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ABSTRACT: Metallothionein is a cysteine-rich metal-binding protein whose biosynthesis is closely regulated
by the level of exposure of an organism to zinc, copper, cadmium, and other metal salts. The
metallothionein from Callinectes sapidus is known to bind six divalent metal ions in two separate metal-
binding clusters. Heteronuclear 'H—!13Cd and homonuclear 'H—'H NMR correlation experiments have
been used to establish that the two clusters reside in two distinct protein domains. The three-dimensional
solution structure of the metallothionein has been determined using the distance and angle constraints
derived from these two-dimensional NMR data sets and a distance geometry/simulated annealing protocol.
There are no interdomain short distance (<4.5 A) constraints observed in this protein, enabling the
calculation of structures for the N-terminal, 8 domain and the C-terminal, o domain separately. A total
of 18 structures were obtained for each domain. The structures are based on a total of 364 experimental
NMR restraints consisting of 277 approximate interproton distance restraints, 12 x! and 51 ¢ angular
restraints, and 24 metal-to-cysteine connectivities obtained from 'H—11*Cd correlation experiments. The
only element of regular secondary structure in either of the two domains is a short segment of helix in the
C-terminal o domain between Lys42 and Thr48. The folding of the polypeptide backbone chain in each

domain, however, gives rise to several type I 3 turns. There are no type II 5 turns.

Metal ions are both essential and toxic elements. They
are integral, functional components of many enzymes and
transcriptional regulatory proteins (Coleman, 1992; O’Halloran,
1993). On the other hand, the binding of metals to biological
macromolecules often perturbs their function (Vallee &
Ulmer, 1972), and metal-catalyzed formation of oxygen-
derived free radicals has been implicated in a wide variety
of pathological conditions as well as in mutagenicity and
carcinogenicity (Halliwell & Gutteridge, 1990). 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 avail-
ability of these elements. A major component of this
network is a family of low molecular weight, cysteine-rich,
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metal-binding proteins called metallothioneins (MTs)! (Kégi
& Kojima, 1987). These proteins are expressed in many
different cell lines and tissues following exposure to heavy
metals, glucocorticoid hormones, interferon, interleukin-I,
bacterial endotoxin, UV radiation, and oxidative stress
(Hamer, 1986; Cousins, 1985; Engel & Brouwer, 1989;
Bauman et al., 1991). The expression of MT genes is
regulated at the transcriptional level, through interactions
between cis-acting metal- and glucocorticoid-responsive
elements and trans-acting, DNA-binding, metal-regulatory
(metallo)proteins (Thiele, 1992; Seguin, 1991; Butler &
Thiele, 1991; Andersen et al., 1990). In mammals, there
are at least two major isoforms of MT. Induction of these
isoforms can be metal and hormone specific (Richards et
al., 1984). Differential induction of MT isoforms by Cu and
Cd has been observed in human cell lines and in blue crab
(Callinectes sapidus) tissues (Sadhu & Gedamu, 1988;
Brouwer et al., 1992). These observations suggest that
different MT isoforms perform distinct functions in metal
homeostasis and detoxification.

NMR spectroscopy (Otvos & Armitage, 1980; Messerle
et al.,, 1990) and X-ray diffraction studies (Robbins et al.,

! Abbreviations: Cd-MT, cadmium(II) substituted blue crab metal-
lothionein; COSY, homonuclear two-dimensional correlated spectros-
copy; DQF-COSY, double-quantum filtered COSY; HMQC, hetero-
nuclear multiple quantum coherence spectroscopy; MT, metallothionein;
NMR, nuclear magnetic resonance; NOE, nuclear Overhauser effect;
NOESY, two-dimensional NOE spectroscopy; ppm, parts per million;
PE-COSY, primitive-exclusive two-dimensional correlated spectros-
copy; relay-COSY, two-dimensional relayed J-correlated spectroscopy;
TOCSY (HOHAHA), two-dimensional total correlation spectroscopy
(homonuclear Hartmann—Hahn); TPPI, time-proportional phase incre-
mentation; WT, wild type.
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1991) have shown that CdsZn,-MT of various mammalian
species is a dumbbell-shaped molecule, composed of an
N-terminal 9-cysteine/3-metal cluster and a C-terminal 11-
cysteine/4-metal cluster. No interdomain interactions were
reported in these studies. The cadmium thiolate clusters,
especially the three-metal cluster in mammalian MT, possess
a high degree of dynamic freedom. The continual breaking
and re-forming of coordination bonds allows for facile
intramolecular metal exchange within the N-terminal cluster
and intermolecular metal exchange between clusters of
different MT molecules (Vasak, 1986; Otvos et al., 1989).
This strongly suggests that the two domains of mammalian
MTs have evolved to perform different functional roles. The
kinetically labile N-terminal domain may function in metal-
exchange processes, whereas the kinetically more stable
C-terminal domain may be important in detoxification.
Studies on mutant MTs in which cysteine residues in either
domain have been replaced corroborate this hypothesis
(Cismowski & Huang, 1991; Cismowski et al., 1991).
Whether intracellular metal exchange occurs between MTs
or between MT and other (apo)metalloproteins is unknown.
However, recent studies with mammalian cell lines and
marine crustacea suggest that copper exchange takes place
between Cu(I)-MT and the tripeptide glutathione (Freedman
et al., 1989; Brouwer & Brouwer-Hoexum, 1991; Brouwer
et al., 1993).

