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Abstract

Sequential1H-NMR assignments of mouse@Cd7#-metallothionein-1~MT1! have been carried out by standard homo-
nuclear NMR methods and the use of an accordion–heteronuclear multiple quantum correlation~HMQC! experiment
for establishing the metal,113Cd21, to cysteine connectivities. The three-dimensional structure was then calculated using
the distance constraints from two-dimensional nuclear Overhauser effect~NOE! spectroscopy spectra and the Cys–Cd
connectivities as input for a distance geometry-dynamical simulated annealing protocol in X-PLOR 3.851. Similar to the
mammalian MT2 isoforms, the homologous primary structure of MT1 suggested two separate domains, each containing
one metal cluster. Because there were no interdomain constraints, the structure calculation for the N-terminalb- and the
C-terminala-domain were carried out separately. The structures are based on 409 NMR constraints, consisting of 381
NOEs and 28 cysteine–metal connectivities. The only elements of regular secondary structure found were two short
stretches of 310 helices along with some half-turns in thea-domain. Structural comparison with rat liver MT2 showed
high similarity, with theb-domain structure in mouse MT1 showing evidence of increased flexibility compared to the
same domain in MT2. The latter was reflected by the presence of fewer interresidue NOEs, no slowly exchanging
backbone amide protons, and enhanced cadmium–cadmium exchange rates found in theb-domain of MT1.
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Metals are both essential and toxic elements to life processes. On
the one hand, they are integral, functional components of many
enzymes and transcriptional regulatory proteins, while on the other
hand, the binding of nonnative metals to biological macromol-
ecules may perturb their function and metal-catalyzed formation of
oxygen-derived free radicals has been implicated in a wide variety
of pathological conditions such as mutagenicity and carcinogenic-
ity. To cope with potentially hazardous levels of heavy metal ions,
organisms appear to have developed an integrated, metal-regulatory
network to control the concentration and availability of these ele-
ments. One of the components of this network is metallothionein
~MT !, a small ~,7 kDa! protein with a high cysteine content
~;30%! and the highest known metal content after ferritins. Metallo-
thioneins bind both essential~Cu11 and Zn21! and nonessential

~Cd21 and Hg21! metals. Metal coordination in MT has a high
thermodynamic but low kinetic stability. Thus, metal binding is
very tight, but there is facile metal exchange with other proteins.
MTs are thought to function biologically as intracellular distribu-
tors and mediators of the metals they bind~Kägi & Kojima, 1987;
Kägi & Schäffer, 1988!. MTs are ubiquitous proteins, found in
animals, higher plants, eukaryotic organisms, and some prokary-
otes. In animals, the two major metallothionein isoforms, MT1 and
MT2, are most abundant in parenchymatous tissues, i.e., liver,
kidney, pancreas, and intestines, but their occurrence and biosyn-
thesis have been documented in many tissues and cell types. These
two isoforms were initially distinguished by their elution profiles
from anion exchange columns due to the presence of an extra
negative charge in MT2. In addition to the charges from the seven
metal ions and the 20 thiolate sulfurs, mammalian MT1s have two
negatively charged and seven positively charged residues, while
MT2s have amino acid side chains carrying four negative and eight
positive charges. The functional discrimination between the two
isoforms is unknown, although a recent phylogenic analysis of
their gene sequences~Binz & Kägi, 1999! revealed that the introns
and 59 untranslated regions of the two genes and more importantly,
the 59 untranscribed regions that contain the regulatory elements,
are different in MT1 vs. MT2. These differences result in differ-
ential tissue specific regulation of the two isoforms.
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Thus far, structural investigations of mammalian metallothione-
ins have been limited to MT2s from various sources~Arseniev
et al., 1988; Schultze et al., 1988; Messerle et al., 1990b!. The only
MT1 isoform that has been structurally characterized is the crus-
taceous MT1 from the blue crabCallinectes sapidus~Narula et al.,
1995!. Invertebrate MTs have little sequence homology~;35%! to
mammalian MTs, and no structural conclusions about mammalian
MT1s can be drawn from the crab MT1 structure. Mammalian
MT1 and MT2s, on the other hand, have high sequence homology
~;85%!, and the determination and comparison of the structure
and metal binding properties of the two isoforms are necessary
prerequisites to understanding possible functional consequences of
the existence of multiple isoforms.

