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Abstract

SequentialH-NMR assignments of moug€d; ]-metallothionein-1(MT1) have been carried out by standard homo-
nuclear NMR methods and the use of an accordion—heteronuclear multiple quantum corf&élMiQE) experiment

for establishing the metal!3Cd?", to cysteine connectivities. The three-dimensional structure was then calculated using
the distance constraints from two-dimensional nuclear Overhauser @¥fédf) 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 Ngeemihtie
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 g helices along with some half-turns in thedomain. Structural comparison with rat liver MT2 showed

high similarity, with theg-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 foungtdortiein of MT1.

Keywords: *'3Cd; 2D NMR; accordion-HMQC; mouse metallothionein-1; nuclear magnetic resonance; structure

Metals are both essential and toxic elements to life processes. QI€d?* and Hg") metals. Metal coordination in MT has a high
the one hand, they are integral, functional components of manyhermodynamic but low kinetic stability. Thus, metal binding is
enzymes and transcriptional regulatory proteins, while on the othevery tight, but there is facile metal exchange with other proteins.
hand, the binding of nonnative metals to biological macromol-MTs are thought to function biologically as intracellular distribu-
ecules may perturb their function and metal-catalyzed formation ofors and mediators of the metals they bidigi & Kojima, 1987;
oxygen-derived free radicals has been implicated in a wide variet)Kagi & Schaffer, 1988 MTs are ubiquitous proteins, found in
of pathological conditions such as mutagenicity and carcinogenicanimals, higher plants, eukaryotic organisms, and some prokary-
ity. To cope with potentially hazardous levels of heavy metal ions,otes. In animals, the two major metallothionein isoforms, MT1 and
organisms appear to have developed an integrated, metal-regulatawT2, are most abundant in parenchymatous tissues, i.e., liver,
network to control the concentration and availability of these ele-kidney, pancreas, and intestines, but their occurrence and biosyn-
ments. One of the components of this network is metallothioneirthesis have been documented in many tissues and cell types. These
(MT), a small (<7 kDa) protein with a high cysteine content two isoforms were initially distinguished by their elution profiles
(~30%) and the highest known metal content after ferritins. Metallo-from anion exchange columns due to the presence of an extra
thioneins bind both essenti@Cu'™ and Zrf*) and nonessential 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
Reprint requests to: lan M. Armitage, University of Minnesota, Depart- MT2$ have amino acid side (.:hams Pa”.ylr.‘g fqur negative and eight
ment of Biochemistry, Molecular Biology and Biophysics, 6-155 JacksonPositive charges. The functional discrimination between the two
Hall, 321 Church Street S.E., Minneapolis, Minnesota 55455; e-mail:isoforms is unknown, although a recent phylogenic analysis of
armitage@bscl.msi.umn.edu. their gene sequencéBinz & Kégi, 1999 revealed that the introns

Alt.’blre"iatior‘S:COSY'lCo."e'atiggépehc”osc"pyl; HMQC] heteronuclear anq 5 yntranslated regions of the two genes and more importantly,
multiple quantum correlation; H , heteronuclear single quantum cor; . . .
relation; IPTG, isopropyBo-thiogalactoside: MT, metallothionein; NOE, the 5 untranscribed regions that contain the regulatory elements,

nuclear Overhauser effect; NOESY, NOE spectroscopy; RMSD, root-mean@’€ different in MT1 vs. MT2. These differences result in differ-
square deviation; TOCSY, total correlation spectroscopy. ential tissue specific regulation of the two isoforms.
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Thus far, structural investigations of mammalian metallothione-spectra, with mixing times of 30 and 60 ms, were used to assign
ins have been limited to MT2s from various sourd@sseniev  individual spin systems, and assigned residues were identified with
etal., 1988; Schultze et al., 1988; Messerle et al., 1990k only ~ respect to their position within the protein by sequential NOEs.
MT1 isoform that has been structurally characterized is the crusThe fingerprint region of a TOCSY spectrum is shown in Figure 1.
taceous MT1 from the blue cralallinectes sapiduéNarulaetal., To slow down amide proton and conformation@admium—
1995. Invertebrate MTs have little sequence homol¢gB5%) to cadmium exchange, spectra were acquired at@@nd a pH of
mammalian MTs, and no structural conclusions about mammalia.5. To resolve some overlapped resonances, a set of spectra was
MT1s can be drawn from the crab MT1 structure. Mammalianalso acquired at 28C. The intensity of the cross peaks was on
MT1 and MT2s, on the other hand, have high sequence homologsverage much higher for residues in thedomain, where 278
(~85%), and the determination and comparison of the structureNOEs could be extracted compared with just 103 ingdkdomain,
and metal binding properties of the two isoforms are necessarwhich would be consistent with a more flexible structure for this
prerequisites to understanding possible functional consequences latter domain. Although all the resonances could be observed for
the existence of multiple isoforms. the C-terminal domain, NH cross peaks from two residues in the

