of the human
MT-2 is shown in cyan. The metal ions are colored red
for sea urchin MTA and blue for human MT-2. The
terminal amino acid residues of the domains are ident-
i®ed with the one-letter amino acid code and the residue
number. The orientation of the MTA structure is
approximately the same as in Figure 3.

Figure 8. Comparison of the metal-Cys thiolate cluster
connectivities in the b-domain of sea urchin MTA and
the two three-metal domains of blue crab MT-1 and
lobster MT-1. Same presentation as in Figure 6. The
roman numerals specifying the metal ions of lobster
MT-1 are given in parentheses (note that in each protein
the metal ions have been numbered I to VI in the order
of decreasing chemical shift).
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geometries of the a-domain metal-sulfur clusters in
the two species. Indeed, while the two fused six-
membered rings of the hMT-2 four-metal cluster
both have a distorted boat conformation (Messerle
et al., 1990), sea urchin MTA contains one ring in a
boat conformation and the other one in a chair con-
formation (see Results). In view of these differences
in structural details, the overall similarity of the
polypeptide fold of the a-domains in the two pro-
teins is quite remarkable.

Analogous similarities and dissimilarities can be
noticed in the organization of the three-metal clus-
ters of the sea urchin and mammalian proteins
(Figure 6). In contrast to all other presently known
three-metal cluster-containing MT domains, the
chirality of the sea urchin MTA b-domain is left-
handed, however. In Figure 7(b) a superposition of
the MTA b-domain with the hMT b-domain for
best ®t superposition of the Cd ions clearly visual-
izes the opposite chiralities.
Structure comparison of sea urchin MTA with
MT-1 of blue crab and lobster

The metal-polypeptide connectivities in the
three-metal clusters of these three MTs show again
similarities and deviations, but overall there is a
closer coincidence with both the a and b-domains
in the two MT-1 s than between MTAb and the
b-domains of mammalian MTs (Figure 8). In each
pairwise comparison, two bridging Cys are in
homologous positions, whereas the third bridging
Cys has switched position with one of the nearest
singly coordinated Cys. In MTAb, the second, ®fth
and ninth Cys in the sequence are bridging
ligands, in the MT-1bs these are the second, ®fth
and eighth Cys, and in the MT-1as the second,
sixth and ninth Cys. This similarity of the distri-
bution of bridging Cys in the three types of three-
metal clusters is probably a re¯ection of the low
number of possibilities allowing for the formation
of a cyclic metal-thiolate cluster by these short
polypeptides, although otherwise quite varied
patterns in the Cys connectivities of the individual
metal ions are observed (Figure 8).

Surface location of an aromatic ring in sea
urchin MTA

Most metallothioneins are devoid of aromatic
residues (KaÈgi, 1993). It is all the more remarkable
that the single Phe in the a-domain of MTA is well
de®ned in a fully solvent-exposed location on the
protein surface (Figure 9). Inspection of the three-
dimensional structure shows that this aromatic
ring could not be accommodated in a hydrophobic
interior location without major disruption of the



Figure 9. Surface plot of the best DYANA conformer
of the a-domain of sea urchin MTA showing the
location of Phe18. Color code: Phe, yellow; surface-
accessible parts of the metal-thiolate cluster (these are all
sulphur atoms), red; others, grey.
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metal cluster. It will be of interest to further inves-
tigate possible functional or structural roles of this
exposed hydrophobic residue, which might, for
example, make contacts with the b-domain, with
other proteins, or with membraneous particles. In
this context, it is of interest that the occurrence of
two proline residues in exposed peptide loops of
the b-domain in the mammalian MT-3 subclass
speci®cally determines their inhibitory effect on the
survival of cortical neurons (Sewell et al., 1995).

