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ABSTRACT. The NMR determination of the structure of hetallothionein was done previously using a
relatively large protein concentration that favors dimer formation. The reactivity of the protein is also
affected under this condition. To examine the influence of protein concentration on metallothionein
conformation, the isolated Ga-domain was prepared from rabbit metallothionein-2 (MT 2), and its
three-dimensional structure was determined by heteronuélg¢di!Cd, and homonucleatH-'H NMR,
correlation experiments. The three-dimensional structure was refined using distance and angle constraints
derived from these two-dimensional NMR data sets and a distance geometry/simulated annealing protocol.
The backbone superposition of thedomain from rabbit holoprotein GeMT 2 and the isolated rabbit

Cds-a. was measured at a RMSD of 2.0 A. Nevertheless, the conformations of the two Cd-thiolate clusters
were distinctly different at two of the cadmium centers. In addition, solvent access to the sulfhydryl
ligands of the isolated Geb. cluster was 130% larger due to this small change in cluster geometry. To
probe whether these differences were an artifact of the structure calculation, toeedddain structure

in rabbit Cd-MT 2 was redetermined, using the previously defined set of NOEs and the present calculation
protocol. All calculations employed the same ionic radius foF'Cahd same cadmiunthiolate bond
distance. The newly calculated structure matched the original with an RMSD of 1.24 A. It is hypothesized
that differences in the two.-domain structures result from a perturbation of the holoprotein structure
because of head-to-tail dimerization under the conditions of the NMR experiments.

In 1957, the cadmium and zinc binding protein, metal- and on possible activities in essential metal-ion metabolism
lothionein, was discovered by Margoshes and Vallee in (2, 5, 6, 15, 16). The recognition that there are abundant
equine kidney cortexdj. Originally, it was thought to protect  nucleophilic and oxidizable thiol groups in the MT molecule
cells from heavy metals such as cadmium by tightly has led to studies that support functions for the protein in
sequestering metal ions, thereby rendering them nont@xic (  inactivating electrophilic drugs and xenobiotic metabolites
Because zinc and copper are major constituents of the proteiras well as oxidant species derived from @7—20).

under normal conditions, in the absence of exposure to NMR spectroscopy and X-ray diffraction studies have

nonphysiological metal ions, additional roles for Ml zinc  shown that rabbit GEMT 2 is a dumbbell-shaped molecule
and copper metabolism and homeostasis have been proposed4' 21). The N-terminal 8-domain includes residues-29,
and investigatedX-10). and the C-terminalp-domain consists of residues -381.

Mammalian metallothioneins are considered unique small They are linked by amino acids 30 and 31. Tde&lomain
proteins because about one-third of their amino acids arebinds four bivalent metal ions with five bridging and six
cysteine, which supply sulfhydryl ligands that bind with high terminal cysteine ligands in a boat, chair bicyclo (3,3,1)
affinity a number of metal ions of differing size and chemical nonane-like structure (Figure 1a). Thelomain binds three
properties {1, 12). The 20 cysteines bind seven Tdor bivalent metal ions with three bridging and six terminal
Zn?t ions or combinations of them in two metahiolate cysteine ligands in a boat, cyclohexane-like structure (Figure
clusters £1—14). This property has focused attention on the 1b). The metal clusters are embedded in the protein’s interior
role of MT in protection against toxic metal-ion exposure by large helical turns of the polypeptide chain.

The reactivity of MT with competing metal ions, ligands,
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Ficure 1: Schematic representation of the structures of (a) the four-
metal center of the Gebi-domain and (b) the three-metal center of
the Cd-B-domain.

Head-to-tail,a—/-domain interactions exist among MT
molecules in the crystal unit cell used for the X-ray
crystallographic determination of the structure of rat,€d
Zn,-MT 2 (14). Dimer formation in solution has been clearly
observed using high-resolution gel filtration HPLC to detect
monomer and dimer species82). The equilibrium is
characterized by &y of 3 x 104 consistent with the
predominant presence of dimers in millimolar samples of
rabbit Cd-MT 2 used for the NMR structural analysi3?).
Such dimeric interactions appear to alter the kinetic reactivity
of MT and thus may perturb the structure of the MT molecule
(23). Since the isolated-domain cannot form dimers of this
type, it is particularly interesting to investigate whether the
structure of the isolated-domain differs in significant ways
from that determined in the holoprotein at millimolar

Ejnik et al.

cross-peaks4p). A semiquantitative correlation between
NOESY cross-peak volume intensities aitt-H distance
constraints was obtained from a comparison of the NOESY
spectra with different mixing times4{). The distance
constraints were calibrated based on NOE peak volumes of
known standard distances within the protein structure that
will be referred to as scalar peaks. The scalar NOE peaks
used were th@g-protons of cysteine 36 and cysteine 44 and
the a-protons of glycine 47; a standard distance of 1.8 A
was employed for all three pairs of protons. Distance
constraints were classified as strong, medium, or weak
corresponding to interproton distance constraints of-1.8
2.7,1.8-4.0, and 1.85.0 A, respectively44, 48, 49).