In this paper, we present the first report of the tertiary structureN-terminal domair{Cys7 and Cys13could not be found in any of
of a mammalian MT1 isoform. The sequentfdl-NMR assign-  the spectra. A list of chemical shifts is available as Supplementary
ments and structure determination were performed on m@ddse  material in the Electronic Appendix.
musculug [Cd; ]-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 Secondary structural analysis

protein with seven cadmium ions located in two separate cluster% graphical representation of the sequential and medium-range
The tertiary structure is determined mainly by the coordination OfNOEs, which indicate regular secondary structural elements, is
the metal ions by the thiolates of the 20 cysteine residues. The only,oun in Figure 2. As is immediately obvious, there arerelices
elements of regular secondary structure are two short stretches BF B-sheets in mouse MT1, only a short stretch of ;g Belix,

310 helices along with some half-turns. which can be identified between residues 42 and 47 by the pres-
ence ofdyn(i,i + 2) andd,n(i,i + 2) NOEs. Another & helix is
indicated for the last five C-terminal residues where in addition to
thedyn(i,i + 2) andd,n(i,i + 2) connectivities, we found NOEs
between thev-proton of threonine-58 and the amide and@heroton

of cysteine-61(not shown. Several NOE signatures indicative of
SequentiaH-NMR assignments were accomplished by standardeither type Il turns or half-turns are evident as well, as indicated
procedures as described in the literat(Wé&ithrich, 1986. TOCSY in Figure 2. These putative turns are characterized by a strong

Results

Resonance assignments
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Fig. 1. Fingerprint region of the 800 MHz TOCSY spectrum recorded with a 60 ms mixing time on a 0.7 mM sample of mguse Cd
MT1 at 10C 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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dn(i+3) Table 1. Long-range NOEs between protons at least five
danii+3) residues apart (g j >i +4)

dnn(i,i+2) —_—

Long-range NOEs

dn(i,i+2)

den(i,it1)

- - - - B-Domain
dnn(ii+1) e - e -
dnli+1) . _ _ I _ Asné(a) ---------- Lys22(B)
MDPNCSCSTGGSCTCTSSCACKNCKCTSCK G Asn23(NH)
5 10 15 20 25 30 Asn4(B) ---------- Asn23(NH)
dhn(i,i+3) CysHa) ---------- Cys21(B)
dunlii3) o Cysy(p) ---------- Cys21p)
dnlii2) Asn23B) ------- —Cys29a)
dn(iii+2) _ = —_— a-Domain
don(ii+1) . S -—
din(ii+1) Lys31(NH) ------ Val39(y)
o - -— RV A1) pr— —Val3(y)
NG —— Ser32 ) -------- —Val39(B)
KSCC%CCPV%CSKCQQGCV%OKGAAESKCTCSUA Ser3aNH) Val39(y)
H H 30 H € 0 Cys33NH) ------ Val39(y)

. . . . o Cys33a) ------- —Cys48p)
Fig. 2. Amino acid sequence and summary of sequential NOEs indicative Cys33 B) -~ — Cys48NH)
of secondary structural elements. The thickness of the lines corresponds to Ser3g ) - —_ Asp55NH)
the intensity of the NOE. The location of half-tursl) and 3o helical Cys36a) - Asp55NH)
segments3,o) are indicated below the sequence. ysola —ASp