General considerations on possible topologies
of metal-thiolate clusters connecting three
metal ions with nine cysteinyl residues

The schemes in Figures 6 and 8 display a total of
eight MT-type three-metal clusters with nine Cys-
thiolate ligands. In spite of extensive variation of
the Cys sequence positions and numerous amino
acid replacements in non-Cys positions, all these
MT domains allow for tetrahedral coordination
of all three metal ions, with three Cys adopting
bridging roles with coordinative bonds to two
metal ions. The following additional regularities
are observed: (i) the ®rst cysteine residue in the
sequence is non-bridging; (ii) the second cysteine
residue is a bridging cysteine; (iii) two bridging
cysteine residues are always separated by at least
one non- bridging Cys (and additional, non-Cys
residues); (iv) if two bridging cysteine residues are
separated by a single non-bridging Cys, the latter
is connected to the same metal ion as its two
bridging neighbours. The total number of cluster
topologies (excluding symmetry-related topologies)
that satisfy the features (i) - (iv) is 1260. In the fol-
lowing we investigate by structure calculations to
what extent this catalogue of possible topologies
can be reduced from steric considerations of the
three-dimensional protein structures.

Structure calculations were performed with the
program DYANA (GuÈ ntert et al., 1997), with an
input that included the distance constraints used to
enforce the tetrahedral geometry around the indi-
vidual metal ions (Arseniev et al., 1988) and all
steric lower distance limits. For each of the 1260
different topologies of the three-metal cluster that
satisfy the aforementioned rules (i) - (iv), 16 confor-
mers of the b-domain with the amino acid
sequence of sea urchin MTA were calculated, using
the standard simulated annealing protocol of
DYANA. A topology was considered to be accep-
table if the calculation yielded at least one confor-
mer for which all residual violations of the
constraints used to enforce the cluster geometry
were below 0.015 AÊ and all violations of steric
lower limits below 0.15 AÊ . This criterion was ful-
®lled by 462 out of the 1260 possible topologies,
including the topologies actually found in sea
urchin MTAb and in the a-domain of the blue crab
MT-1. The topologies of human MT-2b and blue
crab MT-1b, however, do not satisfy this strict
criterion, indicating that they are not compatible
with the amino acid sequence of sea urchin MTAb.

These calculations imply that the Cys arrange-
ment in the sequence still allows for many different
topological options. It is then remarkable that no
degeneracy of the coordinative bonds is encoun-
tered in the presently discussed species. Sea urchin
MTA, like the other well-characterised MTs, exists
as a unique structure with a ®xed topology of the
clusters, and with the polypeptide fold conditioned
by its particular primary structure. The important
role of the Cys sequence positions is emphasized
by the fact that numerous non-cysteine residues
can be exchanged within a given cluster topology
(Figures 6 and 8). Nonetheless, more drastic
sequence variations in the non-Cys positions gener-
ated by recombinant techniques did in some
instances lead to loss of the metal-binding compe-
tence (Cody & Huang, 1994; Pan et al., 1994;
Yamasaki et al., 1997). On this background, the fact
that all 20 cysteine residues and 18 additional non-
cysteine residues, including seven glycine residues,
are strictly conserved in all eight so far character-
ized echinoidal MTs (Scudiero et al., 1997) supports
the suggestion that these proteins are evolutiona-
rily optimized for ef®cient metal-thiolate cluster
formation, as was found in vertebrate MTs (KaÈgi,
1993).

General considerations on possible topologies
of metal-thiolate clusters connecting four
metal ions with 11 cysteinyl residues

The catalogue of possible topologies of metal-
thiolate clusters connecting four metal ions with 11
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cysteinyl residues is expected to be even larger
than for the three-metal clusters, owing to the
increased number of metal ions and ligands. Since
only two different four-metal cluster topologies are
currently known (this work and Messerle et al.,
1990), there are not suf®cient data to warrant the
elaboration of general rules. Therefore, we
refrained from a general analysis of four-metal
cluster topologies of the type described above for
the three-metal clusters. A noteworthy common
feature of the two known Cd4Cys11 cluster geome-
tries (Figure 6) is that three of the four Cd ions are
coordinated to pairs of sequentially neighboring
Cys. In sea urchin MTA, Cd(IV) is connected to
Cys28 and Cys29, Cd(V) to Cys22 and Cys23 and
Cd(VII) to Cys34 and Cys35 (Figure 6), and in
mammalian MTs, Cd(I) is connected to Cys59 and
Cys60, Cd(V) to Cys33 and Cys34, and Cd(VII) to
Cys36 and Cys37. Interestingly, in all these Cys-
Cys dipeptide segments, one Cys serves as a
bridging ligand and the other one as a singly
bound ligand. There is thus an indication that the
involvement of three Cys-Cys dipeptide segments
might be essential for the formation of four-metal
clusters, and might thus affect the three-dimen-
sional structure of the entire a-domains.