Torsion Angle Restraints and Stereospecific Assignments.
The dihedral angles, vy, ¥*, andy? were determined by
measuring the corresponding spispin coupling constraints
and the intensities of NOE cross-peaks. Relationships
between @ and 3June, x* and 3y, and x? and 3Jcgg,
respectively, are well-knowr2(). Constraints on the back-
bone torsion angleg andy* were derived from the values
of 3June and 3Jqs, respectively, and measured in high-
resolution DQF-COSY spectra. Torsion angle constraint
ranges forp were defined as-120 4 40° (for 3June > 8
Hz) and —60 & 40° (for 3June < 5 Hz). Torsion angle
constraint ranges for! were set to—120+ 120° (for 3J
> 10 Hz and®J,s < 6.5 Hz) and—60 + 60° (for 3J,s < 5
Hz and®J,s < 5 Hz). Constraints on the side-chain cysteine
residue torsion angleg?, were derived from the values of
3Jcap, measured in a coupledH—1'Cd) HMQC spectrum

concentrations. In this context, the present study reports on(21) Torsion angle constraint ranges fgrwere set to-60

the three-dimensional solution structure of the isolated
o-domain of rabbit MT 2 and compares it to thedomain
structure in the holoprotein.

MATERIALS AND METHODS

Sample PreparationZinc metallothionein was isolated
from rabbit livers after injection of animals with 2 mL of
0.15 M ZnSQ each day for 8 days. Sephadex G-75 and high
performance liquid DEAE chromatography were then em-
ployed to separate Z+MT and its two isoforms as described
previously @4). The method of Savas et al. was followed to
isolate 11Cd,-a. from the MT 2 holoprotein Z8). For *H
NMR experimentst'Cd,;-a-domain samples were prepared
using a Sephadex G-15 column equilibrated with 20 mM
9Tris/Cl, pH 7.0, in BO or 10% BO. The!''Cds;-a of MT
2 samples were concentrated with a YM-1 Amicon filter
membrane. The protein concentration was63mM in 20
mM 9Tris/Cl, pH 7.0.

NMR Methods!*'Cd and*H NMR spectra were recorded

+ 50° (for 3Jcapa 30—75 Hz and®Jcqp, 0—30 Hz), 180+

50° (for 2Jcapa andJcasn 0—30 Hz), and 60t 50° (for 2Jcqpa
0—30 Hz and®Jcqpp 30—75 Hz). Stereospecific assignments
for the 5-methylene protons were made by analysis of the
3J.p, measured in the PE-COSY spectrum, and the intraresi-
due NH#3 anda—p NOEs @1, 50-52).

Structure CalculationsThe cluster unit, comprised of four
Cd metal ions and 11 cysteiney &itoms, was defined in
X-PLOR 3.1 @1). Metal-cysteine thiolate connectivities
were established from the analysis'bf-*'*Cd HMQC data
obtained on a!Cd-enrichedo-domain sample. The con-
nectivities were found to be the same as described for holo
rabbit MT 2. The Cd" ions were attached toySof each
cysteine residue by distance constraints as described by
Withrich and co-workers21). All calculations were per-
formed using the program X-PLOR 3.1 and were based on
the hybrid distance geometry/dynamical-simulated annealing
protocol 63). An initial set of structures was generated by
randomly selecting values for backbone dihedral angles.
From the initial set, 80 structures were generated by adding

on a GE GN-500 NMR spectrometer. Spectra were collected NOE constraints and dihedral angle constraints. From the

using 0.5 mL of 3-6 mM protein solution contained in a
5-mm NMR tube. DQF-COSY, TOCSYH-11Cd HMQC,

annealed structures, only those which had no NOE or
dihedral angle violations were accepted.

and NOESY spectra were acquired by routine methods as Recalculation of the Structure of the £d-Domain of

described in the Supporting InformatioB5—45).
Processing NMR Datal he two-dimensional spectra were

Rabbit Cd-MT 2 and Calculation of Sulfur Atom Seint
Exposure. Structure calculations for the isolated &t

processed as described in the Supporting Information on adomain of metallothionein were carried out using the ab initio

Silicon Graphics Iris 4D/70G computer using FELIX version

2.3 software (Hare Research Inc., Woodinville, WA).
Interproton Distance Restraint§.he chemical shifts of

all protons in the'*'Cd,;-a-domain were assigned from the

simulated annealing/refine protocol (SA), detailed above in
this paper, instead of the geometry/simulated annealing
protocol (DG) employed in the structure calculation for-Cd
MT 2 (54). Thus, the consistency of both protocols was

COSY and TOCSY spectra and then used to assign NOESYtested, to ensure that any difference observed between the
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Table 1: *H Chemical Shifts (ppm) for the Isolated with mixing times 0f_50 and 100 ms. A summary of all the _
111Cd,-q-Domain of MT-2 at pH 7.0 in 20 mMTris-HCP sequential and medium-range NOEs observed in the rabbit
esidue NH 1B o others 111Ciq4—<;L—dAomain|$r<ta_ shown Iin Figufre 1sd(_Supporting ,ilnéoEr-

. . mation). A qualitative analysis of medium-range s
tﬁ 3(1) 2:22 i;g i:gg E; igz gﬂz i% gﬂi g:gé indicates that the rabbit’Cd;-o-domain lacks elements of
Ser 32 461 3.75, 4.05 regular secondary structure such asdheelix andj-sheet.