Cys3fa) ------- — Asp55a)
Cys3€a) ------- — Lys56(NH)
Cys364 B) ------- —Lys56(NH)
d.n(i,i + 1) connectivity between the second and third residue in Cys34 ) ------- —Lys56(a)
the turn, as well as a strorjy(i,i + 1) interaction between the Cys3@a) ------- — Cys51NH)
third and the fourth amino acid and mediwty(i,i + 1) connec- gysgﬁﬁ) """" - EVSEKNH)
tivities between all four residues in the turn. The fewer NOEs in g;gg; T Cy;;‘;))
the B-domain preclude the assignment of any secondary structural Y ¢
o ) o S Lys43(p) ------- — Vald9(y)
elements in this domain. In addition to the NOEs shown in Fig- Lys43(y) —---ro- —Val49(y)
ure 2 a significant number of_other NOEs.g., d.n(i,i — 1_), Lys43(y) —------ —Cys6Qa)
don(i,i — 2), and a-proton to side chainwhere found, which Cys44NH) ------ Val49(y)
corroborated or for some residues enabled the full sequential as- Val49(y) -------- — Cys593)

signments in both domains.

Structure

A total of 381 NOEs were used for the structure calculation, of RMSD of backbone atoms of just 0.78 A for taedomain com-
pared to 1.92 A in thg-domain. The structures will be deposited

which 28 were long-range constrairith, j > i + 4) (Table 1. The o . )
number of intra-residue, inter-residue, and long-range NOEs iat the Brookhaven Protein Data Bank, and the chemical shifts at

shown graphically in Figure 3. The cadmium—cysteine connectivi1€ BioMagResBank.
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 25
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-O0 15
arately for the two domains, as described in Materials and meth- %€ 10 h .
ods. The N-termingB-domain includes residues 1-30, with residues T

31-61 belonging to the C-terminatdomain. The structures that 5 1
showed not more than one NOE violation greater than 0.5 A, an 0 ﬂ|||||||||| |

RMS difference for bond deviations from ideality of less than

0.01 A, and an RMS difference for angle deviations from ideality 1 " 21 31 41 51 61

of <5° were selected and are shown in Figure 5 as a least-squares residue

SUpeI’pOSitiOf‘.l of §tructures. As expected,ﬂaéomai.n with fewer Fig. 3. Bar diagram of NOESs per residue along the peptide chain of mouse
NOE constraints is not as well defined as thdomain, as a result [Cd/]-MT1. Shading representing intraresidue NOEs is gray, that for short

of greater flexibility of the N-terminal domain. A summary of the and medium-range NOEs is black, and long-range NQES > i + 4) are
structural statistics for both domains is shown in Table 2, with anshown in white.

——
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Fig. 4. A: Accordion*H-3Cd HMQC of mousg*'3Cd;]-MT1. The evo-
lution delay was varied between 10 and 100 ms, corresponditig-i6°Cd

MDPNCSCSTGGSCTCTSSCACKNCKCTSCK coupling constants of 50 and 5 Hz, respectively. Thirty-two scans of 2k
5 7 1315 1921 24 26 29 data points were acquired for each of the 128 increments. After zero filling

to a final matrix of 2k* 1k, the data were multiplied with a B@hase-
shifted squared sine bell window function prior to Fourier transformation.
V VI VI | B: The primary amino acid sequence and cadmium—proton connectivities
as found from the accordiohH-13Cd HMQC. The numbering of the
cadmium ions follows increasing the field in the cadmium spectrum.

KSCCSCCPVGCSKCAQGCVCKGAADKCTCCA
3334 36 37 41 44 48 50 57 59 60

Chemical exchange exchange. Both of these exchange mechanisms have been de-
scribed for the structurally characterized MT2 isofor(@tvos

Two kinds of chemical exchange phenomena were studied it al., 1987; Messerle et al., 1990a, 19%hd therefore allowed

mouse MT1, amide proton exchange rates, and cadmium—cadmiuen quantitative comparison of the flexibility of mouse MT1 with

A

Asp55

C-terminus

Fig. 5. Least-squares superposition of the backbones of the 10 lowest energy structérgthef3- and(B) the a-domain of mouse
[Cd;]-MT1. The thick lines represent the energy-minimized average structurex-taebon of every fifth residue is shown as a ball
for easier orientation.
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Table 2. Structural characteristics of both domains of mouse ®MT1

Structural statistics

(SA) (SAVay

B-Domain (residues 1-30)
Energies(kcal/mol)