Materials and Methods

Sample preparation

The recombinant polypeptide of sea urchin MTA was
expressed in Escherichia coli as described (Wang et al.,
1994, 1995), and the metalloprotein form was reconsti-
tuted either with 113Cd or with 112Cd. The NMR
measurements were performed at pH 7.0 and 15 �C,
using a 3 mM solution of the protein in 90 % H2O/10 %
2H2O with 50 mM NaCl and 20 mM perdeuterated Tris-
HCl.

Because the E. coli strain 1B 392 D1 used by Wang et
al. (1994) was not suitable for the production of
15N-labeled protein, E. coli strain BL 21(DE 3) grown in
slightly modi®ed M63 medium containing 1 g/l of
99 %(15NH4)2SO4 (Cambridge Isotope Laboratories) and
38 mg/l of ampicillin (Miller, 1993) was used for the
expression of 15N-labeled recombinant sea urchin MTA.
Cells from 2 l of culture were harvested by centrifu-
gation and were washed using 50 ml of 50 mM Tris-HCl
(pH 8.0), containing 0.1 M KCl. The pellet was resus-
pended in the above buffer containing 3 mM 2-mercap-
toethanol and 1 mM PMSF, and passed through a
French press at 4 �C. Following addition of streptomycin,
the suspension from the broken cells was centrifuged.
The further puri®cation included two precipitation steps
and fractionation by gel-®ltration and ion-exchange chro-
matography as described (Wang et al., 1994). The yield
of 15N-labeled sea urchin MTA was about 1 mg/l of the
culture.

For 15N relaxation measurements, a 1.4 mM sample of
the 15N-labeled [112Cd7]MTA containing 50 mM NaCl
and 20 mM perdeuterated Tris-HCl (pH 7.0) in 90 %
H2O/10 % 2H2O was prepared as follows. The solution
of the protein in 20 mM Tris-HCl (pH 8.0) was concen-
trated in an Amicon ultra®ltration cell using a membrane
with molecular mass cut-off of 1000 Da. After replacing
the unlabelled buffer with a solution of 5 mM NaCl, and
2 mM perdeuterated Tris-HCl (pH 7.0) in a number of
successive ®ltration steps, the resulting sample of
volume 5 ml, which contained less than 5 % of the orig-
inal buffer, was freeze-dried and redissolved in 0.5 ml of
90 % H2O/10 % 2H2O.

NMR spectroscopy

NMR measurements were performed on Bruker
AMX500 and AMX600 spectrometers, and on Varian
Unity�400 and Unity�750 spectrometers, which are all
equipped with three or four radio-frequency channels
and probeheads with actively shielded z-gradient coils.
For data processing and spectral analysis, we used the
programs PROSA (GuÈ ntert et al., 1992) and XEASY
(Bartels et al., 1995), respectively. The 1H chemical shifts
are relative to 2,2-dimethyl-2-silapentane-5-sulfonate
sodium salt (DSS).

