
downstream of the tac promoter in ,pRW76. Then the region between the Nco I 
and Sph I sites was replaced by an ohgonucleotide encodin5 G4L4 sequences from 
codon 2 to the Sph I site, to yield pLPK76-7. The transcriptional terminator was 
derived from the Pzz phage ant gene. The P- al GAL4(147-881) fusion is formed 
at the Eco RI site 17 codons from the end 085.-wli lacZ, and is expressed from the 
lac promoter. 

28. Soluble extracts for filter-binding assays were repared from ceUs from 230-ml 
cuhres  of sF1148/pLPK76-7 (GAL4+) and s&1481p~W76 (GAL4-); the cells 
were resuspended in 2 ml of buffer A(2oo) [buffer A, as modified from Bram and 
Komberg (9 ) ,  is 25 mM Hepes, pH 7,s; J mM MgC1,; 0.1 mM EDTA; J mM 2- 
mercaptoethanol; 10 percent glycerol; I mM phenyknethylsulfonyl fluoride; 2 p.M 
pepstatin; 0.6 JLM leupe tin with KC1 at the concentration given in parentheses)] 
and lysed by sonication %elow 1o0C. The protein content of the cleared lysates was 
determined by the rotein dye binding method of M. M. Bradford [Anal. Bwchem. 
72, 248 (1976)], wi& bovine serum albumin as standard, and was typically -15 mgi 
ml. In filter-bindin experiments with puC18 and puC18 + 17mer DNA's we 
included 5 mM1PT8 (isopropyl-p-~o-D-galanopyranoside) to reduce binding of 
lac repressor present in the extract to the lac operator on these plasmids. We 
estimated that the atFnity of the GAL4-P-gal fusions for GAL4 binding sites was 
not more than tenfold lower than that of i t ac t  GAL4. 

29. DNase I rotection ex eriments were carried out in buffer A(Jo) containing 
sheared s&on testis D ~ A  (50 pgiml). Conditions for the footprintin experi 
ments were established as follows: Filter-biding curves of the e skown in 
Fig. zB were carried out at 17mer fragment concentrations from 1p3 to IO-~M. 
The GAIA(1-147)-P-gal fusion concentration required for half-maximal retention 
was independent of 17mer concentration when this was at or below lo-lOM, but 
shifted up threefold at I O - ~ M  17mer. Therefore, at the 17mer concentration used in 
the footprinting experiments (I~-'OM), the ratio of specifically bound to free 
17mer is mdependent of the 17mer concentration [A. D. Johnson, C. 0. Pabo, R. 
T. Sauer, Methodc Enzymol. 65, 839 (198o)l. The specific-binding activity of 
different preparations is now routinely quantitated by measuring the retention of 
17mer by an appropriate dilution of the preparation under condtions of stoichio- 
metric complex formation, at I O - ~ M  17mer. For GAL4 and GAL4 derivatives, the 
concentration required to half-maximall occupy the 17mer is lower than that 
required to half-maximally occupy any oPthe natural sites in UASG. 

30. The plasmid has been adapted for ropagation in histidine-selective media, by 
re lacement of LEU2 in a construct Bescribed in Silver et d. (a), with a M S j  gene. T K ~  plasmid pGG17 encodes GAL4(1-98) expressed from the ADHl promoter. 
The parental yeast strain in these experiments was Y M ~ ~ J  (a A- a14 uraj p ah-IOI 
lyd his3 met) obtained from M. Johnston [M. Johnston and f. ~ a v i s , h o l .  Cell. 
Bwl. 4,1440 (1984)l. The plasmid pRY171 (4), which bears a GAL1-lacZ fusion but 
no 2 JLMorigin of re licauon, was linearized at its only Apa I site in URA3 [T. Ort- 
Weaver, J. Szostak, I!. Rothstein, Proc. Natl.Acud. Sd. U.SA. 78, 63% (1981)], and 
introduced into cells of the YMjjj strain to yield Y M ~ ~ J : : I ~ I .  The YMjjj::GG9 
recombinant was constmcted as follows: The intact HIS4 UAS (IS), extending 
from 109 to 198 bp upstream of the HIS4 transcri tion start site, was inserted, in its 
normal orientation, I28 bp upstream of the ~ ~ ~ P s t a r t  site, (in pLhA.20) (J). Two 
copies of a 30-bp DNA fragment containing the 17mer were then installed between 
the HIS4 and GAL1 sequences. The construct was then chromosomally inte rated 
in Y M ~ ~ J  (legend to Table I). Plasmids (Fig. 6) that produce GAL4-p-gal as ion 

roteins were then introduced into these strains by the lithium acetate rocedure PH. Ito, Y. Fukuda, K. Murata, A. Kimura,,T. BM~Y~o~.  5% 163 (1983)] fndividual 
transformants were grown to 2 x 107 ceWml in minimal medium l a c h g  histidine 
[F. Sherman, G. Fink, J. Hicks, Eds., Methodc in Yemt Genetics (Cold Spring 
Harbor Laboratory, Cold S ring Harbor, NY, rev. ed., 1983)], containin 2 
percent galactose, 3 percent &cerol, and 2 ~ :  lfctate as sodium lactate, pk 6. 
The p-galactosidase assa s were erforme m triphcate on cultures grown from 
separate transformant coibnies. &e standard errors were i z o  ercent. 

