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Zinc Fingers in DNA Binding Proteins 
Z 001 

Metal-binding domains are comprised of a metal ion (or metal ions) that has its 
coordination sites saturated by ligands which come from a short stretch of amino acid 
sequence. Recently, it has been discovered that several classes of proteins involved in 
nucleic acid binding and gene regulation may contain metal-binding domains. Two 
approaches to studying these systems will be discussed. The f i t  involves analysis of 
amino acid sequences and includes methods for identifying potential metal-binding 
domain forming sequences and attempts to predict three-dimensional structures of 
metal-binding domains based on the structures of other metalloproteins and of small 
inorganic complexes. Using these methods an attractive model for the "zinc finger" 
metal-binding domains from Transcription Factor IIIA and related proteins has been 
developed. The second approach involves the preparation of peptides which correspond 
to individual metal-binding domains. The peptides can be characterized with regard to 
their metal-binding and structural properties using a variety of chemical and 
spectroscopic techniques. This approach has been applied to the "zinc finger" domains 
among other systems. 

METAL-BINDING DOMAINS, Jeremy M. Berg, Department of Chemistry, The 
Johns Hopkins University, Baltimore MD 21218 

Z 002 TAT-III PROTEIN FROM HN FORMS A METAL-LINKED DIMER, Alan D. Frankel, 
David S. Bredt and Carl 0. Pabo, Department of Molecular Biology &Genetics and the 

Howard Hughes Medical Institute, Johns Hopkins University School of Medicine, Baltimore, MD 
21205 

rut-III, the transactivating protein from human immunodeficiency virus (HIV), forms a metal-linked 
dimer, with Zn2+ or Cd" ions bridging cysteine-rich regions from each monomer. Ultraviolet 
absorption spectra show that tar-III binds two Znz+or two Cd" ions per monomer, and 
electrophoresis of the rut-III-metal complexes on native and SDS gels demonstrates that the protein 
forms metal-linked dimers. Partial proteolysis and circular dichroism spectra suggest that metal 
binding does not mediate a global folding transition for tur-III. A synthetic peptide containing just 
the cysteine-rich region of rut-III also forms metal-linked dmers and can form heterodimers with the 
intact protein (thus blocking formation of the normal rur-m dimer). Metal-linked dimerimtion could 
play an important role in transactivation, and our results may have important implications for drug 
design and AIDS therapies. 
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Z 003 ZINC DOMAINS IN NONSPECIFIC NUCLEIC ACID BINDING PROTEINS, D.P. Giedroc and J.E. 
Coleman, Dept. of Molecular Biophysics & Biochemistry, Yale Univ. School of Medicine, New 

Haven, CT 06510. Gene 32 protein from bacteriophage T4 binds stoichiometrically and cooperatively to 
single-stranded DNA without sequence specificity. The protein contains 1 g at Zn(II)/mol which can be 
exchanged with Cd(I1) or Co(I1) (I). The metal ion greatly enhances cooperative binding to an "infinite" 
length ssDNA lattice with little effect on noncooperative binding to a single binding site oligodeoxy- 
ribonucleotide (2). NMR of 113Cd(II)-substituted g32P shows a single resonance 638 ppm downfield from 
aqueous I13Cd(II) with no evidence for anion (solvent) access to the inner metal sphere; all data are 
consistent with tetrahedral NS3 coordination. Spectroscopic characterization of 32P metal site mutants 
(under construction) will further support the assignment of CYS'~, His8L, CysgBand Cys90 as providing metal 
@and donor atoms as previously proposed (I). Noncooperatively [d(pA)6] or cooperatively [poly(dT binding 
DNA ligand causes little if any perturbation in the Co(I1) g32P visible absorption spectrum or the 'kd(1I) 
g32P chemical shift ruling out metal site expansion, ligand exchange or large conformational changes 
transmitted through the metal ion chelate as a result of DNA binding. Differential scanning calorimetry and 
limited proteolysis experiments show that the metal ion stabilizes the folded protein (1 -3). Cooperative 
binding to poly(dT) results in a further stabilization of all metallo g32Ps which are uniformly characterized by 
sharp asymmetric "cooperative" denaturational transitions; in contrast, apo g32P exhibits insignificant 
stabilization upon stoichiometric binding to poly(dT) and a denaturational transition consistent with a simple 
two-step process (3). Further examination of the thermodynamics of g32P unfolding support the contention 
that a negative change in the entropy of the folded apo protein occurs as a result of Zn(I1) binding as 
observed zinc-ligand bond enthalpies are not fully realized in the relative Tm and free energy values of apo 
and metallo g32Ps. Consistent with this, far UV CD difference spectroscopy shows that the Zn(I1) binding to 
apo g32P induces significant negative ellipticity at 222 nm (-1.5 helical turns). Cd(I1) binding to the apo 
protein results in the same degree of induced optical activity which eliminates potentially significant metal 
sulfur charge transfer transitions as the source of the induced ellipticity. Such changes in structure seem 
primarily associated with increasing the magnitude of g32P monomer-monomer interactions which occur on 
cooperative binding to ssDNA. 14-amino acid Cys3/His domains are found in the C-terminal processed product 
of retroviral gag-gene polyproteins which are thought to function in nonspecific RNA binding in packing the 
virion RNA into the capsid structure. To address whether such domains specify zinc binding sites, we have 
constructed plasmids which direct the expression of the p15 gag-gene protein from HIV under control of the 
PL promoter in E. coli; purification and characterization experiments are in progress. 