Earlier studies in marine crustacea identified two Cd-
inducible MT isoforms in the mud crab, Scylla serrata (Lerch
et al., 1982), and the blue crab, Callinectes sapidus (Brouwer
et al., 1984). '3Cd NMR had been used to determine the
structure of the multiple Cd(II) binding sites in the two
isoproteins of the mud crab (Otvos et al., 1982). The
application of homonuclear !'3Cd decoupling techniques
showed that the mud crab MT-1 and MT-2 contained two
distinct three-metal clusters. It is significant that, despite
the evolutionary distance between the mud crab and the
higher vertebrates, the metals in MTs from both invertebrates
and vertebrates are arranged in two distinct metal—thiolate
clusters with the structures of both clusters in crab MT being
apparently similar to the three-metal cluster in the mam-
malian N-terminal domain. Whether the two metal clusters
of mud crab MT were located in two different protein
domains, and whether the metal exchange rates in the two
clusters were different, as in the mammalian MTs, was
unknown. In fact, to date, there have been no high-resolution
structural studies (X-ray or NMR) reporting on the three-
dimensional structure of any invertebrate MT.

In this paper, we report on the three-dimensional solution
structures of blue crab MT-1 determined using two-
dimensional 'H—'H homonuclear and 'H—!*Cd hetero-
nuclear NMR spectroscopy and a distance geometry/
simulated annealing structure calculation approach.

MATERIALS AND METHODS

Sample Preparation. CAMT-1 from blue crab was purified
using standard procedures (Brouwer et al., 1986; 1992). Four
separate preparations of the samples were pooled and
concentrated with an Amicon apparatus and a YM-1
membrane under argon pressure. The final protein concen-
tration was 4 mM in 20 mM KP; at pH 7.0. The experi-
mental procedure for preparing the enriched !'3CdMT-1
sample was as described earlier (Narula et al., 1993).

NMR Methods. 'H NMR spectra were recorded on a
Bruker AMS500 NMR spectrometer. All the measurements
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were made using 0.5 mL of the protein sample contained in
a 5-mm NMR tube. To resolve the 'H spectral overlap, data
were acquired at temperatures of 5, 10, and 30 °C in H,O
(i-e., 90% H,0 and 10% *H,0).and 99.8% 2H,0. All of the
two-dimensional (2D) spectra were acquired in the phase-
sensitive mode using TPPI (Marion & Wiithrich, 1983). The
water resonance was suppressed in all the experiments by
its irradiation during a relaxation delay of 0.9—1.5s. In 'H—
'H 2D NMR experiments, a spectral width of 6024 Hz was
covered in both dimensions with the carrier set on the water
resonance. The decoupler was also set on the water
resonance, and both transmitter and decoupler channels were
phase locked to obtain a better suppression of the water
resonance (Zuiderweg et al., 1986).

For COSY (Aue et al.,, 1976; Bax & Freeman, 1981),
DQF-COSY (Piantini et al., 1982; Rance et al., 1983), relay-
COSY (Eich et al., 1982; Bax & Drobny, 1985), and PE-
COSY (Mueller, 1987; Marion & Bax, 1988), 440—576
increments in f; (32—128 scans per increment) and 2048
complex data points in 7, were acquired. For NOESY (Jeener
et al., 1979; Kumar et al., 1980), mixing times between 60
and 200 ms were used, and for TOCSY (Bax & Davis, 1985),
MLEV-17 spin-lock times between 55 and 155 ms were used
with 400—540 increments in #; (64—228 scans per increment)
and 2048 complex data points in #,. To eliminate base-line
distortions for all NOESY and TOCSY spectra, the acquisi-
tion parameters, in particular the relative receiver phase and
the delay between the last pulse and the start of the
acquisition, were adjusted such that the zero- and first-order
phase corrections along w, were 90° and 180°, respectively
(Marion & Bax, 1988). The data were processed with the
Felix program (Biosym Technologies, San Diego, CA)
running on a Sun Sparc 1+ computer. For COSY and DQF-
COSY data sets, the time domain signal along w, was
multiplied by a sine bell of 0° before Fourier transformation
for resolution enhancement. The signal along w; was
similarly multiplied by a sine bell of 0° and then zero filled
to 2048 complex points, resulting in a 2K x 2K real matrix.
For relay-COSY data sets, the time domain signals along
w; and @, were multiplied by a sine bell of 0° and a shifted
sine bell of 3°, respectively, before Fourier transformation
for resolution enhancement. For the PE-COSY data set, the
time domain signals along both w, and w; were multiplied
by a shifted sine bell of 45° before Fourier transformation
for resolution enhancement. For NOESY and TOCSY, the
time domain signal along w, was multiplied by a sine bell
or a shifted sine bell of 22° before Fourier transformation
for resolution enhancement. The signal along w; was
similarly multiplied by a sine bell or a shifted sine bell of
22° and then zero filled to 2048 complex points, resulting
in a 2K x 2K real matrix.

For 'H NMR chemical shift referencing, the residual water
resonance was assigned to 4.75 ppm in a 30 °C spectrum
for samples in 99.8% 2H,0 to compensate for isotope effects.
The most upfield resonance at 0.97 ppm, which is assigned
to the ¥-CHj; of V10, was calibrated with respect to the HDO
resonance at 30 °C and thereafter used as the reference at
other temperatures (Table 1). The COSY spectrum is shown
as contour plots with both positive and negative levels. The
horizontal and vertical axes represent w, and w;, respectively.
The experimental details for the 'H—1*Cd HMQC experi-
ments carried out on ''*Cd-enriched metallothionein were
as reported in an earlier publication (Narula et al., 1994).
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Table 1:

(Backbone Protons Are Also Listed at 10 °C)

'H Chemical Shifts (in ppm) for Cadmium-Substituted Blue Crab Metallothionein-1, pH 7.0, 30 °C, in 20 mM Potassium Phosphate