Eoverall 208.6+ 26.9 187.4

Eponds 8.85+ 1.28 8.86

Eangles 118.2+ 14.7 101.6

Evaw 141+ 5.0 10.45
RMSDs from idealized covalent geometry used within X-PLOR

Bonds(A) 0.0047=+ 0.0003 0.0047

Angles (deg 1.65+ 0.13 1.47

Impropers(deg 0.73+ 0.08 0.62

NOEs(A) 0.101+ 0.009 0.103
Atomic RMS differencegSA) vs. (SA)ay

All atoms except hydrogefA) 2.422

Backbone atoms$A) 1.918

a-Domain (residues 31-61)
Energies(kcal/mol)

Eoverall 379.6+ 38.6 414.4

Ebonds 23.40+ 2.50 23.28

Eangles 188.4+ 25.5 217.3

Evaw 30.90+ 9.60 43.01
RMSDs from idealized covalent geometry used within X-PLOR

Bonds(A) 0.0075=+ 0.0004 0.0075

Angles (deg 2.17+0.15 231

Impropers(deg 0.70+ 0.06 0.74

NOEs(A) 0.094+ 0.005 0.091
Atomic RMSD (SA) vs. (SA)ay

All atoms except hydroget?) 1.327

Backbone atomgA) 0.780

a(SA) refers to 10 simulated annealed structures that do not have more than 1 NOE vickeians,
an RMSD for bonds 0&0.01 A, and an RMSD for angles 6f5°. (SA),, is the energy-minimized
average structure of the 10 best structures. Only the backbone atoms were used for the best-fit superposition.
®None of the selected structures exhibited more than 1 NOE-derived distance violatis@s5ok or
backbone dihedral violations 6f5°. Energies were calculated by X-PLOR using a square well potential
term for NOE termg100 kcal mol'* A=2) and a square well quadratic energy function for the torsional
potential(500 kcal mol 't rad™1). A force constant of 1,000 kcal mot A~2 was used for covalent bonds.

MT2s as well as between the N- and C-terminal domains of mousézation of the other cadmium signals monitored. This indirect
MT1. detection of cadmium exchange was used due to its increased
The slowly exchanging amide protons, as measured 4§ ¥6.  sensitivity over directt'3Cd detection. A one-dimensionat*Cd
D,0 exchange, are tabulated in Table 3 for mouse MT1 and humasaturation transfer experiment has been described by Otvos et al.
MT2. The enhanced flexibility of th@-domain compared to the (1987 for rabbit MT2, and the results are compared in Table 4. As
a-domain in both isoforms is immediately apparent, with only onecan be seen, the cadmium—cadmium exchange igttiemain is
slowly exchanging backbone amide proton in human MT2 andmuch faster in mouse-MT1 than in human MT2. The cadmium
none in mouse MT1. The only slowly exchanging amide protons insignals in thex-domain of both proteins do not decay upon satu-
the B-domain of mouse MT1 are the side-chain Nprotons of  ration of the other-domain cadmium signals reflecting a much
Asn23. Human MT2 contains a glutamate residue at this positionslower Cd chemical exchange in the C-terminal four-metal cluster.
rendering a direct comparison impossible. Despite some differ-
ences in the number and position of the slowly exchanging proton]s_)iscussion
in the a-domain, it can be concluded that the general trend is
similar in the C-terminal domains of both human MT2 and mouseln every metallothionein structural study described in the litera-
MT1. ture, the number of NOEs in the-domain is lower than in the
The cadmium—cadmium exchange in mouse MT1 was analyzed-domain. Mouse metallothionein-1, however, showed by far the
by a modified HSQC-type pulse sequendég. 6), where the largest difference in numbers of NOEs between the two domains
cadmium signals were selectively saturated after transfer of mag-Table 5. The ratio of NOEs in th@- vs. thea-domain is 0.37 for
netization from the attached protons, and the reduction of magneall NOEs and 0.28 for interresidual NOEs in mouse MT1, whereas
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_Table 3. List of slowly exchanging amide protons s ) o Y,
in mouse MT1 and human M¥2 1, ~— -
Amide proton exchange rates Hy0sat ’/ l_l Hyosat &
. FID
Exchange rategmin=!) <t—>
.
Mouse Human 113 ?2 _
Residue [Cdy]-MT1 [Cdy]-MT2P cd |§ {
Cw
B-Domain
-
c21 n.ot 1x 1071t Tm
N23 NH;, a¢ 1.4% 1072 n.al
N23 NH, b® 1.7X 1072 n.al G [\
-Domain ) o . .