31. We thank R. Brent, A. Courey, E. Giniger, A. Hochschild, M. !amphier, S. Plon, 
P. Silver, R. Wharton, and members of the Ptashne laboratory for helpful 
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Crystal Structure of Cd,Zn Metallothionein 

The anomalous scattering data from five Cd in the native 
protein were used to determine the crystal structure of 
cadmium, zinc (Cd,Zn) metallothionein isoform I1 fiom 
rat liver. The structure of a 4-Cd cluster was solved by 
direct methods. A 2.3 A resolution electron density map 
was calculated by iterative single-wavelength anomalous 
scattering. The structure is folded into two domains. The 
amino terminal domain (p) of residues 1 to 29 enfolds a 
three-metal cluster of one Cd and two Zn atoms coordi- 
nated by six terminal cysteine thiolate ligands and three 

bridging cysteine thiolates. The carboxyl terminal domain 
(a) of residues 30 to 61 enfolds a 4-Cd cluster coordinat- 
ed by six terminal and five bridging cysteine thiolates. All 
seven metal sites have tetrahedral coordination geometry. 
The domains are roughly spherical, and the diameter is 15 
to 20 A; there is limited contact between domains. The 
folding of CY and P is topologically similar but with 
opposite chirality. Redundant, short cysteine-containing 
sequences have similar roles in cluster formation in both 
a and p. 

M ETALLOTHIONEINS ARE LOW MOLECULAR WEIGHT, CYS- Metallothionein isoform I1 (MT 11) from rat liver contains 61 
teine-rich proteins that bind metal ions (1-4). Metallo- amino acids including 20 cysteines (7). This molecule can be cleaved 
thioneins and their genes have several potential kinds of into two domains: residues 1 to 29 (denoted P, and having 9 

physiological activity in that (i) the genes are induced by metal ions cysteines) and residues 30 to 61 (denoted a, with 11 cysteines) (8). 
and glucocorticoid hormones; (ii) transcription is modulated during Nuclear magnetic resonance (NMR) with " 3 ~ d  spectra demon- 
embryonic development; (iii) the genes may be involved in control strate that Cd is bound to the protein in clusters of four and three 
of cell differentiation and proliferation; (iv) the proteins may . , .  
function to activate Zn requi;ing apo-enzymes and regulate cellulai 
metabolism; and (v) the proteins may act as free-radical scavengers, 
and they are synthesized in response to ultraviolet (UV) radiation 
(5). The metallothionein primary sequences are highly conserved, 
especially at positions of cysteine residues (1, 6, 7). 

W. F. Furey and B. C. Wang are in the Biocrystallography Laboratory, VA Medical 
Center, P.O. Box 12055, Pittsburgh, PA 15240; A. H .  Robbins and C. D. Stout are in the 
Depamnent of Molecular Biology, Research InS t i~ te  of Scripps C h c ,  La Jolla, CA 
92037; L. L. Clancy is in the Department of Crystallography, University of Pittsbur 
Pittsburgh, PA 15260; and D. R. W i g e  is at the University of Utah Medical Center, .& 
Lake City 84132. 
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metals formed by bridging and terminal cysteine thiolate ligands (3, 
9). All 20 cysteines participate in tetrahedral coordination at the 
seven metal sites (1, 10). The four- and three-metal clusters are 
coordinated by the a and P domains, respectively (3, 11). The a 
domain binds four Cd cooperatively (12); the P domain binds both 
Cd and Zn, but binds Cu preferentially as compared to Cd or Zn 
(13, 14). 

Rabbit liver MT I1 has been studied by two-dimensional NMR 
methods (15, 16). Heteronuclear ' 13Cd- 'H NMR spectra have been 
used to assign the cysteine resonances in rabbit liver MT 11, and 
two-dimensional nuclear Overhauser enhancement (NOESY) and 
two-dimensional correlated (COSY) spectra have been interpreted 
to yield a structure for the protein in solution (17, 18). We now 
report the x-ray crystal structure of MT I1 based on a 2.3 A 
resolution electron density map. 

Data collection. MT I1 isolated from rat liver crystallizes from 
potassium phosphate and sodium formate as single, colorless, square 
bipyramids 0.3 by 0.3 by 1.0 mm in size (19). The space group is 
tetragonal, P41212, with a = b = 30.9, and c = 120.4 A, and there 
is one molecule in the asymmetric unit (19). Dissolved single crystals 
contain 5 moles of Cd and 2 moles of Zn per mole of protein and 
the same amino acid composition as the native protein as isolated 
(19). The dissolved crystals also exhibit the same UV spectrum as 
the protein as isolated. 