Cys 33 8.22 451 3.25,3.27 Table 1s (Supporting Information) lists R, and®Jes
Cys 34 8.37 5.08 3.55,3.62 values and NOR; and NOE intensities that were mea-
Ser 35 4.46 3.88, 4.00 . o S 5
Cys 36 8.54 4.51 277 3.18 sured in the rabbit"'Cd-a-domain. The®J,; data were
Cys37 7.20 5.16 3.06 extracted from a PE-COSY spectrum. The torsion angle
Pro 38 491 2.02,2.39 "6, 1.95, 2.11; CH, 3.80, 3.88 constraints were obtained by procedures described in the
g; i’g g';o’f 4.03 1.84,2.16 '8, 2.00, 2.17; CH2 3.69, 3.91 Materials and Methods and are listed in this table. The
Cys 41 7.00 4.08 317 angles were constrained in the range-df20 + 40° when
Ala42 9.38 4.16 1.57 3JnHe Was larger than 8 Hz. Wheféyy, Was between 5 and
Lys43 8.34 4.23 2.09 ¢, 1.56; CH, 1.72; CH, 3.06 8 Hz, the torsion angle ranges fgr were not restricted
Cys 44 7.56 4.67 2.62,3.77 because of averaging of f ti Finally, Table 1
Alads 711 414 159 _ ging of conformations. Finally, Table 1s
GIn46 8.16 4.58 1.99, 2.43 "8, 2.39;: NH 6.88, 7.56 (Supporting Information) lists the coupling constants for the
Gly 47 7.38 3.61,4.40 1ICd-a-domain that were obtained as described in the
Cys 48 4.36 2.93,3.00 i i i
lod9 721 473 s Gl 1.03; GHy 1.06: CHy 0.96 Materials and M(_athodz.lféll the torsion angle const;lamts were
Cys50 9.12 4.45 2.65,3.13 in agreement with thé*Cd;-a-domain spectra of**Cdy-
Lys51 8.53 4.32 1.84 @i, 1.51; CH, 1.72; CH, 3.03 MT 2 (49, 54).
Slly §§ ‘31-23, 4.09 L6 Structure CalculationsAfter simulated annealing calcula-

a . . . .
Sers4 8.18 464 3.88, 3.9 tions, 22 structures were found to have no NOE or dlhe_dral
Asp 55 8.55 4.40 272,277 angle violations. The RMSD in angstroms of each residue
Lys56 7.87 4.73 1.75,1.82 78, 1.44; CH, 1.71; CH, 3.04 was calculated with X-PLOR 3.1. From the ensemble of 22
Cys 57 8.50 5.20 3.60 annealed structures, the RMSD of all atoms was calculated
Ser 58 4.68 3.91,3.98 to be 1.39 A. An average structure was calculated from the
Cys59 8.39 4.60 3.24,3.31 99 A /erag
Cys60 7.71 4.75 2.69,2.83 coordinates of the individual structures. The average struc-
Ala6l 7.14 4.14 1.42 ture’s energy was minimized by restrained regularization of

aThe proton chemical shifts were measured at@Q5For methy|ene the mean structure. Table 2 lists the structural statistics and
groups, two chemical shifts are given wherever two resolved signals atomic RMS differences from the 22 annealed structures.
were observed or where the presence of two degenerated signals had here was excellent overlap among the 22 annealed struc-
been established unambiguously. tures, resulting in a 1.29 and 0.81 A RMSD value for the
. ) backbone-heavy atoms and metal-cluster atoms of the various
calculated structure of the isolated Agrdomain and the gy ctures, respectively. Additionally, all the backbone torsion
same domain within the holoprotein was real and not gngles were in acceptable regions of a Ramachandran plot
attributable to the differences in protocol used. The solvent (data not shown).
exposure of the thiolate groups of the cysteine residues for  Recalculated Cda-Domain NMR Structure of Rabbit &d
both structures, Ceb-domain isolated and within the T 2 The well-characterized structure of the rabbit liver-Cd
holoprotein, was calculated using MOLMOL 2.6 (Institute  \T was recalculated using the Waich constraints (NOEs
fir Molekularbiologie und Biophysik, ETH Zich). and torsion angles) but our ab initio simulated annealing/
RESULTS refine protocol $4). The results obtained were compared with
those published, using the geometry/simulated annealing
Resonance Assignmen#sssignment of the proton reso-  protocol 64). The RMSD for both structures was calculated
nances of the rabbit*'Cd;-a-domain was performed by using the molecular program SYBYL. When the structure
standard procedures and with information provided by of the a-domain within Cd-MT was recalculated as de-
Wagner and Wihrich (46, 49). The first step involved the  scribed, RMSD values of 1.24 and 1.59 A for the backbone
association of scalar-coupled resonances with specific spinand the whole domains (backbone and side-chain groups),
systems using DQF-COSY and TOCSY experiments and respectively, were within the error limits for the RMSD
assigning the resonances to amino acid residues (Table 1)calculated for the 10 NMR structures of 170.2 A reported
COSY, TOCSY, HMQC, and NOESY spectra were all in by Withrich et al. 64). This finding supported the conclusion
excellent agreement with proton resonances assigned fronthat any differences in structure observed between the