( I )  Giedroc ef al. (1986) PNAS 83, 8452 
(2) Giedroc ef af. (1987) Biochernisfry 26, 5251 
( 3 )  Keating ef al. (1988) Biochemistry, in press. 

2 004 "FINGERPRINTING THE TFIIIA-5S GENE COMPLEX, Thomas D. Tullius, Mair E. 
A. Churchill and Jeffrey Hayes, Department of Chemistry, The Johns Hopkins 

University, Baltimore MD 21218. 
Transcription factor IIIA (TFIIIA), perhaps the best characterized eukaryotic gene regulatory 
protein, has been proposed to bind to DNA through structural domains called "zinc fingers." 
Evidence for this proposal has come from analysis of the zinc content of the protein, and from 
recognition of the presence of nine imperfect repeats in the sequence of TFIIIA, each of which 
contains two cysteines and two histidines, which are commonly found as ligands to zinc in 
metalloproteins. The question remains as to how these nine zinc fingers actually bind to DNA. 
We have studied directly the structure of the complex of TFIIIA with DNA by use of a new 
method developed in our laboratory, hydroxyl radical footprinting. This technique makes use of 
the Fenton reaction of iron(I1) with hydrogen peroxide to generate the hydroxyl radical (*OH), 
which breaks the sugar-phosphate chain of DNA. Bound protein protects DNA from attack by 
the hydroxyl radical. The small size of the hydroxyl radical leads to very high resolution 
"footprints" of proteins bound to DNA. We have studied by this method a series of deletion 
mutants of TFIIIA that lack one or more of the nine zinc fingers. By these experiments we are 
able to map which of the fingers of TFIIIA interact with which parts of the 50 base pair-long 
binding site. Based on these data, and a model for the structure of a zinc finger, a detailed picture 
of the TFIIIA-DNA complex will be presented. 
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Metallothionein Gene Cluster and Regulation by Metals 
2005 REGULATION OF METALLOTHIONEIN GENE TRANSCRIPTION. D.  Hamer, V. C u l o t t a ,  

P. F u r s t ,  R .  H a c k e t t ,  S.  Hu and J. I m b e r t .  L a b o r a t o r y  o f  B i o c h e m i s t r y ,  
N a t i o n a l  Cancer I n s t i t u t e ,  N a t i o n a l  I n s t i t u t e s  o f  H e a l t h ,  B e t h e s d a ,  MD 20892 

Meta l  i o n s  such  a s  z i n c ,  copper  and cadmium a r e  p o t e n t  i n d u c e r s  o f  m e t a l l o t h i o n e i n  gene 
t r a n s c r i p t i o n ,  t h u s  p r o v i d i n g  a h o m e o s t a t i c  c e l l u l a r  d e f e n s e  sys tem.  
t h e  m o l e c u l a r  mechanisms o f  heavy m e t a l  i n d u c t i o n  b o t h  i n  a s i m p l e  lower e u k a r y o t e ,  
- S. c e r e v i s a e ,  and i n  mammalian c e l l s .  Our s t u d i e s  i n c l u d e  ( 1 )  t h e  c o n s t r u c t i o n  and 
c h a r a c t e r i z a t i o n  o f  s y s t e m a t i c  p o i n t  m u t a n t s  t h r o u g h o u t  t h e  m e t a l  r e g u l a t o r y  DNA 
s e q u e n c e s ;  ( 2 )  t h e  d e t e c t i o n ,  p u r i f i c a t i o n  and c l o n i n g  o f  p r o t e i n s  t h a t  i n t e r a c t  w i t h  
t h e s e  r e g i o n s ;  and ( 3 )  t h e  i s o l a t i o n  o f  t r a n s - a c t i n g  m u t a n t s  i n  t h e  DNA-binding f a c t o r s .  
C u r r e n t  r e s u l t s  s u g g e s t  t h a t ,  i n  b o t h  y e a s t  and mammals, m e t a l  i n d u c t i o n  i s  under  com- 
p l e x  c o n t r o l  media ted  by  t h e  i n t e r a c t i o n s  o f  s p e c i f i c  a c t i v a t o r  and r e p r e s s o r  p r o t e i n s .  