In this paper, we present the first report of the tertiary structure
of a mammalian MT1 isoform. The sequential1H-NMR assign-
ments and structure determination were performed on mouse~Mus
musculus! @Cd7#-metallothionein-1 by homonuclear and heteronu-
clear NMR spectroscopy. As will be shown, the structure of mouse
MT1 is similar to mammalian MT2s. It is a dumbbell-shaped
protein with seven cadmium ions located in two separate clusters.
The tertiary structure is determined mainly by the coordination of
the metal ions by the thiolates of the 20 cysteine residues. The only
elements of regular secondary structure are two short stretches of
310 helices along with some half-turns.

Results

Resonance assignments

Sequential1H-NMR assignments were accomplished by standard
procedures as described in the literature~Wüthrich, 1986!. TOCSY

spectra, with mixing times of 30 and 60 ms, were used to assign
individual spin systems, and assigned residues were identified with
respect to their position within the protein by sequential NOEs.
The fingerprint region of a TOCSY spectrum is shown in Figure 1.
To slow down amide proton and conformational~cadmium–
cadmium! exchange, spectra were acquired at 108C and a pH of
6.5. To resolve some overlapped resonances, a set of spectra was
also acquired at 258C. The intensity of the cross peaks was on
average much higher for residues in thea-domain, where 278
NOEs could be extracted compared with just 103 in theb-domain,
which would be consistent with a more flexible structure for this
latter domain. Although all the resonances could be observed for
the C-terminal domain, NH cross peaks from two residues in the
N-terminal domain~Cys7 and Cys13! could not be found in any of
the spectra. A list of chemical shifts is available as Supplementary
material in the Electronic Appendix.

Secondary structural analysis

A graphical representation of the sequential and medium-range
NOEs, which indicate regular secondary structural elements, is
shown in Figure 2. As is immediately obvious, there are noa-helices
or b-sheets in mouse MT1, only a short stretch of a 310 helix,
which can be identified between residues 42 and 47 by the pres-
ence ofdNN~i, i 1 2! anddaN~i, i 1 2! NOEs. Another 310 helix is
indicated for the last five C-terminal residues where in addition to
the dNN~i, i 1 2! anddaN~i, i 1 2! connectivities, we found NOEs
between thea-proton of threonine-58 and the amide and theb-proton
of cysteine-61~not shown!. Several NOE signatures indicative of
either type II turns or half-turns are evident as well, as indicated
in Figure 2. These putative turns are characterized by a strong

Fig. 1. Fingerprint region of the 800 MHz TOCSY spectrum recorded with a 60 ms mixing time on a 0.7 mM sample of mouse Cd7

MT1 at 108C and pH 6.5. Thirty-two transients were acquired for each of the 256 increments. The amino acid type and sequence
number of each cross peak is indicated.
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daN~i, i 1 1! connectivity between the second and third residue in
the turn, as well as a strongdNN~i, i 1 1! interaction between the
third and the fourth amino acid and mediumdaN~i, i 1 1! connec-
tivities between all four residues in the turn. The fewer NOEs in
theb-domain preclude the assignment of any secondary structural
elements in this domain. In addition to the NOEs shown in Fig-
ure 2, a significant number of other NOEs~e.g., daN~i, i 2 1!,
daN~i, i 2 2!, and a-proton to side chain! where found, which
corroborated or for some residues enabled the full sequential as-
signments in both domains.