spectra of the rabb#'*Cd;-a-domain of1*Cd,-MT 2 (46, isolateda-domain and the--domain in the holoprotein were
49, 55). The cadmium-cysteine connectivities identified by  not an artifact of the SA protocol.

heteronucleartf’Cd, *H] HMQC were also in agreement with The a-domain structure of GeMT was based on 23
those determined from th83Cd,;-a-domain portion of the  sequential backbone contraints, 11 medium and long-range
spectra from**Cd;-MT 2 (49, 54). backbone constraints, 46 interresidue NOE constraints with

Secondary Structure Analysi8lOE assignments were side-chain protons, and 28 angle constrairiid).( The
based on definitions of the chemical shifts of protons in structure calculation of the isolatextdomain utilized 19
COSY and TOCSY spectra. NOE distance contraints were sequential backbone contraints, eight medium and long-range
collected from two sets of NOESY spectra, one #OHwvith backbone constraints, 46 interresidue NOE constraints with
mixing times of 60, 120, and 250 ms and the other y©D  side-chain protons, and 29 angle constraints. The quantitative
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Table 2: Structural Statistics and Atomic RMS Differences for the
Calculated NMR Structures of the Isolat€dCd;-a-Domain of
Metallothionein-2

A. Structural Statistics [BA0 (SA)
RMS deviations from exptl distance restraints{A)
all (163) 0.058+ 0.005 0.056

interresidue sequentiali (¢ j) =2) 0.058+ 0.007 0.052
interresidue sequentiali (¢ j) > 2) 0.065+ 0.013 0.051
intraresidue 0.063 0.006 0.056
RMS deviations from exptl 0.610+ 0.241 2.734
dihedral restraints (deg)
RMS deviations from idealized covalent geometry
used within X-PLOR

gﬁg%ss(a)eg) 060603‘% 8'8gg2 8'?22’ FIGURE 2: Superposition of the backbone structures of the isolated
impropers (deg) 0.515 0 024 0.574 Cds-a-domain (red) and the domain within the holoproteinzCd
selected X-PLOR energies (kcal/nfol) MT (yellow). N-terminus, lower left.
Ebond 5.97+0.76 6.18
Eangle 51.24+ 4.86 65.42
Eimproper 7.69+ 0.72 9.52
Enoe 35.98+ 5.97 39.67
Ecani 0.71+ 0.45 6.83
Erepel 8.23+2.49 53.32
Etotal 109.91+12.3  180.54
B. Atomic RMS Differences (D) [BAlvs (SA)
all atoms (33-61) 1.39+0.17
backbone-heavy atoms of all residues-{&1) 1.29+0.20
backbone-heavy atoms of residues-83 1.09+0.16
metal-cluster atoms (4 Gdand 11 %) 0.81+ 0.07

* The notation of the NMR structures is as followssALTepresents 5 oe 3. comparison of the space-filled representations of the

the final 22 annealed structures, (SA) is the mean structure obtained; . S P 3
by averaging the coordinates of the individi&Astructures best fit {se(i)rl‘at(e:(é_(,f/lql-_a(lg?t;naln (right) and the domain within the holopro

to each other, and (SA)s the restrained minimized mean structure
obtained by restrained regularization of the mean structure, (&3)) ( -
bNone of the structures exhibited NOE-derived distance violations Table 3: Sulfur-Cadmium-Sulfur Bond Angles (deg) for Each Cd
greater than 0.5 A or backbone dihedral angle violations greater than Center of Isolated Cgo and Cd-MT