@ I - Fig. 6. Modified HSQC-type pulse sequence, which allowed saturation
C36 n.ot 20x10 transfer between the signals in the indirect dimension. After the excitation
C37 1.4x 1072 2.0x 1072 of proton magnetization and antiphase polarization transfer to the hetero-
Ca4 3.2x 1078 4.8x 107* nucleus, the chemical shift of the latter can evolve dutin@ubsequently,
A45 1.2X 1072 6.2 X 1072 longitudinal two-spin order magnetizatioh S,) is produced by a 90t3Cd
Q46 7.1x 1073 n.o¢ pulse, and in the following mixing time specific cadmium signals can be
G47 1.1 1072 n.o¢ selectively decoupled. Another 96'3Cd pulse creates antiphase magne-
V1499 ’ n.o¢ 3 0>; i0’3 tization again, which is then transferred to the protons and detected. Thin

_5 4 and thick bars represent 9and 180 pulses, respectively. The abbrevia-

€50 4.5% 10_2 56X lcO tions are as follows: kDsat, saturation delay to suppress the solvent signal;
G52 1.2X10 n.o. m, Mixing time; CW, continuous wave saturation; GARP, GARP decou-
pling of cadmium during acquisition. The following phase cycling was

aThe exchange rates were measured by dissolving the protonated protef$€d:¢1 = ¥.¥,=Y,=¥; d2 = X=X ¢h3 = XXX X=X =X=X=X ¢ =
in D,O and monitoring the decay of signals as a function of time. The onlyX %~ XX —XXX,—x all other phases arg. Unwanted magnetization
slowly exchanging signals found in tiedomain are at Cys21 of human terms qurlng the mixing period are destroyed by a gradient pulse after the
MT2 and the side-chain amide protons at position Asn23 of mouse-MT1 Saturation period.

bMesserle et al(19904a.

°Not observed.

dSide-chain NH resonance at 6.91 ppm.

€Side-chain NH resonance at 7.60 ppm.

fIn human MT2 there is a glutamate residue at position 23. The main difference in the amino acid sequence of MT2s and
9A valine residue is at position 49 in mouse MT1 and an isoleucine inMT1s is reflected in the number of charged residues. Compared to
human MT2. rat liver MT2 (Schultze et al., 1988 mouse MT1 has two less

negative(residue 10 and 52and one less positivaesidue 20
charges. This could only result in reduced electrostatic interactions
in MT1 relative to MT2, which may account for the increased

in other MTs studied these numbers are around 0.75 and 0.6%exipility of the B-domain of MT1, which has two charges less than
respectively. Because the average structure ofgftmain of

mouse MT1 is very similar to th8-domains of other MT$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-zl—_able 4. List showmg the percentage _reductlon of the cadmium
faster cadmium—cadmium exchange rates irgdt®main of mouse signals after saturating another cadmium resonahce
MT1 compared to MT2¢Table 4.

A comparison of the energy-minimized average backbone struc-

Saturation transfer between cadmium resonances i-themain

ture of both domains to the respective domains of rat NHig. 7) Rabbit MT2* Mouse MTZ¥
shows a high degree of structural similarity of both domains ofSaturated Cd Observed Cd (%) (%)
these proteins. The RMSD of these superimpositions is 1.94 A fo cdill 58 65

the B-domains and 2.14 A for the-domains. As can be seen in Cdiv o8 70
Figure 7, the loop between residues 52 and 57 imtlt®mmain is

closer to the loop between residues 34 and 37 in mouse MT1 thafd!l! Cdl 58 51

itis in rat MT2. Steric hindrance between the side chains of Glu52 Cdiv 32 59
and Lys51 in rat MT2 presumably restricts such an arrangement asdIv Cdlil 17 72
seen in mouse MT1, which has a glycine residue at position 52. Cdlll 10 76

The number and position of the slowly exchanging amide protons
in the a-domain of mouse-MT1 and human-MT2 are also indica- 20tvos et al.(1987) applied saturating fields for a couple of seconds
tive of a similar structure of this domain. The slow exchange of thebefore acquiring one-dimensiondfCd spectra of rabbit MT2. An HSQC-
side-chain NH protons of Asn23 of mouse-MT1 is indicative of a tYPe experimentsee text was used to obtain this percentage in mouse
hydrogen bond. The carbonyl oxygen atoms c_n‘ both Ser28 an bOtvos et al (1987,