Structure

A total of 381 NOEs were used for the structure calculation, of
which 28 were long-range constraints~dij , j . i 1 4! ~Table 1!. The
number of intra-residue, inter-residue, and long-range NOEs is
shown graphically in Figure 3. The cadmium–cysteine connectiv-
ities that were obtained by an accordion-HMQC experiment were
crucial for the definition of the three-dimensional structure. The
1H-113Cd accordion HMQC spectrum as well as a graphical de-
piction of the cysteine–cadmium connectivities in relation to the
primary amino acid sequence are shown in Figure 4. As was found
with the mammalian MT2s, the metals are bound in two distinct
metal clusters in separate protein domains with no interdomain
NOEs. The structure calculations were therefore carried out sep-
arately for the two domains, as described in Materials and meth-
ods. The N-terminalb-domain includes residues 1–30, with residues
31–61 belonging to the C-terminala-domain. The structures that
showed not more than one NOE violation greater than 0.5 Å, an
RMS difference for bond deviations from ideality of less than
0.01 Å, and an RMS difference for angle deviations from ideality
of ,58 were selected and are shown in Figure 5 as a least-squares
superposition of structures. As expected, theb-domain with fewer
NOE constraints is not as well defined as thea-domain, as a result
of greater flexibility of the N-terminal domain. A summary of the
structural statistics for both domains is shown in Table 2, with an

RMSD of backbone atoms of just 0.78 Å for thea-domain com-
pared to 1.92 Å in theb-domain. The structures will be deposited
at the Brookhaven Protein Data Bank, and the chemical shifts at
the BioMagResBank.

Fig. 2. Amino acid sequence and summary of sequential NOEs indicative
of secondary structural elements. The thickness of the lines corresponds to
the intensity of the NOE. The location of half-turns~H! and 310 helical
segments~310! are indicated below the sequence.

Table 1. Long-range NOEs between protons at least five
residues apart (dij ; j . i 1 4!

Long-range NOEs

b-Domain

Asn4~a! ---------- Lys22~b!
Asn4~a! ---------- Asn23~NH!
Asn4~b! ---------- Asn23~NH!
Cys5~a! ---------- Cys21~b!
Cys5~b! ---------- Cys21~b!
Asn23~b! -------– Cys29~a!

a-Domain

Lys31~NH! ------ Val39~g!
Lys31~a! --------– Val39~g!
Ser32~b! --------– Val39~b!
Ser32~NH! ------- Val39~g!
Cys33~NH! ------ Val39~g!
Cys33~a! -------– Cys48~b!
Cys33~b! -------– Cys48~NH!
Ser35~b! --------– Asp55~NH!
Cys36~a! -------– Asp55~NH!
Cys36~a! -------– Asp55~a!
Cys36~a! -------– Lys56~NH!
Cys36~b! -------– Lys56~NH!
Cys36~b! -------– Lys56~a!
Cys36~a! -------– Cys57~NH!
Cys36~b! -------– Cys57~NH!
Cys36~b! -------– Cys57~a!
Cys36~b! -------– Cys57~b!
Lys43~b! -------– Val49~g!
Lys43~g! --------– Val49~g!
Lys43~g! --------– Cys60~a!
Cys44~NH! ------ Val49~g!
Val49~g! --------– Cys59~b!

Fig. 3. Bar diagram of NOEs per residue along the peptide chain of mouse
@Cd7#-MT1. Shading representing intraresidue NOEs is gray, that for short
and medium-range NOEs is black, and long-range NOEs~dij ; j . i 1 4! are
shown in white.
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Chemical exchange

Two kinds of chemical exchange phenomena were studied in
mouse MT1, amide proton exchange rates, and cadmium–cadmium

exchange. Both of these exchange mechanisms have been de-
scribed for the structurally characterized MT2 isoforms~Otvos
et al., 1987; Messerle et al., 1990a, 1992!, and therefore allowed
a quantitative comparison of the flexibility of mouse MT1 with

B
Fig. 4. A: Accordion1H-113Cd HMQC of mouse@113Cd7#-MT1. The evo-
lution delay was varied between 10 and 100 ms, corresponding to1H-113Cd
coupling constants of 50 and 5 Hz, respectively. Thirty-two scans of 2k
data points were acquired for each of the 128 increments. After zero filling
to a final matrix of 2kp 1k, the data were multiplied with a 608 phase-
shifted squared sine bell window function prior to Fourier transformation.
B: The primary amino acid sequence and cadmium–proton connectivities
as found from the accordion1H-113Cd HMQC. The numbering of the
cadmium ions follows increasing the field in the cadmium spectrum.