NH H*
residue 10°C 30°C 10°C 30°C Hf others®
P1 4,50 4.50 2.15,2.48 Hr 2.12; H® 3.47
G2 8.02 8.00 4.18 4.19
P3 4.53 4,53 2.31 H 1.96, 2.09; H% 3.55, 3.87
C4 7.48 7.54 5.02 497 3.05(R), 3.17(S)
C5 8.74 8.55 4.66 4.68 3.63
Né6¢ 8.26 8.26 4.46 4.45 2.64,2.70 N°H 6.92, 7.47
D7 8.68 b 4.65 b 2.67,2.72
K8 7.67 7.67 4.33 433 1.75, 1.88 H» 1.12, 1.26; H® 1.62; H¢ 2.93
Cc9 8.89 9.04 4.53 4.57 2.95,3.83
V10 7.89 7.85 4.77 4,76 2.67 C*H;0.97, 1.08
Cl1 8.36 8.37 4,64 4.63 2.65(5), 2.82(R)
Q129 8.85 8.75 4,15 4.19 2.11,2.21 HY 2.48
Ei13 7.78 7.65 4.44 4.46 2.07,2.20 H” 2.34
Gl14 7.94 7.97 4.15 4.13
Gl15 8.21 8.12 3.69,4.34 3.68,4.35
C16 8.74 8.54 4.87 4.90 3.18(S), 3.26(R)
K17 9.59 945 4.68 4,67 1.57 H” 1.49; H® 1.69; H¢ 3.06
Al8 8.76 8.54 4.16 4.17 1.41
G19 8.98 8.82 3.76,4.13 3.73,4.15
C20 7.23 7.22 395 3.96 291(R), 3.11(5)
Q21 9.79 9,57 4.45 4.49 1.75 H” 2.44, 2.66; N°H 6.87, 7.77
C22 9.46 9.38 4.35 4.36 2.78(5), 3.24(R)
T23 8.90 8.72 447 447 4.66 C”H; 1.35
S24 9.34 9.35 4.56 4,58 3.90,4.04
C25 b 7.46 5.02 5.03 3.01(R), 3.66(S)
R26° 8.26 8.25 4.46 4.48 1.64 Hr 1.11, 1.49; H® 3.20
c27 9.26 9.02 374 3.81 2.94(R), 3.24(5)
S28 8.04 7.92 4,57 4.59 3.88,3.94
P29 4,33 4,33 1.77,2.17 H” 2.41; H? 3.66, 3.85
C30 9.79 b 471 471 3.27(R), 3.59(5)
Q314 8.88 8.75 421 4,19 2.22 H” 2.52; N‘H 7.03, 7.73
K32 9.40 9.35 429 4.31 1.92 H? 1.69; He 3.11
C33 7.98 7.93 4.40 442 2.86(S), 3.71(R)
T34 7.90 7.85 3.85 3.86 4.19 CYH,; 1.27
S35 8.29 b 4.63 4.66 4.02
G36 7.40 7.36 3.50, 4.36 3.50,4.36
Cc37 8.90 8.71 4.09 4.12 2.98,3.20
K38 9.38 9.29 4.61 4.61 1.85,2.15 H” 1.39, 1.51; H¢ 3.21
C39 9.01 8.98 4.18 4.18 2.63,3.18
A40 8.91 8.77 4.30 4.30 1.57
T41 7.25 b 473 4.73 475 C"H; 1.27
K42 941 9.23 4.11 4.19 1.85 H” 1.54; H¢3.02
E43 8.81 8.71 4.05 4.04 1.94,2.15 H” 2.28,2.42
E44 8.00 7.90 4,00 4.03 2.09,2.22 Hr 2.37
C45 8.53 8.46 5.22 5.21 2.92(5), 3.32(R)
S464 8.26 8.17 4.46 445 4.02,4.05
K47 7.12 7.11 4,44 4.46 1.92,2.07 Hr 1.55,1.58
T48 7.99 7.97 4.23 4,18 b C”H; 1.30
C49 8.85 8.79 4.66 4.67 2.78,3.39
T50 9.03 9.02 3.79 3.81 4,19 CYH; 1.31
K51 7.62 7.58 458 4.59 1.85 H” 1.54; H® 1.69; H¢ 3.01
P52 395 3.95 1.79,2.26 Hr 2.05, 2.10; H? 3.53, 3.79
Cs53 8.73 8.63 4,58 4,61 3.27(R), 4.09(S)
S54 9.16 9.09 3.83 3.84 3.68
C55 7.96 7.98 4,61 4.62 2.92,3.11
C56 7.29 7.23 481 4.81 3.02(5), 3.82(R)
P57 4.41 441 1.66, 2.36 Hr 1.43, 1.78; H® 3.36, 3.88
K58 8.52 8.30 4.10 4.13 1.68, 1.80 Hr 1.37, 1.46

4 For a few long-chain amino acids, all the side-chain proton resonances could not be located. * Could not be measured. ¢ The cross peaks arising
from the proton resonances of NH and H* of N6, R26, and S46 overlap at 10 °C. ¢ The cross peaks arising from the proton resonances of NH and

H* of Q12 and Q31 overlap at 30 °C.

Interproton Distance Restraints. NOEs were assigned
from 2D NOESY spectra acquired with mixing times ranging
from 60 to 150 ms. All of the assigned NOE cross peaks
observed in the 60-ms NOESY spectrum were classified as
strong, medium, or weak, corresponding to interproton
distance restraints of 1.8~2.7, 1.8—3.2, and 1.8-3.6 A,
respectively (Williamson et al., 1985; Clore et al., 1986).
Additional NOE cross peaks, which were observed in a
spectrum acquired at a mixing time of 150 ms, were assigned

distance limits of 1.8—4.5 A. In all categories, the lower
bounds for the interproton distance restraints were set to the
sum of the van der Waals radii of two protons. Upper
distance limits for distances involving methyl protons and
nonstereospecifically assigned methylene protons were cor-
rected appropriately for center averaging (Wiithrich, 1986),
and an additional 0.5 A was added to the upper distance
limits for NOEs involving methyl protons (Clore et al., 1987,
Wagner et al., 1987).