We a r e  s t u d y i n g  

ZOO6 TRANSCRIPTION FACTOR SP1 REQUIRES ZINC FOR DNA BINDING 
AND ACTIVATOR FUNCTIONS, Gunnar Westin and Walter 

Schaffner, Institut fiir Molekularbiologie I1 der Universitat 
Zurich, CH-8093 Zurich, Switzerland. 
Zinc is an important cofactor for many enzymes involved in 
nucleic acid metabolism such as DNA and RNA polymerases, 
reverse transcriptase and tRNA synthetase. The transcription 
factors TFIIIA of Xenopus laevis and GAL4 of Saccharomyces 
cerevisiae also contain zinc ions essential for DNA binding 
and transcriptional activity. We show that Spl, a promoter- 
specific transcription factor of vertebrates, requires zinc 
for binding to its recogniton sequences in vitro and that 
zinc is also essential for Spl factor-directed trans- 
cription. First of all, we show that Spl is involved in 
transcription directed by the mouse metallothionein-I gene 
enhancer. In addition, transcription from the SV40 early 
promoter, which contains multiple Spl binding sites, is 
metal ion-responsive in HeLa cells. We suggest that Spl is 
not mainly responsible for metal-induced transcription but 
rather interacts synergistically with other metal-binding 
transcription factors to mediate a strong transcriptional 
response. 
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2008 REXXLATION OF !?ERRITIN GENE EXPRESSION I N  RELATION ?D INTRPICELLLILAR IRON LEVELS 
H.N. Wm-0,  N. Aziz, E.A. Leibold, M. Murray, J. Wers axl K. mite, USDA man 

Nutri t ion Center on Aging, Boston, 02111 a d  Department of Applied Biological sciences, 
M.I.T., Canbridge, EIR 02139. 
F e r r i t i n  s t o r e s  i ron within a s h e l l  of 24 protein subunits. In mannals t h e  subuni ts  are of 
t w o  kinds,  heavy H (Mr 21,000) and l i g h t  L (Mr 19,000), which display 50% anino acid 
hanology. Nevertheless alpha-helical s t ruc ture  is conserved, confirmed by s i m i l a r  exon 
pa t te rns  ad s i z e s  in  t h e  expressed H and L genes, thus  suggesting der ivat ion of t h e  two 
subuni ts  fran an a r e s t r a l  subunit gene. In a M i t i o n  t o  s ingle  expressed H and L genes, the 
rat and hmzn g e n e s  contain a nunber of pseudogenes of each subunit. 

Synthesis of t h e  subunits i n  response t o  i ron is regulated at both t ranscr ip t iona l  md 
t rans la t iona l  levels .  Translation is rapidly stinwlated by i ron adninis t ra t ion t o  animals 
or cells through a mechanism res i s tan t  t o  a c t i n w i n  D. Ihe response is due t o  m o b i l i z b  
t i o n  of a large cytoplasmic pool of H and L mRNAs s tored as inact ive mRNP p a r t i c l e s  which 
becane recrui ted onto poly-s for  t rans la t ion .  Inspection of the 5'UTR of f e r r i t i n  H and 
L m w  of hunzn, rat, bul l f rog and chicken shows a highly conserved 28-nucleotide sequence 
near t h e  cap of t h e  5'region. Constructs made f ran  t h e  5'UTR and 3'UTR of f e r r i t i n  GmWA 
and t h e  reading  f r a n e  of CAT and t r a n s f e c t e d  into hepatana cells respmded t o  i ron 
artainistration with CAT synthesis, but l o s t  t h i s  response when t h e  f i r s t  67 nucleotides of 
t h e  5'UTR including the conserved 28-nwleotide region w a s  excised. Canplter analysis  of 
t h i s  segment of t h e  5'UTRs of various species display a stw-loop s t ruc ture ,  the conserved 
sequence being at t h e  t o p  of the loop. Cytoplasnic e x t r a c t s  f ran  rat t i s s u e s  and hepatana 
cells were shown by an electrophoret ic  separation procedure t o  form RNA-protein canplexes 
with 32Pleheled 5'UTR of both f e r r i t i n  H and L mRNAs. RNAase T 1  mqping of t h e  RlU i n  the  
canplex showed t h a t  the 28-nucleotide sequence w a s  protected. Iron ar ta inis t ra t ion t o  rats 
or cells affected t h e  pat tern of WA-canplex formation. We propose t h a t  i n t r a c e l l u l a r  i ron 
levels regulate  f e r r i t i n  synthesis  at the t rans la t iona l  leve l  by c a s i n g  changes i n  spec i f ic  
protein binding t o  a conserved sequence i n  the 5'UTR of t he  H and L f e r r i t i n  mFNAs. 