Fig. 5. Least-squares superposition of the backbones of the 10 lowest energy structures of~A! theb- and~B! thea-domain of mouse
@Cd7#-MT1. The thick lines represent the energy-minimized average structure. Thea-carbon of every fifth residue is shown as a ball
for easier orientation.

Solution structure of mouse MT1 2633



MT2s as well as between the N- and C-terminal domains of mouse
MT1.

The slowly exchanging amide protons, as measured by H2O vs.
D2O exchange, are tabulated in Table 3 for mouse MT1 and human
MT2. The enhanced flexibility of theb-domain compared to the
a-domain in both isoforms is immediately apparent, with only one
slowly exchanging backbone amide proton in human MT2 and
none in mouse MT1. The only slowly exchanging amide protons in
the b-domain of mouse MT1 are the side-chain NH2 protons of
Asn23. Human MT2 contains a glutamate residue at this position,
rendering a direct comparison impossible. Despite some differ-
ences in the number and position of the slowly exchanging protons
in the a-domain, it can be concluded that the general trend is
similar in the C-terminal domains of both human MT2 and mouse
MT1.

The cadmium–cadmium exchange in mouse MT1 was analyzed
by a modified HSQC-type pulse sequence~Fig. 6!, where the
cadmium signals were selectively saturated after transfer of mag-
netization from the attached protons, and the reduction of magne-

tization of the other cadmium signals monitored. This indirect
detection of cadmium exchange was used due to its increased
sensitivity over direct113Cd detection. A one-dimensional113Cd
saturation transfer experiment has been described by Otvos et al.
~1987! for rabbit MT2, and the results are compared in Table 4. As
can be seen, the cadmium–cadmium exchange in theb-domain is
much faster in mouse-MT1 than in human MT2. The cadmium
signals in thea-domain of both proteins do not decay upon satu-
ration of the othera-domain cadmium signals reflecting a much
slower Cd chemical exchange in the C-terminal four-metal cluster.

Discussion

In every metallothionein structural study described in the litera-
ture, the number of NOEs in theb-domain is lower than in the
a-domain. Mouse metallothionein-1, however, showed by far the
largest difference in numbers of NOEs between the two domains
~Table 5!. The ratio of NOEs in theb- vs. thea-domain is 0.37 for
all NOEs and 0.28 for interresidual NOEs in mouse MT1, whereas

Table 2. Structural characteristics of both domains of mouse MT1a

Structural statisticsb

^SA& ^SA&av

b-Domain (residues 1–30)
Energies~kcal0mol!

Eoverall 208.66 26.9 187.4
Ebonds 8.856 1.28 8.86
Eangles 118.26 14.7 101.6
EvdW 14.16 5.0 10.45

RMSDs from idealized covalent geometry used within X-PLOR
Bonds~Å! 0.00476 0.0003 0.0047
Angles ~deg! 1.656 0.13 1.47
Impropers~deg! 0.736 0.08 0.62
NOEs ~Å! 0.1016 0.009 0.103

Atomic RMS differenceŝSA& vs. ^SA&av

All atoms except hydrogen~Å! 2.422
Backbone atoms~Å! 1.918

a-Domain (residues 31–61)
Energies~kcal0mol!

Eoverall 379.66 38.6 414.4
Ebonds 23.406 2.50 23.28
Eangles 188.46 25.5 217.3
EvdW 30.906 9.60 43.01

RMSDs from idealized covalent geometry used within X-PLOR
Bonds~Å! 0.00756 0.0004 0.0075
Angles ~deg! 2.176 0.15 2.31
Impropers~deg! 0.706 0.06 0.74
NOEs ~Å! 0.0946 0.005 0.091

Atomic RMSD ^SA& vs. ^SA&av

All atoms except hydrogen~Å! 1.327
Backbone atoms~Å! 0.780

a^SA& refers to 10 simulated annealed structures that do not have more than 1 NOE violations.0.5 Å,
an RMSD for bonds of,0.01 Å, and an RMSD for angles of,58. ^SA&av is the energy-minimized
average structure of the 10 best structures. Only the backbone atoms were used for the best-fit superposition.