Solution Structure of Blue Crab Metallothionein-1

Torsion Angle Restraints and Stereospecific Assignments.
Constraints on the backbone torsion angles, ¢, were derived
from the value of *Jipy, measured in a high-resolution DQF-
COSY spectrum. Torsion angle restraint ranges for ¢ were
set to —120° & 30° (for *June > 9 Hz), —120° £ 40° (for
3ane = 9 Hz), —105° + 55° (for 8 Hz = 3June > 5 Hz),
and —60° £ 30° (for 3June < 5 Hz). The preliminary
analysis of the experimental NMR data suggests the absence
of any « helix or 8 sheet in this protein. Therefore, the
values of the 3Jynq coupling constant between 5 and 8 were
set to correspond to ¢ values in the —105° £ 55° range.
This was set primarily to restrict the angle to the correct
portion of the Ramachandran plot, except for those cases
where there was a possibility of a type I § turn. For glycines,
where the stereospecific assignment of the two Ha's was
not made, and for prolines, where there is no amide proton,
the backbone ¢ torsion angles were set to —105.0° = 55.0°
to allow for the maximum range. However, in cases where
the preliminary analysis of the sequential and medium-range
NOEs indicates the possibility of the presence of a type I
turn, the backbone ¢ torsion angles were open to cover the
full possible range (—40° £ 140°; ¢ varied from —180° to
100°) (see supplementary material). This was done for
Vall0, Lys38, and Ala40. Stereospecific assignments for
the B-methylene protons were made by analysis of the 3Jug
(measured in PE-COSY spectrum) and the intraresidue NH-3
and a—f3 NOEs (Hyberts et al., 1987). In this way,
stereospecific assignment of 12 out of a total of 18 cysteine
CPH, was made, providing 12 x! torsion angle restraints.

Metal Cluster: A new “cluster” residue comprising of
three Cd metal ions and nine cysteine Sy atoms was defined
in X-PLOR3.1. This residue contained the information about
the coordinating sulfurs of each metal ion. The metal-to-
protein connectivities were established from the analysis of
IH—!13Cd HMQC data obtained on a !!3Cd-enriched metal-
lothionein sample. Only the cysteine Sy atoms were found
to be involved in the coordination of the metal ions, and
each metal ion was found to be ligated by four cysteine Sys.
Specific metal-to-cysteine connectivities (Narula et al., 1994)
with assumed tetrahedral symmetry of each Cd ion were used
as input for the structural calculations. A Cd—S bond length
of 2.52 A was used to represent the coordinate bond (Robbins
et al., 1991).

Structure Calculations. All structure calculations were
performed in the program X-PLOR3.1 (Briinger et al., 1986;
Briinger, 1993; Kuszewski et al., 1992) on a SGI IRIS Indigo
computer. Since this protein consisted of two separate
structural domains (an N-terminal 8 domain and C-terminal
o domain) with no NMR-observable interdomain inter-
actions, the two domains were treated separately for structure
calculations for computational time efficiency. The new
“cluster” residue defined above in both the domains con-
tained information about the metal—sulfur bonds and metal—
sulfur—metal, sulfur—metal—sulfur, and cysteine CP—sulfur—
metal valence angles. The average value for these parameters
was taken from the X-ray crystal structures of model
cadmium(II) compounds and rat liver CdsZn, MT-2 (Lacelle
et al., 1984; Watson et al., 1985; Robbins et al., 1991). The
values of the force constants used for the covalent geometry
of the metal cluster were optimized by systematically varying
these values to permit a dispersion in the geometrical
parameters similar to that observed in the X-ray structure of
rat liver CdsZn, MT-2 (Robbins et al.,, 1991). The best
values were found to be less than or equal to half of those
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defined for other heavy atoms in the program. The force
constants selected in this way for sulfur—cadmium bonds
and metal—sulfur—metal (and sulfur—metal—sulfur) valence
angles were 500 kcal mol™! A~2 and 250 kcal mol~! rad™2,
respectively.

The structures were calculated with the hybrid distance
geometry/dynamical simulated annealing protocol (Nilges et
al., 1988a). An initial set of 10 structures was generated by
randomly selecting values for ¢ and 1 torsion angles. Each
of these structures was used to produce a family of 10
embedded structures using the substructure distance geometry
approach and all the experimental restraints. Each of these
crude structures was taken through extensive regularization
using template fitting and simulated annealing. Briefly, the
procedure involved an initial Powell minimization of the
random structures to remove any bad steric interactions,
followed by extensive simulated annealing and a final round
of Powell minimization. The target function that is being
minimized during simulated annealing and conventional
Powell minimization comprises only quadratic harmonic
terms for covalent geometry (i.e., bonds, angles, planes, and
chirality), square-well quadratic potentials for the experi-
mental distance and torsion angle restraints (Clore et al.,
1986), and a quadratic van der Waals repulsion term for the
nonbonded contacts (Nilges et al., 1988a—c). Due to the
limited number of experimental distance restraints, the force
constant for NOE was selected to be 100 kcal mol~! A2
instead of its normal recommended 50 kcal mol~! A-2. All
peptide bonds were constrained to be planar and trans. There
were no hydrogen-bonding, electrostatic, or 6—12 Lennard-
Jones empirical potential energy terms in the target function.
A final round of annealing ensured that the structures were
at equilibrium with respect to all potentials applied (vdW
repulsion, bonds, angles, dihedrals, impropers, NOE and
torsion angle restraints). The calculated structures were
analyzed for the best fit to the NMR restraints and minimum
value of overall energy. The selected best structures were
further refined using simulated annealing refinement with a
lower value of initial annealing temperature (500 K) and a
reduced number of cooling steps (1000) (A. T. Briinger,
private communication).