Native diffraction data were collected with CuKa radiation by 
oscillation photograph to 2.3 A resolution for one crystal and by K diffractometry to 3.0 resolution for six crystals (Table 1). Data 
collection on the oscillation camera was done at 4°C and required 
10.5 hours, and the crystal showed essentially no decay. Data 
collection on the diffractometer was done at 18°C and required 1 
hour per 50 reflections. Crystals were discarded when monitor 
reflections decayed more than 10 percent, which occurred within 12 
hours at 3.0 A and within 2 days at 6.0 A resolution. The accelerated 
decay in these uystals, in spite of their intrinsic order, may be due to 
the presence of heavy atoms. For each diffractometer data set the 
complete shell of 6.0 A resolution Bijvoet pairs was collected for 
scaling purposes. All reflections were collected consecutively at 228 
as hkC,bh?, 

The data were reduced and merged to preserve the Bijvoet pair 
observations of each reflection. The polarity of each crystal mount 
was established from a subset of large Bijvoet differences. The data 
were scaled together in shells of sinB/A with the use of anisotropic 
shape factors. The Pll, P22, and P33 factors ranged from 0.97 to 
1.03; the P12, P13, and p23 factors ranged from -0.10 to +0.10. 
Because all the crystals were mounted on c this variation probably 
arises from differences in path length through the square, bipyrami- 
dal crystals for reflections at different 8 angles, and from variations in 
crystal volume (0.10 to 0.15 mm3). The diffractometer data sets 
were corrected for absorption by the use of OOC reflections and 
empirical 4 scans. The oscillation camera data were not corrected for 
absorption, which may account for the larger R,,,,, compared to 
the diffractometer data (0.080), while the internal agreement within 
this data set was good (0.024) (Table 1) (20). 

The combined data set showed a significant anomalous scattering 
signal (Table 1). For CuKa radiation, A = 1.54 A; the imaginary 
components of the anomalous scattering factors, f", are: f" 
(Cd) = 5.0, f" (Zn) = 0.6, and f" (S) = 0.6. The Bijvoet differ- 
ences have been used to derive phase angles for the protein. At the 
same time, a survey of 80 compounds for heavy atom derivatives was 
unsuccessful. Soaked crystals were evaluated by precession photog- 
raphy. The survey included sulfhydryl-specific compounds, such as 
[Ptc&12-, Hg(CN)2, CdCI2, which destroyed the diffraction pat- 
tern, and inert complexes and ions, such as [P~ (cN)~ ]~ - ,  Sm3+, and 
UO:', which had no effect, even at high concentration. One 

Table 1. Cd, Zn MT I1 native data. 

3.0 A 2.3 A 
Item diffractometer film 

data* datat 

Crystals (No.) 6 1 
Reflections measured (No.) 7585 4816 
Independent reflections in 4lmmm 1121 2373 
R merges 0.035 to 0.065 0.024 
R acentric (1773 Bijvoet pairs) 
R centric (757 Friedel pairs) 
Reflections 36.0 UF m -2.3 A 
Reflections a6.0 UF 2.5-2.3 A 

Combined 
2.3 A data 

----- - ~ 

*Enraf-Nonius CAD-4 diffractometer, extended counter arm, He-Ned diffracted beam 
path, 8128 scans, intensities corrected for background, absorption, Lorentz and 
polarization effects. tRigaku 12-kW rotating anode generator, Arndt-Womacott 
oscillation camera, 4.95" oscillations for 14 cassettes, crystal mounted on the c axis data 

rocessed b method of Rossmann (ZO), only-whole reflections accepted. *Total 
Kbeto2 .3 i i s2962 .  $ ~ = ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~ ~ ~ ~ . ~ m e r g e f o r e q u i v a l e n t r e f l e c t i o n s i n  
422. R centric for Oke, hhe, hkO reflections, andR acenmc for Bijvoet pair reflections in . a 

41mmm after crystal to crystal scaling. 

compound, (NH4)2WS4, stained the crystals yellow and introduced 
significant isomorphous intensity differences. A complete 2.3 A 
oscillation camera data set was collected and scaled to the native film 
data (R,,,, = 0.12), but a consistent solution to the isomorphous 
difference Patterson map was not found. Assay of dissolved, soaked 
crystals showed 0.7 mol of tungsten per mole of protein. Presum- 
ably, [ws412- has multiple, weak binding sit&. Crystallization 
experiments with MT I1 reconstituted or substituted with other 
metals have not as yet yielded suitable isomorphous crystals. This 
survey has included samples of Zn7 MT 11, Cd7 MT 11, and Cd5Pb2 
MT 11: the latter yielded rectangular crystals too small to character- 
ize. 

Direct methods. Initially, an image of the 4-Cd cluster was 
derived from the 2.3 A film data set and by direct methods. The 
theory of Hauptman for anomalous scatterers in proteins (21) was 
encoded and applied to the normalized structure factors in both 
space groups and P43212. Out of 11 million three-phase 
structure invariants linking 2786 reflections (1393 Bijvoet pairs 
with IEl > 0.30), the 105,525 lowest variance estimates (A > 1.00) 
were selected for phasing. In each space group, 80 phase sets were 
generated by the multisolution method. The sets were evaluated by 
examining Bijvoet difference Fourier maps in descending order of 
figure of merit for each set. In the ninth set examined (absolute 
figure of merit, 0.668; space group P41212), the four highest peaks 
formed a cluster with all six Cd-Cd distances in the range 3.6 to 4.4 

Fig. 1. Bijvoet difference Fourier map at 2.3 A resolution based on direct 
methods phase set number 9 in P42,2 in which the four highest peaks are 
separated by distances in the range 3.6 to 4.4 A. 
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A (Fig. 1) (22). The four-atom model was consistent with a 
Patterson map based on the largest Bijvoet differences and is similar 
to a model proposed from l13cd NMR (9) .  In six of the eight higher 
ranked sets, the maps yielded only a single very high peak on a 
special position (twofold axis) and were deemed physically unrealis- 
tic. At this stage, there was no indication of a fifth Cd site in the 
direct methods map. 