5 °C. °Energies were calculated by X-PLOR using a square well isolated Cd-02 Cds-o. domain of Cd-MT®
potential for the NOE term (100 kcal/mol?pand a square well
quadratic energy function for the torsional potential (200 kcal/md)rad d(A) Os-ca-s d(A) Os-ca-s
o . . ) cd Ss0—Cd—Ss7: 108.4 So—Cd—Ss7: 108.6
similarity in the information used to define each structure Sy 2.46 $0—Cd—Ssg 104.4 So: 2.53 So—Cd—Sgo 111.4
also argues that they can be compared for differences in S57:2.45 §o—Cd—Seo: 112.3 $7:2.50 §o—Cd—Se0: 95.1
conformation. S50 2.59 $7—Cd—Sse: 113.6 So: 2.47 S7—Cd—Sso: 106.6
Comparison of the Structures of Isolated £&d¢Domain Seor 296 é;:%ﬂiégg T oo égiggigggg o
and the Cd-a-Domain in Cgd-MT. Comparison of the  Cd' Sss—Cd—Sas: 113.0 Ss—Cd—Sz4: 104.3
structures of thex-domain in the isolated peptide and the %32 %:ig gz_gg_ggg igg:g gi g:gg 22_83_2‘; i%g
entire protein showed that th€cadmium-cysteineg3-proton S 258 Si—Cd—Sur 112.1 Sy 2.53 Si—Cd—Sur 107.3
connectivities are identical in the two structures. As a Sug 2.55 S4—Cd—Syg 105.0 Sg 2.50 S.—Cd—Ssg 104.3
consequence, the overall peptide backbone fold about the Su4—Cd—Syg: 106.3 S4—Cd—S4s 103.1
central CdS;; cluster must be the same. The protit Cd” S 2.56 %tgg:gjlf ﬁg'g S 2.72 gtgg:g‘ff ﬁg%
chemical shifts for residues derived from the taralomains 3412 2.54 g;—c:d—ssgﬁ 103.6 sz 2.48 s,;defsegg 90.5
are also in agreement in terms of assignment but consistently S44:2.59 §1—Cd—Sus: 119.2 §4:2.64 S,—Cd—S4s: 92.2
differ from one another, indicative of differences in the two Seo: 2.57 5341:53:205 103.9 90249 21:83:2205 13
structures4). Superposition of the final backbone structures ¢ Su—Cd—Se: 1198 S Cd—Se 1093
derived from the constraints of the cadmidgysteine S34:2.49 S4—Cd—S37: 109.3 4 2.47 S,—Cd—Sz7: 104.6
connectivities and the NOE information show that they share Se6: 240 34-Cd—S50:103.1 §¢: 2.44 34— Cd—S50 96.3
very similar conformations with an RMSD of 2.0 A (Figure ég %:ig 22:83:2; iéé:? g; g:‘;g 22:23:225 ﬁgzgz
2). They differed most clearly in their N-terminal conforma- S;—Cd—Ss: 112.3 S;—Cd—Ss0: 96.1

tions Whgre the first two to three' resjdues pf the peptide did " aThis paper? Ref 54
not exhibit much structural organization. This was anticipated
because these residues attached to the linker, and the
p-domain in the C&MT would likely display a different from examining the two average calculated structures are
orientation. different (Table 2s). Third, whereas the-68d—S bond

An examination of the space-filled models of the two angles of each Cd center in the isolatedomain generally
structures reveals, first, that toedomain of the holoprotein ~ approximate ideal tetrahedral geometry of 1@¢Bable 3),
is more compact (Figure 3). Second, the hydrogen bondthere are a number of large distortions in tae€lomain of
interactions, exclusive of NHS bonding, that are derived the holoprotein, most of which are found among the bond
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FIGURE 4: Superposition of the metal centers of the isolateg- Cd  FIGURE 5: Possible dimer interface of Gd-domain based on
a-domain (orange) and the domain within the holoprotein,-Cd ~ X-ray structural information and a partial Cd-thiolate clustef)(

MT (yellow). . o . .
i ) molecules establish a head-to-tail orientation of adjacent

angles about C#. As indicated in the Materials and andp-domains that suggests intermolecular interactid# (
Methods, the distance and angle constraints applied in bothSubsequent experiments using calibrated gel filtration HPLC
calculations were identical. Therefore, the differences in bond clearly demonstrated under solution conditions similar to
angles appear to result from structural differences betweenthose used in this study that €MT dimerizes with an

the domains. Fourth, the sulfur atoms of the cluster of€d  equilibrium constant of about 8 10* (32). Accordingly, at

are more exposed to solvent as shown by a comparison ofthe millimolar concentrations of protein used in the NMR
the solvent-exposed surface of the sulfur atoms in the two work, rabbit Cg-MT exists as a dimer in solutior82, 46,
structures (Tables 4 and 5). As a result, the present structures4). Therefore, the calculated structure may reflect features
opens up the cluster to the solvent such that five thiolates of the dimer that have not been previously recognized.
from cysteines 37, 41, 48, 57, and 59 have a surface exposure The reactivity of rabbit liver CAMT with EDTA varies
greater than 5 A In contrast, only sulfhydryl groups from  inversely with protein concentratio23). In another recent
residues 33 and 59 display appreciable solvent access in thestudy, the rate constant for the metal-ion exchange reaction
o-domain of the C@MT structure. Figure 4 shows an between ZaMT and cadmium-carbonic anhydrase also
overlay of the structures of each cadmiathiolate cluster. varied inversely with MT protein concentration over the
Cadmium atoms |, VI, and VII and their bridging sulfurs range where the monomer/dimer ratio changes significantly
from Cys 37, 50, and 60 reasonably overlap with one another.(57). Both findings indicate that there are functional conse-
However, the distorted ligand geometry around’'Cgar- guences of dimer formation that may relate to conformational
ticularly involving the thiolate of Cys44 that bridges between changes resulting fromm—/3-domain interactions.