RESULTS

Resonance Assignments. Assignment of the proton reso-
nances of blue crab MT-1 was performed by standard
procedures as described in Wiithrich (1986). The first step
involved the association of scalar-coupled resonances to
specific spin systems using COSY, DQF-COSY, relay-COSY
and TOCSY experiments, thus classifying the resonances
according to their amino acid type. A long mixing time (7
= 155 ms) TOCSY on a MT-1 sample prepared in 99.8%
?H,0 was particularly helpful for the assignment of the
proton resonances from the long side chain amino acids.
NOESY spectra were subsequently used to assign the spin
systems to specific amino acids in the protein sequence. Even
in the absence of any aromatic amino acid in the primary
sequence, several spin systems could be identified that
provided various starting points for the sequential connec-
tivities. These included five threonines, four glycines, two
alanines, and a unique valine at position 10. Figure 1 shows
the fingerprint region of a COSY spectrum acquired at 10
°C. The assigned cross peaks are labeled by their one-letter
amino acid code followed by their sequence number.
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FIGURE 1: Fingerprint region of the phase-sensitive 2D 'H—~'H COSY spectrum of a 4 mM sample of natural abundance cadmium substituted
blue crab MT-1 at 10 °C in 90% H,0 and 10% ?H,0. The pH (uncorrected) of the sample is 7.0 in 20 mM KP;. Both positive and negative
levels are drawn without distinction. For this data set, 500 #; values, each with 72 scans, were acquired. The amino acid type and sequence

number of each cross peak is indicated.
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FIGURE 2: Amino acid sequence and a summary of sequential and medium-range NOE connectivities, */xnq coupling constants, and slowly
exchanging backbone amide protons (+) observed for blue crab MT-1. The solid lines are for a mixing time of 60 ms with the different
widths reflecting the relative strength. Results from a longer mixing time (150 ms) data set are indicated by dashed lines.

Secondary Structure Analysis. A summary of all the
sequential and medium-range NOEs observed in blue crab
MT-1 is shown in Figure 2. Additional NOEs, which were
observed in a NOESY spectrum acquired at the longer
mixing time of 150 ms, are shown by dotted lines. A
qualitative analysis of the medium-range NOEs indicates that
while this protein lacks elements of regular secondary
structure such as o-helix and S-sheet, there are six slowly
exchanging backbone amide protons with combined NOE
signatures that are indicative of 8 turns. The strong dox
between C9 and V10 and the strong dnn between V10 and
C11 are suggestive of a type I § turn ending at C11. This
is, however, not supported by the value of the 3Jin, coupling
constant for C9—V10. Similarly, the slow exchange of the
backbone amide proton of C39, coupled with a strong don
between C37 and K38 and a strong dnn between K38 and
C39 is indicative of the presence of a type I 8 turn, which
is again not supported by the 3Juxo coupling constant between
C37 and K38. Thus, while a preliminary qualitative analysis
of the NMR data indicates the presence of § type tumns,
uncertainty arises as to whether the 3 turns are type I or IL

The most characteristic difference between the two types of
B turns is in the presence/absence of dun between residues 2
and 3 of the turn (present in type II § turn) resulting from a
180° flip in ¢; (Wiithrich, 1986). This flip in ¢3 causes the
amino proton of residue 3 of the turn to switch sides, and if
there were long-range NOEs involving this amino proton, it
might be possible to distinguish between these two turn
possibilities when the full three-dimensional structure is
calculated. Therefore, at the start of the structure calculations
the allowed value of the angle ¢ for this residue in the turn
was set to a very wide limit (—180° to 100°) to permit either
structural element.

Structure Calculation. A summary of the long-range
NOEs and the metal—to—cysteine connectivities obtained
from the HMQC spectra on 13Cd-substituted blue crab MT-1
is given in Figure 3. This figure clearly identifies the two
separate metal binding domains in this protein and the
absence of any interdomain interactions, which justifies the
separate calculation of the structures of the individual protein
domains. A set of 10 randomly generated structures was
used to generate 100 embedded substructures for both the
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FIGURE 3: Combined plot showing long-range 'H—!H NOEs (lower left) and '*Cd~—S” J-coupling connectivities (upper right) used as
input for the simulated annealing structure calculations of blue crab MT-1. The axes correspond to the protein sequence. A filled square at
position (x,y) in the plane indicates at least one observed NOE between the backbone protons (NH or C*H) of the two residues in the
sequence located at positions x and y. An open square indicates a NOE between the side-chain protons of the two residues, while a square
with a cross in it indicates a NOE between the backbone amide proton or C*H of one residue and the side-chain protons of the other
residue. A filled circle indicates a bridging cysteine between two Cd(Il) ions, and an open circle indicates a terminal cysteine and its

liganding Cd(II) ion.

N-terminal and the C-terminal domain, each of which was
regularized using template fitting and simulated annealing
with the program X-PLOR as described under Materials and
Methods.

The calculations for the N-terminal domain included the
first 28 amino acid residues and the metal cluster formed by
three cadmium ions and the Sys of the nine participating
cysteines. There were 115 experimentally derived inter-
proton distances, 25 values of backbone torsion angles ¢,
and 7 values of side-chain torsion angle x!. The limits for
the backbone torsion angle of Vall0 were set in the range
of —180° to 100° as explained in Materials and Methods.
After extensive regularization for the structures of the
N-terminal domain, 56 structures had no distance violations
greater than 0.5 A and no backbone torsion angle violations
of more than 5°. However, all of these structures did show
2—3 violations of the side-chain ! torsion angle of cysteines,
though these violations did not exceed 20° (Table 2). Many
of these structures also showed violations of the covalent
geometry parameters mostly in the metal cluster region,
resulting in higher overall energy. For the final structural
refinement, the 18 structures that showed the minimum
overall energy were selected. These structures were further
refined using a simulated annealing refinement with a lower
value of the initial annealing temperature (500 K) and a
reduced number of cooling steps (1000) (A. T. Briinger,
private communication). The overall energy reduced only
marginally after going through this step. The average