bNone of the selected structures exhibited more than 1 NOE-derived distance violations of.0.5 Å or
backbone dihedral violations of.58. Energies were calculated by X-PLOR using a square well potential
term for NOE terms~100 kcal mol21 Å22! and a square well quadratic energy function for the torsional
potential~500 kcal mol21 rad21!. A force constant of 1,000 kcal mol21 Å22 was used for covalent bonds.
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in other MTs studied these numbers are around 0.75 and 0.65,
respectively. Because the average structure of theb-domain of
mouse MT1 is very similar to theb-domains of other MTs~Fig. 7!,
the lower number of NOEs is most likely related to increased
structural mobility. This assumption is corroborated by the absence
of the single slowly exchanging backbone amide proton and the
faster cadmium–cadmium exchange rates in theb-domain of mouse
MT1 compared to MT2s~Table 4!.

A comparison of the energy-minimized average backbone struc-
ture of both domains to the respective domains of rat MT2~Fig. 7!
shows a high degree of structural similarity of both domains of
these proteins. The RMSD of these superimpositions is 1.94 Å for
the b-domains and 2.14 Å for thea-domains. As can be seen in
Figure 7, the loop between residues 52 and 57 in thea-domain is
closer to the loop between residues 34 and 37 in mouse MT1 than
it is in rat MT2. Steric hindrance between the side chains of Glu52
and Lys51 in rat MT2 presumably restricts such an arrangement as
seen in mouse MT1, which has a glycine residue at position 52.
The number and position of the slowly exchanging amide protons
in the a-domain of mouse-MT1 and human-MT2 are also indica-
tive of a similar structure of this domain. The slow exchange of the
side-chain NH2 protons of Asn23 of mouse-MT1 is indicative of a
hydrogen bond. The carbonyl oxygen atoms of both Ser28 and
Cys29 are close to these amide protons, and either one or both of
them might be involved in a hydrogen bond.

The main difference in the amino acid sequence of MT2s and
MT1s is reflected in the number of charged residues. Compared to
rat liver MT2 ~Schultze et al., 1988!, mouse MT1 has two less
negative~residue 10 and 52! and one less positive~residue 20!
charges. This could only result in reduced electrostatic interactions
in MT1 relative to MT2, which may account for the increased
flexibility of the b-domain of MT1, which has two charges less than

Table 3. List of slowly exchanging amide protons
in mouse MT1 and human MT2a

Amide proton exchange rates

Exchange rates~min21!

Residue
Mouse

@Cd7#-MT1
Human

@Cd7#-MT2b

b-Domain

C21 n.o.c 1 3 1021

N23 NH2 ad 1.43 1022 n.a.f

N23 NH2 be 1.73 1022 n.a.f

a-Domain

C36 n.o.c 2.03 1021

C37 1.43 1022 2.03 1022

C44 3.23 1023 4.83 1024

A45 1.23 1022 6.23 1022

Q46 7.13 1023 n.o.c

G47 1.13 1022 n.o.c

V0I49g n.o.c 3.03 1023

C50 4.53 1025 5.63 1024

G52 1.23 1022 n.o.c

aThe exchange rates were measured by dissolving the protonated protein
in D2O and monitoring the decay of signals as a function of time. The only
slowly exchanging signals found in theb-domain are at Cys21 of human
MT2 and the side-chain amide protons at position Asn23 of mouse-MT1.

bMesserle et al.~1990a!.
cNot observed.
dSide-chain NH2 resonance at 6.91 ppm.
eSide-chain NH2 resonance at 7.60 ppm.
f In human MT2 there is a glutamate residue at position 23.
gA valine residue is at position 49 in mouse MT1 and an isoleucine in

human MT2.