The above mechanism allows rapid recruitment of latent f e r r i t i n  H and L mRNAs i n  order 
t o  a c c e l e r a t e  f e r r i t i n  synthesis .  In addition, nuclear run-off assays show t h a t  iron 
adninis t ra t ion t o  rats preferen t ia l ly  s t imula tes  t r a n s c r i p t i o n  of l i v e r  L-mRNA, t h u s  
f a v o r i n g  s y n t h e s i s  of L r i c h  f e r r i t i n  shells which favor iron storage. Consequently, 
f e r r i t i n  protects  the  cell against excess iron by two mechanisos, a rapid t rans la t iona l  
recruitment of f e r r i t i n  mRNAs stored i n  bulk, and a preferen t ia l  increase i n  GmRNA through 
t ranscr ip t iona l  enhmement. 
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Structural Aspects of TranspoNStorage Proteins 
2009 MIXED LIGAND CYAN0 COMPLEX OF FERRIC TRANSFERRIN, N. Dennis  C h a s t e e n *  

Susan  K. Swope*, D a n i e l  C. H a r r i s * * ,  Hans van Wil l igenl l  a n d  J o h n  
McCrackenXX, * U n i v e r s i t y  o f  N e w  Hampshi re ,  Durham, NH 03824; **Naval Weapons 
C e n t e r ,  China Lake,  CA 93555; # U n i v e r s i t y  o f  M a s s a c h u s e t t s  a t  B o s t o n ,  
B o s t o n ,  MA 02125; XYBiotechnology R e s o u r c e  i n  P u l s e d  EPR S p e c t r o s c o p y ,  
A l b e r t  E i n s t e i n  C o l l e g e  o f  M e d i c i n e ,  Bronx,  N Y  10461. 

C e l l u l a r  c h e l a t o r s  are p r o b a b l y  i m p o r t a n t  f o r  t h e  r e l e a s e  o f  i r o n  f rom 
t r a n s f e r r i n  i n  v i v o .  R e c e n t  s t u d i e s  have  shown t h a t  t r a n s i e n t  m i x e d - l i g a n d  
complexes  of  t h e  t y p e  C h e l - F e - t r a n s f e r r i n  are formed d u r i n g  t h e  e x c h a n g e  o f  
i r o n  be tween t r a n s f e r r i n  and  c h e l a t o r s  s u c h  a s  p y r o p h o s p h a t e .  Because  o f  
t h e i r  s h o r t  l i f e t i m e s ,  i t  h a s  n o t  b e e n  p o s s i b l e  t o  s t u d y  t h e s e  complexes  i n  
d e t a i l .  However, c y a n i d e  forms  a s t a b l e  m i x e d - l i g a n d  complex w i t h  t h e  
i r o n ( I I 1 )  i n  t h e  C - t e r m i n a l  s i t e  o f  t r a n s f e r r i n  t h a t  is  amenable  t o  s t u d y .  
The b i n d i n g  o f  c y a n i d e  c o n v e r t s  t h e  i r o n  i n  t h i s  s i t e  f rom h i g h  t o  l o w  s p i n .  
The r e s u l t s  o f  e q u i l i b r i u m  b i n d i n g  a n d  UV-vis ib le ,  EPR, ENDOR, and ESEEM 
s p e c t r o s c o p i c  s t u d i e s  w i l l  b e  r e p o r t e d .  The d a t a  p r o v i d e  i n s i g h t  i n t o  t h e  
s t r u c t u r e  o f  t h e  a d d u c t  and t h e  mechanism o f  c h e l a t e  m e d i a t e d  i r o n  removal  
f rom t h e  p r o t e i n .  