Subsequently, the 3 i% diffractometer data were collected. Al- 
though the short intracluster Cd-Cd vectors from the model were 
consistent with Bijvoet difference Patterson maps from both the film 
and diffractometer data sets, the indicated cluster location differed 
substantially in the two maps. The difference probably arises from 
the absence of blind region reflections along the c* direction in the 
2.3 A film data. The required translation (-12 A) was derived by an 
R value observed compared to calculated Bijvoet differences search 
against the 6.0 i% merged data on a 1 A grid, which gave a minimum 

at x = 0.59, y = 0.69, and z = 0.65 for the center of gravity of the 
4-Cd cluster. Although the translation map contained two R values 
only 1 percent higher than the minimum, the minimum position 
gave the best agreement with the observed Patterson map (Fig. 2a). 
After applying the translation, refinement (23) of the four sites as a 
rigid group against the 30 percent largest Bijvoet differences in the 
merged data set (Table 1) gave R = 0.396 at 3 A resolution. 
Refinement as four individual sites gave R = 0.371, with shifts less 
than 0.85 i% for each atom. The location of a fifth Cd site was then 
determined from a single minimum in an R value search in which a 
Cd was translated relative to the fixed position of the 4-Cd cluster. 
Inclusion of the fifth Cd in refinement against the 30 percent largest 
Bijvoet differences reduced R to 0.332 at 3.0 A resolution (24). 

With the model structure at hand, it was possible to deconvolute 
the anomalous difference Patterson map, which previously had not 
been feasible because five Cd sites give rise to 100 equal-weighted 

nn ~41212 DUIMO r ~ m .  5 m. r r .  T- sox 
Z= 0.5000 

0.0000 X 1 .oooo 
m n  ~ ~ 1 2 x 2  cuwm PI-. I a, s r ,  TO. sax 
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Fig. 2. (a) Three sections of the 6.0 A 
resolution Bijvoet difference Patter- 
son map calculated with the 60 per- 
cent largest anomalous differences. 
For each section, the upper map is 
calculated with the observed Bijvoet 
differences and the lower map is cal- 
culated with the same reflections and 
the five-site Cd model. The agree- 
ment of the two maps demonstrates 
that the Cd sites derived account for 
the experimentally observed anoma- 
lous scattering data. (b) Composite 
of five sections of the final 2.3 A 
resolution ISAS electron density 
map. Intervals along thex axis are 0.6 
A, and each section is contoured with 
ten levels with respect to the highest 
peak in the map. The a-carbon posi- 
tions and metal peaks are indicated, 
and the reference molecule is en- 
closed within the dashed line. The 
sections shown encompass 16 a-car- 
bon positions, the Cd3, Cd4, and 
Znl sites of the reference molecule, 
and 32 percent of the volume of the 
asymmetric unit. Electron density 
outside the dashed line arises from 
symmetry related molecules in unit 
cell. 
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vectors per asymmetric unit. Sections of the observed and dculated calculated phases were weighted by the method of Sim (26) and 
6.0 A anomalous difference Patterson map are shown in Fig. 2a. The spliced with acentric reflections having the ISAS phases and 
correlation d c i e n t  between the two Patterson maps is 0.75. weights. The electron density map incorporating these heavy atom 
Because e = 518 fbr the 4Cd  duster, non-Harker vectors occur in cenmc phases was virtually indistinguishable from the final ISAS 
the Harker sections at w = 114 and 112. Vectors from the fifth Cd to map, confirming the validity of the ISAS derived centric phases. 
the 4-Cd duster in P41212 fit the 3.0 A Patterson map, while those The 2.3 A electron density was interpreted with the use of a mini- 
in P43212 did not, confirming the space group assignment. map and a map on a scale of 1 a d  stacked in a Richard's box (27). 

Electron dcnsity maps and refinement. The five re6ned Cd sites The polypeptide chain was not traced upon inspection because the 
were used as a basis for iterative single wavelength anomalous commonly recognizable features of a-helix and P-sheet were not 
scattering (ISAS) phase calculations (25) in both P41212 (duster at present. However, the requirement for metal coordination placed 
0.59, 0.69, 0.65) and P43212 (duster at -0.59, -0.69, -0.65). stringent constraints on the interpretation. Consequently when 
Only 20 percent of the real part of the calculated heavy atom model building into the electron density, the 28 cysteine sulfur to 
structure factors was used in computing the initial phase probability metal bonds and the sequence provided an unequivocally dear path 
distributions for the 1773 acentric reflections. A solvent content of through the density of the asymmetric unit (Fig. 2b). Coordinates 
50 percent was used in calculating the electron density filter. Initial of the model (407 protein atoms, 7 metals) were measured and 
estimates of phases for 757 centric reflections were obtained by refined (15 cycles) by restrained least squares (28,29) in increasing 
phase extension fbllowing fbur cycles of map inversion and phase steps of resolution (3.5, 3.0, 2.7, and 2.3 A data) to R = 0.398 
combination. The centric reflections and the initial ISAS acentric (1732 reflections > 6.0 UF, 5.0 to 2.3 A, overall thermal hctor 
phases were then used to construct a new density filter, and fbur B = 15 A*). Metal-sulfur bonds were constrained to 2.50 A. The 
cydes of map inversion and phase combination on the acentric 
reflections were repeated. It was necessary to iterate through the 
entire process three times; that is, derive three density filters in order 
to reach convergence for the derived centric phase angles. Presum- 4 
ably, the starting density filter is degraded by the omission of the 
757 centric reflections fbr which there is no experimental phase 
information. The figure of merit was consistently 1 to 2 percent 
higher in the P41212 space group in agreement with the direct 
methods results. 
Three 2.3 A resolution electron density maps were calculated wi 