Table 2: Comparison of Input Side-Chain Dihedral Angles (y)
Obtained from NMR Data with Those Obtained from the Final 18
Simulated Annealed Structures

residue input value and range (deg) av value (deg) (rmsd)
Cc4 60.0 & 30.0 38.6(2.8)
Cs a —62.5(2.2)
Cc9 a —165.9(1.9)
Cl1 180.0 & 30.0 —142.45(0.4)
Cl6 —60.0 & 30.0 —93.0(0.8)
C20 180.0 £ 30.0 —158.5(2.7)
C22 180.0 £ 30.0 152.7(2.5)
C25 60.0 £+ 30.0 41.3(9.4)
Cc27 180.0 £ 30.0 —132.65(0.8)
C30 60.0 + 30.0 50.0(1.9)
C33 —60.0 = 30.0 —107.35(3.2)
C37 a —171.2(1.5)
C39 a —36.5(1.8)
C45 180.0 £ 30.0 —166.7(2.5)
C49 a —30.3(16.0)
C53 —60.0 & 30.0 —81.4(2.6)
C55 a 34.6(1.1)
C56 —60.0 £+ 30.0 —34.9(2.1)

2The value of the side-chain dihedral angle (') could not be
determined. ® The value of x! is violated.

structure was calculated from these 18 structures and its
energy was again minimized with X-PLOR.

Superposition of the backbone heavy atoms (NC*C’O’)
for residues 4—27 along with the three Cd®* jons and the
CP and S7 of the coordinating Cys for the 18 final refined
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FIGURE 4: Stereoviews of the superpositions of the backbone heavy atoms (NC®C'Q’) of the 18 final SA structures of the N-terminal
domain of blue crab MT-1. The heavy atoms from residues 4—27 were considered for this superposition. The three cadmium metal ions
(Cd3, Cd4, and Cd5) along with CP and S7 of the coordinating cysteines are also included in this illustration. The position of the C* of each

cysteine is numbered.

FIGURE 5: Stereoviews showing the superpositions of the backbone heavy atoms (NC*C'Q’) of the 18 final SA structures of the C-terminal
domain of blue crab MT-1. The heavy atoms from residues 30—56 were considered for this superposition. The three cadmium metal ions
(Cd1, Cd2, and Cd6) along with CP and S* of the coordinating cysteines are also included in this display. The sequence number of the C*

of all the cysteines is indicated.

structures is shown in Figure 4. Structural statistics are given
in Table 3. With the exception of the N-terminal residues
13, other regions of the § domain are well-defined by the
NMR data (Table 2 and supplementary material). The
quality of the structures is reflected in the good overlap of
the 18 structures and the small values of the rmsd (Table 3).
The average pairwise rms difference for the backbone atoms
(NCoC’0’) of residues 4—27 is 0.33 £ 0.13 A.

The same protocol was used to obtain the structure of the
C-terminal domain. The calculations for the C-terminal
domain included 31 amino acid residues and the second metal
cluster formed by three cadmium ions and nine S of the
participating cysteines. The last residue of the N-terminal
domain, Ser28, was included in these calculations, as there
was a short-range NOE observed from C*H of S28 to the
C’H of P29. There were 163 experimentally derived
interproton distances, 26 values of backbone torsion angles
¢, and five values of side-chain torsion angle y!. The limits
for the backbone torsion angle ¢, of Lys38 and Ala40 were
set in the range of —180° to 100° as explained in Materials
and Methods. After extensive regularization for the struc-
tures of the C-terminal domain, 38 structures showed no NOE
distance violations greater than 0.5 A and no backbone
torsion angle violations of more than 5° (supplementary

material). However, there were violations of the side-chain
torsion angle of the cysteine residues and covalent geometry
parameters of the metal cluster atoms (Table 2). Among
the acceptable structures, there are five structures which have
values of ¢ in the positive range for Lys38 (93.2° & 12.2°)
and four structures which have values of ¢ in the positive
range for Ala40 (103.0° £ 0.4°), indicating the possibility
of a type II B turn. However, these structures had higher
overall energy values (20% or more) and consequently were
not selected with the final structures. The 18 best structures
selected with the minimum overall energy all had these ¢
values in the negative region (supplementary material).
These structures were refined further in the X-PLOR
program. An average structure was calculated and was
energy minimized using X-PLOR. Superposition of the
backbone heavy atoms (NC*C"O’) for residues 30—56 along
with the three Cd?* ions and the C# and S of the coordinating
Cys for the 18 final refined structures is shown in Figure 5.

Figure 6 plots a histogram of the rmsd for distance and
torsion angle deviations versus sequence number for the final
18 refined structures, which enables the identification at a
glance of the differences in the structure definition along
the protein chain. The ¢ angle for Vall0 in all the final 18
structures falls in the range of —106.0° & 2.2°, even though
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Table 3: Structural Statistics and Atomic rms Differences?