Cys29 are close to these amide protons, and either one or both of cgatration time>1 s.

them might be involved in a hydrogen bond. dSaturation time 100 ms.
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Table 5. Comparison of the number of NOEs found Materials and methods
in various metallothioneind

Sample preparation
B-Domairy
B-Domain a-Domain a-domain Recombinant mouse MT1 was expressed from a pET3d vec-

- - i tor (Novagen, Madison Wisconsinin the Escherichia coli
Total Interresidue Total Interresidue Total Interresidue BL21(pLysS strain. ZnCh was added after induction with IPTG
Mouse MT1 103 49 278 177 0.37 0.28 (Erickson et al., 1994 The protein was purified first by a Sepha-

Human MT?® 116 78 144 117 0.81 067 dex G75 gel filtration column, and the collected®rcontaining
Rabbit MTZ n.a% 49 n.a 80 n.ad 0.61 fractions were loaded onto a DE-32 anion exchange column and
Rat MT2¢ n.ad 46 n.ad 80 n.ad 0.58 eluted with a Tris-HCI gradier(lLi & Otvos, 1996. The combined
CrabMTI 115 na! 163 na 071 nd MT1 containing fractions were concentrated in an Ami¢Bev-

erly, Massachuseftapparatus fitted with a YM-3 membrane un-
aAlthough the total number of NOEs found in this study of mouse der nitrogen pressure. TH&Cd-enriched protein was obtained by

metallothionein-1 is higher than any other MT described in the literature,the mass action exchange ofZnby the addition of an eightfold

there are about as many NOES in fielomain of mouse MT1 compared = gycess of13CdCl, incubation for 5 min, and removal of the excess

to other MTs. The ratio of NOEs in thg-domain vs. thex-domain as . .
shown in the last two columns clearly indicates that the number of NOEg’r"eta‘I ions by Chelex-100. The sample was concentrated in an

per residue is unproportionally higher in taedomain compared to the Amicon apparatus, and the buffer changed to 15 mM KPi pH 6.5,
B-domain of mouse-MT1. 0.02% NaN, and 10% BO was added for field-frequency lock.
bMesserle et al(1990b.
CArseniev et al(1988.

9Not available from the corresponding publication. NMR methods
€Schultze et al(1988.
fNarula et al.(1995. Spectra were recorded on either an 800 MHz Varian Unity INOVA

(*H homonuclear spectraor a 600 MHz Varian Unity INOVA
(*H-113Cd HMQCS. All the measurements were performed on a
in MT2. The electrostatic potential surface of the X-ray structure ofsample containing 0.5 mL of protein at a concentration of 0.7 mM
rat MT2 (Robbins et al., 199Ishows the two domains to be slightly in a high precision 5 mm NMR sample tube. Due to the high
bent toward each other presumably as a result of the opposite ariéxibility of mouse MT1 and, therefore, increased amide proton
attractive charges of the two domaiihys20, Lys22, and Lys31 on and cadmium—cadmium exchange rates, spectra were acquired at
theB-domain and Glu52 and Asp55 on thedomain (Fig. 8). The 10°C. Spectra at 28 were recorded to resolve remaining degen-
strength of this interdomain attraction would be reduced in MT1,eracies. All of the two-dimensional spectra were acquired in the
which has one less positive charge at residue 20 and one less ngghase-sensitive mode, using the States—Haberkorn méeghats
ative charge at residue 52. Unfortunately, the absence of interdomait al., 1982. The carrier was always set on the solvent signal in all
NOEs in both isoforms does not permit the relative orientation ofthe homonuclear experiments because the solvent was suppressed
the two domains to be established by homonuclear two-dimensionaising the watergate sequengeiotto et al., 1992 The spectra
1H-NMR spectroscopy. Therefore, we can only suggest that thavere referenced against the temperature-corrected chemical shift
higher flexibility of theB-domain in mouse MT1 results in partfrom of water, which is 4.945 ppm at £C and 4.766 ppm at Z%&
the reduced electrostatic attractions within and between the two ddWishart et al., 1996 For each of the 256, increments of 2k
mains compared to MT2. complex data points, 32 transients were collected for the NOESY

A Lys30

Glus2

Fig. 7. Least-squares superposition of the backbones and cadmium—sulfur cluster of each domain of mo(greéfiTand rat MT2