the use of ISAS derived acentric and centric phases. The first map 
was based on the five-site Cd model and was used to interpret the 4 
positions of 11 sulfurs in the 4-Cd duster. These appeared as 
tetrahedral connections of electron density fiom the protein to each 
Cd site. The presence of one long Cd-Cd distance (5.2 A) indicated 
that only five of the Cd-Cd distances were linked by b r i m  sulfur 
ligands, necessitating six terminal ligands (9). Four ideal CdS4 
tetrahedra (Cd-S 2.5 S-Cd-S 109.5") were least-squares fit to the 
coordinates and refined as rigid bodies against the 30 percent 
3.0 A anomalous differences, resulting in decreases of 0.1 to 0.2 "It" in 
the Cd-Cd distances. Only the translations of the CdS, tetrahedra 
were refined; refinement of the rotations failed to converge, presum- 
ably because of the large ratio of scattering &tors, f" ( a ) /  
f'(S) - 811. A calculated difference Patterson map at 3.0 A with the 
11 s u h  induded had very similar features to the map dculated 
on the basis of the Cd sites alone when either was compared to the 
observed 3.0 A map. However, a second 2.3 A electron density map 
with the four Cd and 11 sulfur sites from the rigid-body refinement, 
and the fifth Cd site, had a significantly improved connectivity 
within the protein region and better contrast compared with the 
solvent region. Apparently, at 2.3 A the sulfurs are insuiKciently 
resolved from Cd to be independently refined, but their presence 
affects the precise centers of the derived Cd sites. The 11 sulfur sites 
of the 4Cd duster were reinterpreted from the second map without 
major change in the model, and four sulfurs attaching to the fifth Cd 
site were interpreted. Although the other two metal sites of the 
thm-metal duster and their attaching sulfurs were apparent, they 
were not induded in the model. The rigid body refinement was I 
repeated with five CdS4 tetrahedra, giving R = 0.334. A final 2.3 A - 

elemon density map was calculated for 1773 acentric and 757 Fig. 3. (a) Stemfigurr of the mdothionein s t r u m  showing the a- 
centric reflections with overall fieurt of merit of 0.67. carbon, the 8-carbon and the sulfur atoms of cvsteine and Cd and Zn atoms. saucturt factors were also sdatd against the I F ~ J ~ ,  The a-carbdn itions are labeled on every residue. (b) Stereofi of 

the strwtwe s r -  d of the atoms. The Zn and Cd sites are h&ted with the use of the five Cd and 15 sulfur sites as heavy atoms vahpllpllernd-spheTeS, reSHvdy. mushlY Orthogonal 
(R = 0.53 for observed protein structure factors, F,, compared to t, the view in (a).  his figure was prepared by using graphCS s o ~ a r e  
calculated structure factors, F,). Centric reflections with these written by M. L. Connolly and A. J. Olson (42,43). 
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refined coordinates were used to calculate 27 residue-deleted, 
unbiased 2F0 - F, Fourier maps: 19 structure factor calculations 
omitting residues 1 to 3 , 4  to 6, and so forth; one omitting residues 
58 to 61; and seven omitting each of seven metal(Cys)4 centers. The 
entire structure was then refit to the 27 unbiased 2F0 - F, maps 
with the use of interactive graphics. The 2F0 - Fc maps indepen- 
dently confirmed the sequence assignments of all 20 cysteines and 
the seven metal sites. The new coordinates were then refined to 
R = 0.338 (1732 reflections > 6.0 CF, 5.0 to 2.3 A, individual 
isotropic B factors). For this model, the root-mean-square (rms) 
deviations from ideality for bond, angle, and plane defining dis- 
tances are 0.035,0.094, and 0.034 A, respectively, and B factors are 
15.0 * 2.1 A (oB = 2.0 A2). Atomic coordinates have been depos- 
ited with the Protein Data Bank (30). 

Description of structure. The a-carbon, cysteine side chain and 
metal cluster structure of MT I1 is shown in Fig. 3. A schematic 
representation of the protein foldmg is given in Fig. 4. The cysteine 
sulfur coordination of the metal clusters is depicted in Fig. 5 and 
listed in Table 2. The molecule folds into two domains of equal size; 
the NH2-terminal domain of residues 1 to 29 (P) enfolds the three- 

Fig. 4. Schematic drawing of the polypeptide chain folding of the (a) (3 and 
(b) (Y domains. Corresponding strands in the two domains are labeled 1 to 4. 
Strands 1 and 4 of the a domain are interrupted by "(3 bulges." This 
depiction of the structure depends on substituting qsteine-to-metal bonding 
in place of main chain-temain chain hydrogen bonding. 