Cd"' and Cd, leads to an obvious difference in the position It is hypothesized that such bimolecular reactions are
of Cd' in the two structures; Cys44 binds to Cys 48, one of governed by the access of these reagents to thiolate ligands
the residues that contributes a highly exposed thiolate groupwhere competition for binding to Cd or Zn takes place.
in the isolatedx-domain. To test the importance of the bond Tables 4 and 5 list the solvent accessibility of each sulfur
angle distortion about Clin Cd,-MT, the geometry of the  atom of Cd-a in the isolated structure and in the holoprotein
Cd—S bonds of CH in Cd,-MT were changed to those of and show that the individual-domain has more than twice
Cd' in the isolated Cgla,, employing the molecular model-  the solvent-accessible surface area of its thiolate groups as
ing program SYBYL 6.5. Then, after energy minimization does theax-domain from the holoprotein (50 vs 222 In
using the Tripos force-field and the Gasteigétiickel particular, the prominent crevice, a major site of solvent
algorithm for the charges, the overall conformations of both exposure for the sulfhydryl groups in thedomain, is much
clusters converged. Furthermore, the conformation of the more open in the isolated structure (Figure 3). With an
entire domains closely resembled one another, especially,aggregate sulfur atom exposure of 235(8ys 36, 37, 41,
when the crevice opened up providing more solvent acces-57), it displays more than two times greater accessible surface

sibility to the sulfur atoms. area of its thiolate groups than in the holoprotein (103 A
Furthermore, the sulfur atom of Cys 48 bound to' Qs
DISCUSSION 9.0 A? exposure in Cgla. and none in C#MT.
The structure of rabbit GEMT 2 was previously deter- The basis for the difference in thiolate surface area of these

mined by Withrich and co-workers using NMR techniques structures can be assigned to distinct positioning of cysteine
(46, 54). Later, Stout and co-workers used X-ray crystal- side-chain methylene and backbone (-CH(NH)CO) moieties
lographic methods to obtain a similarly folded structure for with respect to the C&;; clusters in the two domains (Tables
(Cdk,Zp)-MT 2 from rat liver (L4, 56). Since no interdomain 4 and 5). Comparison of the cadmiuithiolate clusters with
constraints between the- and-domains were detected in  only the cysteinyl groups attached shows that the solvent
either study, the structure of ¢d. of MT 2 was considered  exposure of the sulfur atoms in the isolated domain is much
an independent part of the holoprotein. Nevertheless, in thelarger than that of the holoproteirdomain (120 vs 68 A

unit cell of crystallized (CeZny)-MT 2, metallothionein (Figure 5). Table 5 shows the additional contribution of the
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Table 4: Survey of the Changes in Surface Solvent Exposufedifthe Sulfur Atoms of Cysteine Residues in the Isolated-@domain of
MT Calculated Based on a 1.4 A Probe Sphere

Cd,Cysi1-bb plus sequential side-chain additién
Cys CdSii® CdiCysii® CdiCysii-bb’ K31 S32 S35 P38 A42 K43 Q46 G47 149 K51 A53 D55 K56 S58 domain

33 1 8.0 55 - - - - - - - - - 45 - - - - 4.5
34 48 6.0 4.5 40 — 35 - - - - - - - - - - - 3.5
36 68 6.0 4.0 - - - - - - - - - - - 35 30 - 3.0
37 35 7.0 7.0 - - - 6.0 - - - - - - - - - - 6.0
41 80 20.0 14.0 - - - 125 115 60 - - - - - - - - 6.0
44 38 15 0.0 - - - - - - - - - - - - - - 0.0
48 74 24.9 14.5 12.0 11.5— - - - 105 9.0 - - - - - - 9.0
50 32 55 15 - - - - - - - - - 00 - - - - 0.0
57 68 9.5 9.0 - - - - - - - - - - - - - 8.5 8.5
59 83 23.9 19.5 - - - - - - - - 105 - 95 - - - 9.5
60 35 7.5 3.5 - - - - - 00 - - - - - - - - 0.0
total 638 119.8 83.0 50.0

aDash indicates that the solvent exposure of the cysteine sulfur remains constant upon inclusion of the new sitlebgitimain backbone,
the polypeptide chain minus the variable side chaildumber of cysteine residué Surface area of sulfur atoms in £34; cluster core minus alll
other atoms of the domaif Surface area of sulfur atoms in s, the cluster core, plus the rest of the backbone and side chain of cysteine,
-CH,CH(NH-)CO-. Surface area of sulfur atoms in &2}s; plus the rest of the polypeptide backbone minus the noncysteine, variable side
chains.