A. Structural Statistics

(SA) (SA)r
N-Terminal Domain (Residues 1—28)
rms deviations from exptl distance restraints (A)?
all (115) 0.068 £+ 0.002 0.066
interresidue sequential (|i — j| = 1) (58) 0.069 £+ 0.004 0.070
interresidue short range (i — j| < 5) (5) 0.060 £+ 0.007 0.057
interresidue long range (Ji — jl > 5) (20) 0.079 + 0.004 0.074
intraresidue (32) 0.062 £ 0.002 0.057
rms deviations from exptl dihedral restraints (deg) (32) 3.333 £ 0.097 3.350
rms deviations from idealized covalent geometry used within X-PLOR
bond (A) (367) 0.009 £ 0.000 0.009
angles (deg) (675) 1.674 + 0.016 1.650
impropers (deg) (174) 0.899 + 0.917 0.900
selected X-PLOR energies (kcal/mol)*
Evona 23.04 £1.18 23.44
Eunge 176.80 + 3.14 172.80
improper 2142 +£1.57 22.31
Enor 5290 £ 2.73 50.51
Edin 23.46 + 1.01 23.68
Erepel 18.00 + 2.88 19.97
C-Terminal Domain (Residues 28—58)
rms deviations from exptl distance restraints (A)”
all (163) 0.063 + 0.001 0.058
interresidue sequential (|i — j| = 1) (80) 0.056 + 0.002 0.049
interresidue short range (}i — j| < 5) (34) 0.068 £ 0.004 0.063
interresidue long range (|/ - j| > 5) (10) 0.072 £ 0.004 0.073
intraresidue (39) 0.069 + 0.002 0.067
rms deviations from exptl dihedral restraints (deg) (31) 0.163 + 0.042 0.173
rms deviations from idealized covalent geometry used within X-PLOR
bonds (A) (445) 0.006 £ 0.000 0.007
angles (deg) (830) 1.373 £ 0.016 1.377
impropers (deg) (198) 0.854 £ 0.028 0.837
selected X-PLOR energies (kcal/mol)*
Evond 19.18 £ 0.71 18.34
Engie 181.40 £2.33 178.95
Eimproper 22.00 + 1.44 21.14
Enos 65.07 +2.68 64.00
Eegin 0.12 £ 0.06 0.12
Erepel 3046 £1.92 30.52
B. Atomic rms Differences (A) _
{SA) vs SA N-terminal domain (SA) vs SA C-terminal domain
(residues 1-28) (residues 28—58)
all atoms 2.09 £0.35 1.81 £0.20
backbone heavy atoms of all the residues 1.10 £ 045 0.39 £ 0.11
backbone heavy atoms of nonterminal residues 0.339+0.13 0.34¢+0.12
metal cluster atoms (3 Cd?* and 9 S7) 0.07 £0.05 0.06 £+ 0.02

¢ The notation of the NMR structures is as follows: (SA) represents the final 18 simulated annealed structures; SA is the mean structure obtained
by averaging the coordinates of the individual SA structures best fit to each other; (SA)r is the restrained minimized mean structure obtained by
restrained regularization of the mean structure, SA (Nilges et al., 1988a). The number of terms for the various restraints is given in the parentheses.
® None of the structures exhibited NOE-derived distance violations greater than 0.5 A or backbone dihedral angle violations greater than 5°. < Energies
were calculated by X-PLOR using a square well potential for the NOE term (100 kcal/mol A?) and a square well quadratic energy function for the
torsional potential (200 kcal/mol rad?). ¢ All residues from C4 to C27. ¢ All residues from C30 to C56.

the input range was very wide —40° £ 140° (supplementary
material). This value of ¢ indicates that the 8 turn ending
at Cl11 is of type I (supplementary material).

DISCUSSION

Quality of Structural Calculations. It has been shown
from both NMR and X-ray studies of mammalian metal-
lothioneins that these proteins lack any regular secondary
structural elements (Arseniev et al., 1988; Schultze et al.,
1988; Messerle et al., 1990; Robbins et al.,, 1991). The
absence of these elements significantly reduces the inter-
proton distance restraints present in NOESY spectra. In the
published data on rat liver MT-2, a protein of 61 amino acids,
only 126 NOEs were observed (Schultze et al., 1988). In
the present studies on blue crab MT-1, a polypeptide of 58

amino acids, there were a total of 277 NOE restraints, of
which 207 were intraresidue. The backbone torsion angles
(¢) were determined for 51 residues using the experimentally
measured 3fyng. Stereospecific assignments for the Cys CPH,
and the estimation of the side-chain torsion angle, ¥!, could
be made for only 12 out of 18 cysteines. The most important
tertiary structural information came from the HMQC data,
which revealed specific metal-to-cysteine connectivities for
all six cadmium ions, leading to 24 additional Cd—S¥
restraints.

All of the above data along with the covalent geometry
were used to arrive at a set of structures. The 18 best
structures for the N-terminal and C-terminal domains are
shown in Figures 4 and 5, respectively. The quality of the
structures can be judged from the excellent overlap observed
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FIGURE 7: Ramachandran (¢, 1) plot for the final 18 SA structures
of both the N- and C-terminal domains of blue crab MT-1.

amongst all the structures of the set, which results in a small
rmsd value for the backbone atoms of the various structures
(Table 3). Additionally, all the backbone torsion angles are
in the allowed space of a Ramachandran plot (Figure 7). The
rmsd among backbone angles plotted in Figure 6 D, E shows
a small variation for many residues of the protein with a
somewhat larger variation occurring at the two termini and
in the hinge region connecting the two domains of the
polypeptide chain. Of the side-chain dihedral angles y!
determined for 12 out of a total of 18 Cys residues (Table
2), only four were violated consistently in all the final
structures. Three of these violations were from Cys in the
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FIGURE 8: Primary amino acid sequence comparison of blue crab
(Callinectes sapidus) MT-1 and human MT-2. Lines are drawn
between specific metal ions and their coordinating cysteine thiols
as established from 'H—!3Cd heteronuclear multiple quantum
coherence transfer experiments.

Human NT - 2

f domain, and one was from Cys in the o. domain, and the
magnitude of the violations varied from ~2° to 20°. For
the six Cys residues for which the side-chain dihedral angle,
%!, could not be experimentally measured, the final structures
all showed a small value for their rmsd with the exception
of Cys 49.