Fig. 5. Structures of the three-metal (a) and 4-Cd (b) clusters showing the Sy 
and metal atoms only. The Sy atoms are labeled with their cysteine residue 
numbers. Thin, open bonds represent metal-metal virtual bonds. This view 
of the three-metal cluster is inverted from that in Fig. 3a but is chosen to 
emphasize homology with the Cdl ,  Cd2, Cd3 portion of the 4-Cd cluster. 

metal cluster; the COOH-terminal domain of residues 30 to 61 (a) 
enfolds the 4-Cd cluster. Each domain is globular with a diameter of 
15 to 20 A; the domains are linked at residues 30 and 31 to form a 
molecule maximum linear dimension of 30 to 35 A. The interface 
between a and p consists of contacts between C26, T~', and s~~ with 
A42, K ~ ~ ,  and C44 (see legend to Table 2) and contacts within the 
turn of residues 28 to 33 (Fig. 3). 

Because there is rather limited contact between a and P, it is 
reasonable to describe the folding in terms of the individual 
domains. If interaction from cysteine to the clusters is taken in place 
of normal main-chain hydrogen bonding, then each domain can be 
described as an antipardlel @ sandwich-(~i~. 4). In this view, the 
domains have homologous folds, such that strands 1 and 3 are 
parallel and strands 2 and 4 are parallel. There is no symmetry 
between the a and p domains, but simply a translational repeat of 
the domain fold along the long axis of the molecule. Another way to 
view the domain foldmg is as two turns of a single-stranded 
polypeptide spiral wrapping around a cluster (Fig. 3a). From this 
perspective, the spiral of the a domain is left-handed, while the 
spiral of the P domain is right-handed. Both domains contain a 
number of possible P- and y-type reverse turns as is su gested from R the a-carbon positions. Repeats of these turns, from G to A16, and 
from s~~ to C50, form what appear to be short helical stretches, 27 
and 310, respectively. 

The structure of MT I1 is normal in that hvdro~hilic side chains 
i I 

are excluded from the interior of the molecule. The structure is 
unusual, however, in that it is essentially a monolayer of polypeptide 
wrapping around the metal-thiolate clusters. The clusters take the 
place-of the hydrophobic core and hydrogen-bonded secondary 
structure of a larger protein. Ten of the 20 cysteines occur between 
C19 and C41 (Table 2). This segment of the sequence comprises a 
central region of the molecule bringing the two clusters into 
proximity at the a-P interface (minimum separation at Cd3-Znl, 
9.0 A). The extreme economy of folding around the clusters is 
relaxed somewhat away from the a-P interface. In the a domain, a 
small hydrophobic pocket is formed below the 4-Cd cluster by the 
side chains of p3', v ~ ~ ,  and A53. The only residue, aside from the 
cysteines, whose side chain lies entirely within the interior of the 
structure is (Fig. 3b). In the P domain, the side chains of KZ0 and 
K~~ sandwich the NH2-terminal chain at s6C7A8, and K~~ interacts 
with D2 above the three-metal cluster. Although there is more lysine 
in P, there is no marked clustering of charged residues. There is, 
however, a definite tendency for peptide planes near the cluster to 
have the carbonyls oriented outward toward solvent, which directs 
the amides toward the y-sulfur atoms of the cysteine. This kind of 
stereochemistry has been observed in rubredoxins and ferredoxins 
(31 ). 

The metal cluster in the P domain consists of three bridging 
thiolate ligands, six terminal thiolates, and three metal sites (Figs. 3 
and 5A and Table 2). From the anomalous scattering data, only one 
of these metal sites is occupied by Cd; from the crys&l composition 
(19), the other two must therefore contain Zn. The three metal sites 
are tetrahedrally coordinated. The metal atoms form an equilateral 
triangle with distances 4.1 + 0.1 A. The six-ring atoms of the three- 
metal cluster, having tetrahedral valence angles, adopt a chair 
conformation. Conceptually, a chair conformation orients the termi- 
nal and bridging ligAds toward the appropriate cysteines of the 
protein fold. The three axial cysteine ligands of the chair, C15, C21, 
and C29, being more exposed by this folding of P, are protected to 
some extent by the a domain. 

The metal cluster in the a domain consists offive bridging thiolate 
ligands, six terminal thiolates, and four Cd sites (Figs. 3 and 5b and 
Table 2). The metals are tetrahedrally coordinated. The metal atoms 
form a pair of triangles (Cdl, Cd2, Cd3 and Cd2, Cd3, Cd4), which 
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Table 2. Cysteine ligands in Cd, Zn MT 11* amino acid sequence (7). The one-letter amino acid code is: A, alanine; C, cysteine; D, aspartic acid; E, glutamic 
acid; G, glycine; I, isoleucine; K, lysine; M, methionine; N, asparagine; P, proline; Q, glutamine; S, serine; T, threonine; V, valine. 