(red) displayed in a tube drawingd: The energy-minimized average structure of fixelomain.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 detai)s
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Fig. 8. Surface plot of the electrostatic potential of the crystal structur@pfat MT2 and the energy-minimized average structure

of the (B) B-domain as well a$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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(Jeener et al., 197%&nd TOCSY(Braunschweiler & Ernst, 1983  Structure calculations

spectra. The data matrices were zero filled jrid-the final size of

2k * 1k, and multiplied by 60phase-shifted squared cosine win- All structure calculations were performed with the program X-PLOR
dow functions in both dimensions prior to Fourier transformation.3.851 on a SGI IRIS Indigo Impact 10000 computer. Because there
Mixing times of 50, 100, and 150 ms were used for the NOESYare no interdomain NOEs between the N-termjgalomain and
spectra, and TOCSY spectra were recorded with mixing times othe C-terminak-domain, the structures of the two domains were
30 and 60 ms. A DIPSI-BShaka et al., 1988spin-lock field with  calculated separately. With the established cysteine—cadmium con-
a power of 15 kHz, was used for the TOCSY experiments. Due taectivities, new cadmium—sulfur cluster residues were defined within
the wide range ofH-1*3Cd coupling constants in metallothioneins X-PLOR (Briinger et al., 1986with the stoichiometries C&;;
(usually between 5 and 50 Kza set of HMQC(Mdiller, 1979 (a-domain and CdS, (B-domain). Information about the cadmium—

or HSQC (Bodenhausen & Ruben, 1988pectra with varying sulfur bond lengths, as well as Cd-S-Cd, S-Cd-S, and éy8Cd
preparation delays, corresponding #23"-¢¢is usually acquired. bond angles was taken from the X-ray crystal structures of model
However, to obtain a single spectrum, which shows all the cysteine€admium complexes and rat liver €oh,MT2 (Lacelle et al., 1984;
cadmium correlations, we have used the accordion-HMQC exWatson et al., 1985; Robbins et al., 199The following force
periment(Zangger & Armitage, 1999 The preparation time in constants were used: sulfur—cadmium bonds: 500 kcaf bl 2;

this experiment was systematically incremented between 10 andadmium—sulfur—cadmium and sulfur—cadmium-—sulfur angles: 250
100 ms, which corresponds to coupling constants between 5 arktal mol™* rad=2.

50 Hz. Due to the narrower solvent signal and, therefore, more A total of 278 NOEs for thex-domain and 103 NOEs for the
efficient water suppression, this experiment was performed @25 B-domain were used for the structure calculation. The lack of
Cadmium decoupling during the acquisition was performed by astructural rigidity and chemical exchange contributions to the line

GARP pulse cluste(Shaka et al., 1985 widths made the extraction of coupling constants from two-
Slowly exchanging amide protons were determined by lyophi-dimensional COSY(Aue et al., 1976 type datasets unreliable.
lization of a solution of the protein in 3D, followed by solubili-  Therefore, no experimental dihedral angle constraints were used

zation in DO and monitoring of the amide signals as a function of for the structure calculation. The NOEs were classified as strong,
time. Cadmium—cadmium exchange was analyzed by the pulsmedium, and weak, corresponding to lower and upper distance
sequence in Figure 6. After the transfer of magnetization from thdimits of 1.8-2.7, 1.8-3.3, and 1.8-5.0 A, respectively, for the
protons to the attached cadmiums and the evolution timen- a-domain (Williamson et al., 1985 Due to the overall lower
gitudinal two-spin order termisS, were created by a 9@admium  intensity of cross peaks throughout tBedomain, the limits here
pulse and during the subsequent mixing time of 100 ms eachvere set to 1.8-2.5, 1.8-3.0, and 1.8-4.5 A for, strong, medium,
cadmium signal was selectively saturated. Antiphase cadmium magnd weak peaks, respectively. For all the NOEs that involved me-
netization was subsequently generated again and transferred to theyl groups, 0.5 A was added to the upper distance li@ibre
protons and monitored in phase-sensitive mode. et al., 1987. The lower limit of 1.8 A is the sum of the van der
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Waals radii of two protons. The hybrid distance geometry-dynamical structure of potato carboxypeptidase inhibitor in solution. A study using