Fig. 6. Modified HSQC-type pulse sequence, which allowed saturation
transfer between the signals in the indirect dimension. After the excitation
of proton magnetization and antiphase polarization transfer to the hetero-
nucleus, the chemical shift of the latter can evolve duringt1. Subsequently,
longitudinal two-spin order magnetization~IzSz! is produced by a 908 113Cd
pulse, and in the following mixing time specific cadmium signals can be
selectively decoupled. Another 908 113Cd pulse creates antiphase magne-
tization again, which is then transferred to the protons and detected. Thin
and thick bars represent 908 and 1808 pulses, respectively. The abbrevia-
tions are as follows: H2Osat, saturation delay to suppress the solvent signal;
tm, mixing time; CW, continuous wave saturation; GARP, GARP decou-
pling of cadmium during acquisition. The following phase cycling was
used:f1 5 y,y,2y,2y; f2 5 x,2x; f3 5 x,x,x,x,2x,2x,2x,2x; fr 5
x,2x,2x,x,2x,x,x,2x; all other phases arex. Unwanted magnetization
terms during the mixing period are destroyed by a gradient pulse after the
saturation period.

Table 4. List showing the percentage reduction of the cadmium
signals after saturating another cadmium resonancea

Saturation transfer between cadmium resonances in theb-domain

Saturated Cd Observed Cd
Rabbit MT2b,c

~%!
Mouse MT1d

~%!

CdII CdIII 58 65
CdIV 28 70

CdIII CdII 58 51
CdIV 32 59

CdIV CdII 17 72
CdIII 10 76

aOtvos et al.~1987! applied saturating fields for a couple of seconds
before acquiring one-dimensional113Cd spectra of rabbit MT2. An HSQC-
type experiment~see text! was used to obtain this percentage in mouse
MT1.

bOtvos et al.~1987!.
cSaturation time.1 s.
dSaturation time 100 ms.
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in MT2. The electrostatic potential surface of the X-ray structure of
rat MT2~Robbins et al., 1991! shows the two domains to be slightly
bent toward each other presumably as a result of the opposite and
attractive charges of the two domains~Lys20, Lys22, and Lys31 on
theb-domain and Glu52 and Asp55 on thea-domain! ~Fig. 8!. The
strength of this interdomain attraction would be reduced in MT1,
which has one less positive charge at residue 20 and one less neg-
ative charge at residue 52. Unfortunately, the absence of interdomain
NOEs in both isoforms does not permit the relative orientation of
the two domains to be established by homonuclear two-dimensional
1H-NMR spectroscopy. Therefore, we can only suggest that the
higher flexibility of theb-domain in mouse MT1 results in part from
the reduced electrostatic attractions within and between the two do-
mains compared to MT2.

Materials and methods

Sample preparation

Recombinant mouse MT1 was expressed from a pET3d vec-
tor ~Novagen, Madison Wisconsin! in the Escherichia coli
BL21~pLysS! strain. ZnCl2 was added after induction with IPTG
~Erickson et al., 1994!. The protein was purified first by a Sepha-
dex G75 gel filtration column, and the collected Zn21-containing
fractions were loaded onto a DE-32 anion exchange column and
eluted with a Tris-HCl gradient~Li & Otvos, 1996!. The combined
MT1 containing fractions were concentrated in an Amicon~Bev-
erly, Massachusetts! apparatus fitted with a YM-3 membrane un-
der nitrogen pressure. The113Cd-enriched protein was obtained by
the mass action exchange of Zn21 by the addition of an eightfold
excess of113CdCl2, incubation for 5 min, and removal of the excess
metal ions by Chelex-100. The sample was concentrated in an
Amicon apparatus, and the buffer changed to 15 mM KPi pH 6.5,
0.02% NaN3, and 10% D2O was added for field-frequency lock.

NMR methods

Spectra were recorded on either an 800 MHz Varian Unity INOVA
~1H homonuclear spectra! or a 600 MHz Varian Unity INOVA
~1H-113Cd HMQCs!. All the measurements were performed on a
sample containing 0.5 mL of protein at a concentration of 0.7 mM
in a high precision 5 mm NMR sample tube. Due to the high
flexibility of mouse MT1 and, therefore, increased amide proton
and cadmium–cadmium exchange rates, spectra were acquired at
108C. Spectra at 258C were recorded to resolve remaining degen-
eracies. All of the two-dimensional spectra were acquired in the
phase-sensitive mode, using the States–Haberkorn method~States
et al., 1982!. The carrier was always set on the solvent signal in all
the homonuclear experiments because the solvent was suppressed
using the watergate sequence~Piotto et al., 1992!. The spectra
were referenced against the temperature-corrected chemical shift
of water, which is 4.945 ppm at 108C and 4.766 ppm at 258C
~Wishart et al., 1995!. For each of the 256t1 increments of 2k
complex data points, 32 transients were collected for the NOESY