0 domain 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 

M D P N C S C A T  D G S C S C A G S C K C K Q C K C T S C K  

I I I I I I I I 
Zn2 Cd5 Cd5 Cd5 Cd5 Zn2 Znl Znl 

I 
Znl 

Zn2 Znl 21-12 

a domain 

31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 

P V G C A K C S Q G C I C K E A S D K C S  

Ci2 Ci4 Cd2 Cd2 Cdl I Cd3 I I I I i i A  
Cd3 Cd4 Cdl Cdl Cdl 

Cd3 Cd4 Cd2 Cd4 Cd3 

share an edge (Cd2-Cd3 virtual bond) and make a dihedral angle of 
89". The Cd-Cd distances at the bridging sulfurs, Sy(59), Sy(33), 
Sy(41), s ~ ( ~ ~ ) ,  and Sy(48), are 3.9, 3.9, 4.1, 4.3, and 4.4 A, re- 
spectively. The sixth Cd-Cd distance, Cdl-Cd4, is significantly 
longer at 5.2 A and is not bridged by sulfur. The four Cd atoms 
form a distorted tetrahedron which could be described as a "butter- 
fly."The five bridging sulfur atoms are arranged as a square pyramid 
with s ~ ( ~ ~ )  at the apex (Sy-Sy distances, 3.9 to 4.2 A). The sulfur of 
C33, the first cysteine in the sequence of a, is distinctive in the 4-Cd 
cluster as the bridging sulfur linking two triply-bridged Cd sites. 
Two six-atom rings are embedded in the four-metal cluster: a chair 
consisting of Cdl, Cd2, Cd3, s ~ ( ~ ~ ) ,  ~ y ( ~ l ) ,  and ~ y ( ' ~ ) ;  and a boat 
consisting of Cd2, Cd3, Cd4, s ~ ( ~ ~ ) ,  SY(37), and Sy(48). 

The primary sequence of MT I1 contains redundant cysteine 
sequences, and it is of interest to consider these in relation to the 
clusters (Fig. 5, a and b). The sequence CXC occurs seven times (X, 
variable residue). Five of these sequences have one cysteine as a 
bridging thiolate and one cysteine as a terminal thiolate to the same 
metal site. Two others, cl9xc2l and C34~C36, have both cysteines as 
terminal thiolate ligands to two metal centers. CXXC occurs at six 
positions (Table 2). Except for C41XXC44, these sequences have 
both cysteines coordinated to the same metal with at least one 
cysteine as a terminal ligand. The sequence CXXXC occurs four 
times; in each one both cysteines are coordinated to the same metal. 
In only four of 19 CC, CXC, CXXC, and CMMC sequences are the 
cysteines not coordinated to a common metal. General stereochemi- 
cal patterns for these cysteine sequences are not apparent at this 
resolution. 

By contrast, the most widely spaced cysteines in the primary 
se uence s an the longest metal-metal separation in either domain: 1 P, C5 and C are terminal ligands of Cdl and Cd4; this pair of Cd 
sites is the 5.2 A unbridged edge of the 4-Cd cluster. The CXC 
sequences are often in an extended conformation, such that the first 
and third residues have their side chains oriented on the same side of 
the "P-sheet"-toward a cluster. However, CXXC is often a turn, 
returning the second cysteine to the same metal. The structure of 
C 1 9 ~ ~ 2 1 ~ ~ ~ 2 4 ~ ~ 2 ' % ~ 2 9  illustrates these two patterns (Fig. 3a). 
The special pe tide C~~CSCC~ '  has C33XXC36 coordinating to Cd2 P and C34X~C3 coordinating to Cd4. The homologous sequence 
C 5 7 ~ ~ ~ 6 0  has CS7XXc6" coordinated to Cdl. 

The three largest noncysteinyl segments of the sequence partici- 
pate in crystal packing contacts in the tetra onal unit cell. Residues 

f 6  of the two hydrophilic loops, X"EASDK and A&TDGs", from 
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adjacent molecules are in contact by 21-screw axis symmetry along 
a(&). In particular, E", AS3, D~O, GI1, and SL2 have distances 
between their a-carbons of less than 6 A. C ~ ~ C P V G C ~ '  and 
N~CM'DPN~ on a different pair of molecules come in contact about 
the diagonal twofold axis. Twofold related molecules are also in 
contact at K30. The 41 screw axis related molecules have a head-to- 
tail interaction of NH2- and COOH-termini. The crystal packing of 
MT I1 molecules, therefore, involves polar residues in loops and at 
the termini but there are few contacts involving the cysteines. 

Correlation with data for protein in solution. The three- 
dimensional structure of MT I1 confirms the principal findings of 
biochemical and biophysical experiments on the molecule. The 
three- and four-metal clusters are linked by three- and five-bridging 
thiolate ligands, respectively, as deduced from "%d homonuclear 
decoupling NMR data for rabbit liver MT I1 (9). The protein is 
folded into two domains, as demonstrated by subtilisin cleavage and 
sequence determination of rat liver MT I1 (8). All seven metal sites 
are tetrahedrally coordinated by cysteine sulfur, as shown on the 
basis of chemical exchange, and UV, visible, circular lchroic (CD), 
and electron paramagnetic resonance (EPR) spectroscopies (1, 2, 
10). The a domain is the binding site of a 4-Cd cluster, as shown by 
l13cd NMR of the a domain (1 1) and cooperative binding of Cd to 
the a domain (12). The proposed connectivity of Cd and sulfur in 
the 4-Cd cluster (9) is in agreement with the crystal structure. 
Constraints derived from the same experiments also led to a model 
for the three-metal cluster (9). Again, the metal-sulfur connectivity 
of the cluster model and the crystal structure are the same. The 
discrepancy of the metal to cysteine assignments derived from 
l l 3 c d - ' ~  NMR spectra (18) compared to the crystal smcture 
suggests that reconstituted MT I1 may be able to adopt a different 
conformation than the protein as isolated. 