simulated annealing protoctiNilges et al., 198Bwas used for the nuclear magnetic resonance, distance geometry, and restraint molecular dy-
. - N . . namics.Biochemistry 268012—-8013.
calculation of structures. An initial covalent starting structure in gyicison Jc, Sewell AK, Jensen LT, Winge DR, Palmiter RD. 1994. Enhanced

distance space was created. From this structure, a family of 50 neurotrophic activity in Alzheimer’s disease cortex is not associated with

embedded substructures was produced using the substructure st- dOWg-f,\C;IQl_JlatEE Oémita”mhi%neliin-mLGFLFR). 1356;2; ll?es 6:}92?7—30;1- )
: _eener , Meler , Bachmann P, erns . . Investigation or exchange
tance geometry approach and all the experimental NOE con processes by two-dimensional NMR spectroscdp@hem Phys 74546—

straints. After an initial Powell minimization, these structures were 4563,

optimized by simulated annealing and further Powell minimiza-Kéagi JHR, Kojima Y. 1987. Chemistry and biochemistry of metallothionein. In:
tion. The target function during the simulated annealing contains E;‘%SJ"E'}T Kojima Y, edsMetallothionein Il Basel: Birkhauser Verlag.
only quadratic harmonic terms for bonds, angles, planes, and Chkégi JHR, Schéffer A. 1988. Biochemistry of metallothioneBiochemistry

rality, and square well quadratic terms for the experimental dis- 27:8509-8515.
tance constraints and a quadratic van der Waals term for nonbondéécelle S, Steven WC, Kurtz DM, Richardson JW, Jacobson RA. 1984. Crystal

; : . - and molecular structure ¢€d;o(SCH,CH,OH)16](ClO,4)4-8H,0, Correla-
interactions. Due to the limited number of NOE constraints, the tion with 113Cd NMR spectroscopy of the solid and implications for cadmium-

force constant for NOEs was set to 100 kcal ol =2, instead of thiolate ligation in proteinsinorg Chem 2330-935.
50 kcal mol* A~2, which is usually used. Finally, the structures LiH, Otvos JD. 199613Cd NMR studies of the domain specificity of Agand

were further refined with simulated annealing with a reduced num- _ Cu” binding to metallothioneinBiochemistry 3513929-13936. .
b f cooling steps. All structures that showed no more than On‘Q/Iesserle B, Bos M, Schéffer A, Vak M, Kagi JHR, Withrich K. 1990a. Amide
er o g ps. proton exchange in human metallothionein-2 measured by nuclear magnetic

NOE violation greater than 0.5 A, an RMS difference for bond  resonance spectroscopyMol Biol 214781-786.
deviations from ideality of less than 0.01 A, and an RMS differ- Messerle B, Schaffer A, Vak M, Kagi JHR, Withrich K. 1990b. Three-

ence for angle deviations from ideality ef5° were selected as dlmen5|onal structure of human I|v§€d7]_ metallothionein-2 in aqueous
solution determined by nuclear magnetic resonance spectros¢ddpl

final structures. Using these criteria, of the 50 calculated struc- gjo| 214:765-779.
tures, 39 were selected for tffedomain and 41 for the-domain.  Messerle B, Schéffer A, Vak M, Kagi JHR, Withrich K. 1992. Comparison of

Insightll was used for the display of structures and GRASP the soluti_on (_:onformation of huma[rin7]'-metallothionein-2 andCd,J-
(Nicholls et al., 1991 for calculating the electrostatic potential Ei}azngémgg‘i'z;é_us'ng nuclear magnetic resonance spectrostagl

surfaces. The online program JalvidWttp://circinus.ebi.ac.uk:  wmiiller L. 1979. Sensitivity enhanced detection of weak nuclei using heteronu-
6543/jalview) was used for calculating the sequence homologies clear multiple quantum coherenceAm Chem Soc 104481-4484.
between different MT isoforms. Narula SS_, Brouwer M Hua, Armltage IM. 1995. Th_ree—dlmensmnal structure
of callinectes sapidus metallothionein-1 determined by homonuclear and
heteronuclear magnetic resonance spectros&@ipghemistry 34620—-631.
Nicholls A, Sharp K, Honig B. 1991. Protein folding and association: Insights
from the interfacial and thermodynamic properties of hydrocarbBns-
Atable of *H chemical shifts of mouse metallothionein-1 at@d oS 11281-2%6, -
Nilges M, Clore GM, Gronenborn AM. 1988. Determination of the three-
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