The rmsd for the backbone heavy atoms of each residue
among the final structures indicates that the backbone is very
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FIGURE 9: Stereoviews of the c (A) and 3 (B) domains of crab MT-1 (top) and human MT-2 (bottom). The ribbon outlines the backbone
atoms, and the CPK models (scale = 0.4) denote the side chains and the metal ions (white). The N-termini are located on the left.

well constrained and defined, excluding the termini and the where relatively few distance restraints were obtained from
hinge region (Figure 6A). The situation worsens, however, the NMR data. It is reassuring, however, that the structures
when all the atoms of each residue or the side-chain heavy do not deviate significantly from their idealized covalent
atoms of each residue alone are considered (Figure 6B,C; geometry, indicating that satisfaction of the pseudoenergy
Table 3). This is especially true for amino acid residues potentials for the NMR restraints has not led to unrealistic

with long side chains, e.g., Pro, Lys, Arg, Glu, and Gln, geometries (Table 3).
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The analysis of the structural data indicates that the
preferred value of ¢ for VallO falls in the range of —106°
£ 2.2° even though this angle was left wide open during
structural calculations, where it could have opted for ¢ values
suitable for a type II § turn (supplementary material). This
final value demonstrates the presence of a type I § turn at
K8—C9, V10—Cl11. Similarly, the backbone dihedral angle
¢ for Lys38 and Ala40 was left wide open (—180° to 100°),
and yet the final 18 accepted structures all had their
respective ¢ values in a narrow angular range (supplementary
material). The preferred ¢ value for Lys38 is —98.9°, and
for Alad0 it is —89.6°. These values indicate that these
residues are also in type I 8 turns. However, 25% of the
acceptable structures did have their ¢ values in the positive
range, although all of these had a higher value of the overall
energy (20% or more). In this domain, five backbone amide
protons, four of which are cysteines, showed slow hydrogen—
deuterium exchange indicating their involvement in hydrogen
bonds. For each slowly exchanging backbone amide proton,
the possible acceptor atoms (O, N, S) were evaluated on the
basis of the following distance criteria (Metzler et al.,
1993): NH--+X distance, 2.0 + 0.4 A; HN-- X distance, 3.0
+04A (where X can be an O, N, or S atom). Using these
distance criteria and the average restrained structure, the
potential hydrogen acceptor for the amide proton of Cys45
could be the backbone O atom of Thr41 (the NH-++O and
HN:++O distances are 2.14 and 3.05 A, respectively).
Similarly, the potential hydrogen acceptor for the amide
proton of Cys49 could be the backbone O atom of Cys45
(the NH*++O and HN-++O distances are 2.05 and 2.87 A,
respectively). The hydrogen bond acceptor for the other
slowly exchanging amide protons, however (Cysl11, Thr34,
Cys39, and Cys56), could not be established.

That this is the first reported solution structure determina-
tion on a metallothionein from a nonmammalian source
makes a structural comparison of the different species’ MTs
of particular interest. The alignment of the respective amino
acid sequences for the invertebrate and human MTs is shown
in Figure 8. Although the sequences of species’ MTs are
significantly different, the binding scheme between metals
and cysteines is highly conserved in the 8 domain, with only
three differences (crab Cd(III)—Cys(5)/human Cd(IV)—
Cys(7), crab Cd(IV)—Cys(7)/human Cd(III)—Cys(4), and
crab Cd(V)—Cys(8)/human Cd(II)—Cys(7)). Despite these
minor differences in metal—cysteine coordination, the tertiary
structure of crab MT-1 8 domain bears a close resemblance
to the same domain in mammalian MT-2.

Figure 9 shows a stereoview of the structures of crab MT-1
and human MT-2. The coordinates for human MT-2 (entries
1mhu and 2mhu) were obtained from the Protein Data Bank
(Bernstein et al., 1977; Abola et al., 1987) at Brookhaven
National Laboratory. The handedness of the crab MT-1 8
domain proceeding from the N- to the C-terminus is right-
handed, as it is in the human MT-2 8 domain. Looking down
the plane containing the three metal ions in both the crab
MT-1 and the human MT-2 3 domain (Figure 9B) shows
the peptide chains divided into two sections: residues 1—23
and 24—30 in human MT-2 and residues 1—17 and 1827
in crab MT-1 for the left- and right-hand sides of the plane,
respectively. The fewer residues on the right-hand side of
the plane defined by the metal ions in human MT-2 compared
to crab MT-1 leaves the metal cluster in the former much
more exposed with a wide cleft entering from the top center
and a narrower one from the bottom. Much narrower and
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shallower clefts are found in the crab MT-1 extending from
5 to 11 o’clock (Figure 9B) and from 4 to 10 o’clock when
viewed from the right (Figure 9B).

In the o domain of crab MT-1, the handedness is hard to
describe because approximately half of the peptide is in a
right-handed configuration and the other half is in a left-
handed configuration (Figure 9A). The crab MT-1 a domain
is more compact primarily as a result of the presence of only
three metal ions. In this domain, there is evidence for a short
a helix segment at position Lys42—Thr48 (Figure 9A). No
clefts are visible extending into the metal-binding cluster,
and the only exposure of the metal-binding cluster occurs
on a surface that will be covered by the § domain in the
intact protein.

From the above qualitative comparison of the structural
elements in both domains of crab MT-1, one would predict
more facile exchange of metal ions in the crab 8 domain
compared to the o domain. This would be similar to what
has been observed in the two domains of mammalian MT.
This prediction, which is based upon an analysis of the
tertiary structure, is supported by the line widths of the
assigned !'3*Cd NMR resonances from the two clusters
(Narula et al., 1994). A further prediction from an analysis
of the respective !'*Cd NMR spectra and the tertiary
structures from both proteins is that the metal ions in the 3
domain of mammalian MT are more labile that those in the
B domain of crab MT.

These structural studies have revealed the presence of two
separate domains in Callinectes sapidus MT-1. Each domain
contains a cluster of three metal ions, tetrahedrally coordi-
nated to the S” of the nine Cys residues present in each
domain. In total, six Cys residues participate in bridging
two metal ions and twelve participate as terminal ligands.
No interactions < 4 A are observed between the two protein
domains, and the only element of regular secondary structure
observed is the presence of several type I § turns.
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SUPPLEMENTARY MATERIAL AVAILABLE

Table showing a comparison of the input backbone
dihedral angles (¢) obtained from the NMR data with those
obtained from the 18 simulated annealed structures (3 pages).
Ordering information is given on any current masthead page.
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