Cleavage of MT I1 into domains by subtilisin occurs at c ~ ~ K ~ ~  
after incubation with EDTA for selective removal of Zn (8). In the 
structure this peptide bond lies in an exposed turn adjacent to the 
Znl site (Fig. 3a), so that we can visualize how removal of Zn might 
promote hydrolysis. The antigenic determinants of MT have been 
defined by radioimmunoassays to be the invariant sequence 
NacM1DPNC5 and residues 20 to 25 (32). In MT 11, both se- 
quences contain exposed turns; the side chains of KZ0, KZ2, and KZ5 
may also be in proximity to the NH2-terminus in solution. The 
overall dimensions of MT I1 in the crystal resemble a prolate 
ellipsoid, consistent with hydrodynamic experiments (33), although 
the axial ratio 2.5 : 1 is less than the 4: 1 value calculated for high 
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ionic strength solutions (34). Although a l13cd NMR study of 
reconstituted rabbit liver MT I1 has indicated that multiple con- 
formers exist in low ionic strength solutions (35), there is no 
evidence as yet for disorder in thecrystal. 

The metal binding specificity at the Cd5 site versus the two Zn 
sites in the p domain may be due to coordination by four consecu- 
tive cysteines in the sequence (Table 2), which includes c'~xxxC'~, 
the only five-residue loop in the P domain. In contrast, each of the 
Zn sites has a CXXC loop, analogous to the structural Zn site in liver 
alcohol dehydrogenase, which has the sequence C ~ ' G K C ' ~ ~ R V C ' ~ ~  
and C1'' (36). The rarity of CXC in Fe-S proteins (37) and the 
frequent occurrence of this sequence in MT I1 implies that CXC 
favors cysteine as a bridging ligand. The frequently occurring 
sequence CPV of Fe-S proteins occurs in MT I1 at c3'. Both the a 
and p domains of MT I1 also bind Cu(1) with a stoichiomeuy of six 
metals per domain; in the p domain this requires that all nine 
cysteines be bridging thiolates (4, 14). In view of the structure with 
one Cd, two Zn in the P and four Cd in the a domain, the data 
imply that the conformation of both domains must be different with 
Cu(1) bound (4). 

The isolated a and P domains of MT I1 are capable of binding 
metals with the same stoichiometries as in the intact molecule (381, , r ,  

consistent with the limited contact benveen domains in the struc- 
ture. Although the linking region from C19 to C4' contains a high 
proportion of conserved residues (6, 7), it is not clear from the 
structure whether this conservation reflects intradomain stereo- 
chemical requirements only, or whether it also involves specific 
interdomain interactions. The contacts between a and P are no 
greater than the packing contacts between symmetry-related do- 
mains in the lattice. The gene sequence of mouse MT I has exons 
corresponding to residues 1 to 9, 10 to 31, and 32 to 61 (39). 
Consistent with the hypothesis that exons code for intact protein 
domains (40), the third MT I exon correlates with the a domain 
structure. The separation of the P coding sequence into two exons is 
not obvious in the structure, except that strands 1 and 2 cross over 
differently in P and a (Fig. 4). 

Amino acid sequences of mammalian MT isoforms are strongly 
conserved and the positions of all 20 cysteine residues are invariant 
(1, 6, 7) .  One would expect the structures of the homologous 
proteins to be similar to rat liver MT 11, as indicated by the 
spectroscopic data for rabbit and equine MT isoforms (1-3). The 
seauence variations which do occur can be accommodated into the 
structure, and the most variable regions, residues 8 to 12 and 51 to 
56 (7), correspond to exposed loops. Primary sequences of crab 
MT I and I1 contain 18 cysteines with changes at six cysteine 
positions compared to mammalian MT (6). The 'l3cd NMR for 
crab MT I establishes that both domains contain a three-metal, nine- 
cysteine cluster, in analogy with the f3 domain of MT I1 (41). While 
the changes at cysteine positions make it speculative to align the 
structure of MT I1 with crab MT I, the presence of a three-metal 
duster in the a domain of the crab protein suggests an interesting 
comparison. As noted, the 4-Cd cluster has the chair conformation 
of a three-metal cluster embedded in it. The corresponding atoms 
are, res ectivel : Cd5, Zn2, Znl and the Sy atoms of cysteines c*~, P Y c', C1 , c5, C 6, c19, CZ1, c*~, and C" in p; and Cdl, Cd2, Cd3 

and the Sy atoms of C33, C41, C59, C36, c ~ ~ ,  CS7, c ~ ~ ,  c~~ and C6' in 
a (Fig. 5). A least-squares fit of these 12 pairs of atoms gives an 
average discrepancy of 0.6 hl. This homology, and the fact that the 
ring of Cd2, Cd3, Cd4 has a boat conformation, suggest that Cd4 is 
the metal site deleted in the a domain cluster of crab MT I. In rat 
liver MT 11, Cd4 is also the most exposed of the four sites in a (Fig. 
3); in addition, this site has the 5.2 hl unbridged Cd-Cd distance 
with Cdl. 
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