Table 5. Comparison of the number of NOEs found
in various metallothioneinsa

b-Domain a-Domain
b-Domain0
a-domain

Total Interresidue Total Interresidue Total Interresidue

Mouse MT1 103 49 278 177 0.37 0.28
Human MT2b 116 78 144 117 0.81 0.67
Rabbit MT2c n.a.d 49 n.a.d 80 n.a.d 0.61
Rat MT2e n.a.d 46 n.a.d 80 n.a.d 0.58
Crab MT1f 115 n.a.d 163 n.a.d 0.71 n.a.d

aAlthough the total number of NOEs found in this study of mouse
metallothionein-1 is higher than any other MT described in the literature,
there are about as many NOEs in theb-domain of mouse MT1 compared
to other MTs. The ratio of NOEs in theb-domain vs. thea-domain as
shown in the last two columns clearly indicates that the number of NOEs
per residue is unproportionally higher in thea-domain compared to the
b-domain of mouse-MT1.

bMesserle et al.~1990b!.
cArseniev et al.~1988!.
dNot available from the corresponding publication.
eSchultze et al.~1988!.
f Narula et al.~1995!.

Fig. 7. Least-squares superposition of the backbones and cadmium–sulfur cluster of each domain of mouse MT1~green! and rat MT2
~red! displayed in a tube drawing.A: The energy-minimized average structure of theb-domain.B: The a-domain. Due to steric
hindrance of the side chains of Glu52 and Lys51 in rat MT2, the loop containing residue 52 is closer to the loop containing residue
36 in mouse MT1~see text for details!.
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~Jeener et al., 1979! and TOCSY~Braunschweiler & Ernst, 1983!
spectra. The data matrices were zero filled in F1 to the final size of
2k p 1k, and multiplied by 608 phase-shifted squared cosine win-
dow functions in both dimensions prior to Fourier transformation.
Mixing times of 50, 100, and 150 ms were used for the NOESY
spectra, and TOCSY spectra were recorded with mixing times of
30 and 60 ms. A DIPSI-2~Shaka et al., 1988!, spin-lock field with
a power of 15 kHz, was used for the TOCSY experiments. Due to
the wide range of1H-113Cd coupling constants in metallothioneins
~usually between 5 and 50 Hz!, a set of HMQC~Müller, 1979!
or HSQC ~Bodenhausen & Ruben, 1980! spectra with varying
preparation delays, corresponding to 102JH-Cd is usually acquired.
However, to obtain a single spectrum, which shows all the cysteine–
cadmium correlations, we have used the accordion-HMQC ex-
periment~Zangger & Armitage, 1999!. The preparation time in
this experiment was systematically incremented between 10 and
100 ms, which corresponds to coupling constants between 5 and
50 Hz. Due to the narrower solvent signal and, therefore, more
efficient water suppression, this experiment was performed at 258C.
Cadmium decoupling during the acquisition was performed by a
GARP pulse cluster~Shaka et al., 1985!.

Slowly exchanging amide protons were determined by lyophi-
lization of a solution of the protein in H2O, followed by solubili-
zation in D2O and monitoring of the amide signals as a function of
time. Cadmium–cadmium exchange was analyzed by the pulse
sequence in Figure 6. After the transfer of magnetization from the
protons to the attached cadmiums and the evolution timet1, lon-
gitudinal two-spin order termsIzSz were created by a 908 cadmium
pulse and during the subsequent mixing time of 100 ms each
cadmium signal was selectively saturated. Antiphase cadmium mag-
netization was subsequently generated again and transferred to the
protons and monitored in phase-sensitive mode.