Resonance assignments were obtained by standard
procedures (WuÈ thrich, 1986) from the following homo-
nuclear 2D experiments recorded with 112Cd-labeled
MTA in the absorption mode using TPPI (Marion &
WuÈ thrich, 1983): clean-TOCSY (Griesinger et al., 1988)
with tm � 80 ms, NOESY with tm � 60 ms (Anil Kumar
et al., 1980) and E.COSY (Griesinger et al., 1985). The
typical data size was 512 � 2048 complex points in the t1

and t2 time-domains, which was then zero-®lled to
obtain 2048 � 2048 data points in the spectrum.
[113Cd7]MTA was used to obtain a complete set of con-
nectivities between Hb of Cys and Cd2�, using 2D
[113Col,1H]-COSY experiments in the absolute value
mode with polarization transfer times of 17 ms and
30 ms (Frey et al., 1985). Amide protons with slowed
exchange were identi®ed by measuring several clean-
TOCSY experiments with a mixing time of 60 ms at
different times after dissolving the freeze-dried protein
in 99 % 2H2O. 15N spin relaxation time measurements
were performed with uniformly 15N-labeled MTA at a
1H resonance frequency of 400 MHz. All [15N,1H]-COSY
spectra needed for these measurements were recorded
with a time domain data size of 64 � 1024 complex
points, with t1,max(15N) � 53 ms and t2,max(1H) � 213 ms.
Transverse 15N spin relaxation times, T2, were obtained
from a series of eight spectra as described by Farrow et
al. (1994), with relaxation delays of 10, 34, 50, 66, 82, 106,
138, and 162 ms. Rotating frame 15N relaxation times,
T1r, were measured using a continuous 15N spin-lock
radiofrequency ®eld of 2.5 kHz in a series of nine spectra
(Dayie & Wagner, 1994), with relaxation delays of 14, 34,
53, 72, 92, 112, 130, 150, and 170 ms.

Collection of conformational constraints and
calculation of the three-dimensional structure

Upper distance constraints were obtained from
NOESY cross-peak volumes in the same experiment that
was used also for the sequential assignments, which was
recorded with a mixing time of 60 ms. The metal-sulfur
connectivities were derived from the [113Cd,1H]-COSY
data, assuming tetrahedral symmetry for the Cd ions.
The distance constraints used to represent the coordina-
tive bonds were the same as described by Arseniev et al.
(1988). The allowed variation of the metal-sulfur bond
length was � 0.1 AÊ , the weight of the cluster constraints
relative to the NOE constraints was 5. Vicinal 3Jab scalar
couplings were measured in an E.COSY spectrum, and
3JHNa couplings were determined by inverse Fourier
transformation of in-phase multiplets of intraresidual



426 NMR Structure of Sea Urchin Metallothionein
cross-peaks with the amide protons (Szyperski et al.,
1992) in the same NOESY spectrum that was used to
obtain upper distance constraints. Dihedral angle con-
straints and stereospeci®c assignments for groups of
diastereotopic protons were then obtained with the pro-
gram HABAS (GuÈ ntert et al., 1989). The calibration of
NOE intensities versus 1H-1H distances and the structure
calculations were performed with the program DYANA.
Other tools of DYANA were used to remove upper
distance constraints that represent no effective
conformational constraints, and pseudo-atoms with
appropriate corrections were introduced where required.

As no conformational constraints could be found
between the two domains of the protein, separate struc-
ture calculations were done for the b-domain containing
residues 1-36, and for the a-domain containing residues
37-64. Several rounds of structure calculations with
DYANA and NOESY cross-peak assignment with the
program ASNO (GuÈ ntert et al., 1993) were performed.
The ®nal round of DYANA structure calculations was
started with 50 randomized conformers. The 20 DYANA
conformers with the smallest target function values were
chosen to represent the three-dimensional NMR struc-
ture. All colour ®gures were generated with the program
MOLMOL (Koradi et al., 1996).

Calculation of the total number of possible
clusters topologies

The number of allowed topologies for a three-metal
cluster that are compatible with the rules (i) - (iv) in
Results and Discussion was evaluated with an in-house
computer program. Starting from all possibilities to con-
nect three bridging and six non-bridging cysteine sulfur
atoms to three four-coordinated Cd ions, the program
eliminated symmetry-related topologies, and topologies
that would violate one of the aforementioned rules (i) -
(iv).

Data Bank accession numbers

The atomic coordinates of sea urchin MTA have been
deposited with the Brookhaven Protein Data Bank (with
accession numbers 1qjk and 1qjl).
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