Table 5: Survey of the Changes in Surface Solvent Exposutedfithe Sulfur Atoms of Cysteine Residues (r) in theDomain of C¢-MT
Calculated Based on a 1.4 A Probe Sphere

CdiCysis-bb plus sequential side-chain addition
Cys CdSi;  CdCysu  CdiCysir-bb S32 S35 P38 P39 K43 149 K51  Ab3 S54 D55 S58 domain

33 78 19.0 12.0 80 -— 6.0 55 - - - - - - - 55
34 38 0.0 0.0 - - - - - - - - - - - 0.0
36 75 12.5 7.0 - 6.0 - - - - - 55 4.0 35 - 3.5
37 39 3.0 3.0 - - - - - - - - - - - 3.0
41 76 6.0 3.5 - - 2.0 - - - - - - - - 2.0
44 29 2.5 1.0 - - - - 0.0 - - - - - - 0.0
48 68 0.5 0.5 - - - - - - 0.0 - - - - 0.0
50 11 0.0 0.0 - - - - - - - - - - - 0.0
57 56 2.0 15 - - - - - - - - - - - 15
59 82 13.0 11.0 - - - - - 95 80 - - - 6.5 6.5
60 48 9.0 0.0 - - - - - - - - - - 0.0
total 600 67.5 39.5 22.0

a Abbreviations are as in Table 4.

rest of the backbone (37 vs 28)Ato burying the cluster  structures are different and are primary determinants of the
sulfur atoms and indicates that side chains reduce surfacesulfur atom exposure in the complete domains. Noncysteinyl
exposure in the isolated domain and holoprotein by only 33 residues play only a secondary role in establishing the
and 18 &, respectively. Indeed, in the isolateddomain, solvent-accessible surface of the clusters. Such conclusions
only side chains of residues 43 and 49 shield more than 2.5are consistent with Table 3, which summarizes the cadmium
A2 (11.5 and 9 A respectively) of the sulfur atom surface, thiolate geometries of each §3; cluster. Generally, the
and 12 others provide smaller steric barriers to the solvent. S—Cd—S bond angles of the isolateddomain approximate
Similarly, in thea-domain of Cd-MT, only the side-chain 108, whereas there are a number of large excursions from
group of K32 reduces solvent exposure by more than 2.5the ideal tetrahedral geometry in thee-domain of the
AZ 10 others make smaller contributions. holoprotein. Specifically, four of the six bond angles of'Cd
Table 3s (Supporting Information) shows a comparison in the holoprotein deviate substantially from tetrahedral
of the total sulfur solvent exposure in the Zg-domain geometry. When the clusters are overlaid, as in Figure 4,
structures of the four GEMT NMR structures in the Protein  such that the two G&s boat conformations involving
Data Bank. Solvent-accessible surface of the sulfurs rangescadmiums |, 1V, and VIl largely overlap, the distorted
from 22 to 50 &. The other domains have substantially less coordination of thiolate groups by ®dlisplaces the position
accessible surface than the 58 #r the isolated Cga- of Cd¥ and its bound thiolate groups in the holoprotein
domain. The similarity in sulfur surface areas among the four structure through a shift in position of their common bridging
holoprotein structures suggests that they may display de-sulfhydryl ligand from Cys 44. Referring to Tables 4 and 5,
pressed reactivity because of dimerization under NMR it is apparent that the solvent exposure of six of 11 sulfur
conditions in comparison with the same structures examinedatoms differs in the two structures and that this difference is
in the monomeric state at micromolar concentrations. expanded to nine as the structures are stripped down to their
The analysis based in Tables 4 and 5 as well as theclusters and cysteinyl methylene and backbone atoms. Thus,
summary information in Table 3s (Supporting Information) even though the fold of the backbone is very similar in the
implies that the conformations of cysteinyl residues about two structures, subtle differences are magnified into a large
the Cd-a clusters in the holoprotein and isolated domain difference in solvent access of the cluster thiolates.
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Evidently, a consequence of this conformational change its side-chain methylene to cover both its own sulfhydryl
is that the sulfur atom of Cys 48 assumes a different spatial group and also reduce the solvent exposure of the sulfur atom
orientation in the two structures, displaying 9.8 durface of cysteine 34. The perturbation of cysteine 41 might be due
area in the isolated Gex-domain and 0.0 Ain Cd-MT. to dimer interactions that alter the conformation of glycine
The lack of surface exposure of the Cys 48 sulfur in the 40 and alanine 42 and in the process change the orientation
latter structure had made it difficult to explain the preferential of the intervening residue. Similarly, the change in position
alkylation of this site by bulky alkylating agent§&—61). of the bridging sulfur atom of Cys 44 in the holoprotein may
In contrast, if the isolated Geb-domain represents the be attributed to a conformational perturbation of neighboring
structure of thex-domain in Cé-MT at low concentration,  side chains, Ala 45 and Gly 47, that are involved in the
then the large exposed surface of the Cys 48 thiolate is aputative dimer interface.
favorable target for reaction. The difference in thiolate solvent exposure in the two