Structure calculations

All structure calculations were performed with the program X-PLOR
3.851 on a SGI IRIS Indigo Impact 10000 computer. Because there
are no interdomain NOEs between the N-terminalb-domain and
the C-terminala-domain, the structures of the two domains were
calculated separately. With the established cysteine–cadmium con-
nectivities, new cadmium–sulfur cluster residues were defined within
X-PLOR ~Brünger et al., 1986! with the stoichiometries Cd4S11

~a-domain! and Cd3S9 ~b-domain!. Information about the cadmium–
sulfur bond lengths, as well as Cd-S-Cd, S-Cd-S, and CysCb-S-Cd
bond angles was taken from the X-ray crystal structures of model
cadmium complexes and rat liver Cd5Zn2MT2 ~Lacelle et al., 1984;
Watson et al., 1985; Robbins et al., 1991!. The following force
constants were used: sulfur–cadmium bonds: 500 kcal mol21 Å22;
cadmium–sulfur–cadmium and sulfur–cadmium–sulfur angles: 250
kcal mol21 rad22.

A total of 278 NOEs for thea-domain and 103 NOEs for the
b-domain were used for the structure calculation. The lack of
structural rigidity and chemical exchange contributions to the line
widths made the extraction of coupling constants from two-
dimensional COSY~Aue et al., 1976! type datasets unreliable.
Therefore, no experimental dihedral angle constraints were used
for the structure calculation. The NOEs were classified as strong,
medium, and weak, corresponding to lower and upper distance
limits of 1.8–2.7, 1.8–3.3, and 1.8–5.0 Å, respectively, for the
a-domain ~Williamson et al., 1985!. Due to the overall lower
intensity of cross peaks throughout theb-domain, the limits here
were set to 1.8–2.5, 1.8–3.0, and 1.8–4.5 Å for, strong, medium,
and weak peaks, respectively. For all the NOEs that involved me-
thyl groups, 0.5 Å was added to the upper distance limit~Clore
et al., 1987!. The lower limit of 1.8 Å is the sum of the van der

Fig. 8. Surface plot of the electrostatic potential of the crystal structure of~A! rat MT2 and the energy-minimized average structure
of the ~B! b-domain as well as~C! a-domain of mouse MT1 in the same orientation. Positive potentials are shown in blue; negative
ones in red. Differences in the amino acid sequence that give rise to changes in the electrostatic potential surface are indicated and so
are the N- and C-termini.
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Waals radii of two protons. The hybrid distance geometry-dynamical
simulated annealing protocol~Nilges et al., 1988! was used for the
calculation of structures. An initial covalent starting structure in
distance space was created. From this structure, a family of 50
embedded substructures was produced using the substructure dis-
tance geometry approach and all the experimental NOE con-
straints. After an initial Powell minimization, these structures were
optimized by simulated annealing and further Powell minimiza-
tion. The target function during the simulated annealing contains
only quadratic harmonic terms for bonds, angles, planes, and chi-
rality, and square well quadratic terms for the experimental dis-
tance constraints and a quadratic van der Waals term for nonbonded
interactions. Due to the limited number of NOE constraints, the
force constant for NOEs was set to 100 kcal mol21 Å22, instead of
50 kcal mol21 Å22, which is usually used. Finally, the structures
were further refined with simulated annealing with a reduced num-
ber of cooling steps. All structures that showed no more than one
NOE violation greater than 0.5 Å, an RMS difference for bond
deviations from ideality of less than 0.01 Å, and an RMS differ-
ence for angle deviations from ideality of,58 were selected as
final structures. Using these criteria, of the 50 calculated struc-
tures, 39 were selected for theb-domain and 41 for thea-domain.

InsightII was used for the display of structures and GRASP
~Nicholls et al., 1991! for calculating the electrostatic potential
surfaces. The online program Jalview~http:00circinus.ebi.ac.uk:
65430jalview! was used for calculating the sequence homologies
between different MT isoforms.

Supplementary material in the Electronic Appendix

A table of 1H chemical shifts of mouse metallothionein-1 at 108C
pH 6.5. Ordering information is given on any current masthead
page.
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