The clear-cut difference in crevice conformation and sulfur structures may serve as a structural model to help rationalize
atom exposure to solvent in the two structures provides thethe fact that a number of rate laws for reaction of reagents
basis for a structural hypothesis to explain the protein with metallothionein contain first-order terms that are
concentration-dependent change in reactivity of the holo- independent of reagent concentration. For example, the rate
protein with EDTA @3). According to the proposed mech- law for the reaction of CAMT with DTNB is
anism of reaction, the Gax-domain undergoes a biphasic
reaction with EDTA with one Cd ion reacting in a faster, Kops = Ky T K [DTNB] + ks + k/[DTNB] ~ (3)
EDTA independent step and the other three in a slower ) ) ]
process that involves initial binding of EDTA prior to Be&des_second-order terms for the blmolec_:ular reaction of
complete ligand substitution. It is hypothesized that the first DTNB with each cluster, there are also two first-order terms

reaction involves CY§ which is linked to the solvent through ~ @ssociated with their reactions with DTNBY 30). The first- -
the thiolate groups of Cys33 and 48. order processes have been described as ill-defined unimo-

lecular events in the two domains that are rate limiting in

Cd,-o + EDTA — Cd;-o. + CAEDTA 1) the reaction of the clusters with DTNB. Recognizing in the

present structural work that a small reorganization of the

Cdya+ EDTAgEDTA-Cd:;(X—k’(X-F 3Cd-EDTA (2) cluster can significantly alter its solvent accessibility, one

may hypothesize that a rate-limiting conformational change,

ks, occurs in which the cluster undergoes a small confor-
h-mational change to open up the crevice to a subsequent rapid

attack by DTNB (eq 4).

Once this reaction has occurred, the residuaSgdiuster
undergoes a concerted reaction through the binding mec
anism that probably is initiated in the crevice involving
thiolates from Cys 36, 37, 41, and 57. According to kinetic, K
spectrophotometric, and mass spectral evidence, an inter- a-domain— o-domain
mediate EDTA-cluster adduct forms in which some thiolate

ligands have been replaced by ones from EDTA (eB) ( The results presented here enlarge the understanding of
62). the structural basis of the chemical reactivity and in vivo

The conformational change of the £d-domain in Cd- f!,lnction (_)f metallothiqnein. At low mic_;romol_ar conce_ntra-
MT buries the sulfur atom of Cys 48 and greatly diminishes tions of zinc meta_lloth|one|n as four_1d in Ehrh_ch cells in the
the surface exposure of thiolates in the crevice (Cys 36, 37,absence of induction of MT synthesis, the native protein may
41 and 57). Both effects are expected to limit the reactivity P& active in intracellular zinc distribution as previously
of the domain with EDTA based on the proposed mechanism. YPothesized@3, 64). Consistent with this possibility, the
In particular, steric restrictions could limit the rate of eq 2 ®-domain cluster is comparatively accessible to agents in
either by inhibiting the extent of initial adduct formation or  the solventand is, thus, relatively reactive at such concentra-

the rate at which other ligands of EDTA can complete the tions (€3). Upon induction of MT by exposure to ¢€d the
attack on the cluster to release Xcis Cd-EDTA. concentration of Cd,Zn-MT may approach millimolar con-

Residues from the-domain that participate in intermo- ~ Céntrations. A role of the protein in the presence ot'Gd
lecular contacts in the crystal structure include G40, A42, {0 sequester the toxic metal ion in an innocuous form so
S45, Q46, and G4716). Generally, these are invariant that it does not compromise normal cell functior@5)(
among MT sequences, yet amino acids—40 do not Although the hlgh aff!nlty of the cadmlum_hlolate (_:Ius_ters
comprise a part of the major crevice of thedomain. So, it for Cc?* favors its binding to the thionein protein, it ha_s.
cannot be argued that the large reduction in rate of reaction®€€n suggested that other agents may be able to mobilize
of EDTA with the a-domain of Ce-MT at millimolar Cd?* from the protein, Ieadlng to tOX|C|_ty. I_:or exar_nple, NO
concentrations of protein is due to direct intermolecular Nas been reported to displace*Cdioth in vitro and in cells
interactions at or near the crevice that cause steric hindrance(66). In circumstances of large MT concentration, the
Instead, other structural interactions betweendthand the ~ dimerization property may be an important secondary mech-
f-domains might induce a small reorganization of the cluster anism that limits MT reactivity and release of €d
that may modulate the size of the crevice and reduce its SUPPORTING INEFORMATION AVAILABLE
access to reactive molecules in the solvent. Possibly, dimer
interactions involving residues in the region of residues 40 Routine details about NMR methods as well as three tables
47 contribute to the distortion of CeS bonding about C (1s—3s) and a figure (1s). Table 1s, spispin couplings
(Figure 5). For example, cysteine 41 that binds t0"'Cd (Hz) and NOE intensities in rabbit MT-&-domain; Table
assumes a distorted geometry in;@diT (Table 3), causing  2s, hydrogen bonds in the isolated&ddomain and Cg

DTNB

products 4)
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a-domain of Cd-MT; Table 3s, information on the com-
parative solvent accessibility of the sulfurs in the,&d

domains of MT NMR structures; and Figure 1s, a schematic
representation of the sequential and medium range NOESs 34.

observed in the isolate!l*Cds;-o.-domain. This material is

available free of charge via the Internet at http://pubs.acs.org. 35.
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