2 010 

Medicine, Bur l ington VT 05405. 

Although much in format ion i s  ava i l ab le  on the s t r u c t u r e  and proper t ies of t r a n s f e r r i n  and 
i t s  s p e c i f i c  receptor  found on the  surface o f  most a c t i v e l y  p r o l i f e r a t i n g  c e l l s ,  l i t t l e  i s  
known about the i n t e r a c t i o n  o f  these two prote ins.  Our laboratory  has sought t o  
i nves t i ga te  which regions o f  t r a n s f e r r i n  and i t s  receptor  are invo lved i n  recogn i t i on  and 
binding. Three general approaches have been used. F i r s t ,  h o l o - t r a n s f e r r i n  ( *  i r o n ) ,  
i nd i v idua l  and combined p r o t e o l y t i c a l l y  der ived half-molecule domains o f  t r a n s f e r r i n  (t 
i r on ) ,  and holo-receptor have been examined by a number o f  techniques i nc lud ing  gel  
f i l t r a t i o n ,  sedimentation equi l ibr ium,  sedimentation v e l o c i t y  and c i r c u l a r  dichroism t o  
estimate molecular s ize,  t o  measure associat ion and t o  assess the e f f e c t s  o f  i r o n  and of 
pH on secondary s t ructure.  
and heterologous t r a n s f e r r i n s  and i n d i v i d u a l  and combined half-molecule domains t o  
c e l l u l a r  receptors has been measured by k i n e t i c  uptake, equ i l i b r i um b ind ing and 
competit ion experiments. 
probe the i n t e r a c t i o n  o f  t r a n s f e r r i n  w i t h  i t s  receptor  and a l so  t o  determine the  e f f e c t  o f  
i r o n  on immunological r e a c t i v i t y .  

Our work t o  date w i t h  chicken ovo t rans fe r r i n  and ch i ck  embryo red blood c e l l s  i nd i ca tes  
t h a t  both domains o f  ovo t rans fe r r i n  conta in  receptor  recogn i t i on  s i t e s .  I n  add i t i on ,  both 
domains o f  ovo t rans fe r r i n  must be present, associated and i r o n  loaded t o  ob ta in  
phys io log ica l  b ind ing t o  the t r a n s f e r r i n  receptors on ch i ck  embryo red blood c e l l s .  Both 
these s tud ies and work i n v o l v i n g  human t r a n s f e r r i n  w i l l  be discussed. I n  the absence o f  
sequencing data f o r  two t r a n s f e r r i n s  o f  two d i f f e r e n t  species which b ind  t o  a comnon 
receptor  o r  o f  an x-ray s t ruc tu re  o f  the t r a n s f e r r i n - t r a n s f e r r i n  receptor  complex i t  i s  
impossible t o  i d e n t i f y  the prec ise regions o f  t r a n s f e r r i n  and the receptor  invo lved i n  
recogni t ion and binding. The three general approaches which we have taken prov ide a 
s t a r t i n g  po in t  f o r  understanding and de f i n in i j  t r a n s f e r r i n - t r a n s f e r r i n  receptor  
i n te rac t i on .  

MOLECULAR RECOGNITION: INTERACTION OF TRANSFERRIN WITH ITS SPECIFIC RECEPTOR, 
Anne B. Mason, Department o f  Biochemistry, Un ive rs i t y  o f  Vermont College o f  

Second, b ind ing o f  i ron-59 and/or iodine-125 labeled isologous 

Third, domain s p e c i f i c  monoclonal ant ibodies have been used t o  

This  i nves t i ga t i on  was supported by USPHS G r a n t  D K / M L - m 9  
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2011 THE P R O T E I N  COATS OF FERRITIN AND IRON CORE FORMATION OR DISSOLUTION. J. S. 
Rohre r ,  S. P. Sreedharan,  M.-S. Joo,* A. F 0 n t a i n e . t  E. Dar tyge, t  G. T o u r i l l o n , t  

D. E. Sayers,* and E. C. T h e i l .  Depar tmen ts  o f  B i o c h e m i s t r y  and *Phys ics ,  N o r t h  C a r o l i n a  
S t a t e  U n i v e r s i t y ,  R a l e i g h ,  NC 27695, t L a b o r a t o i  r e  p o u r  1 ' U t i l i s a t i o n  du Rayonnement 
E l  ectromagnet ique, Un ivers i te '  Paris-Sud, F-91405 Orsay Cedex, France. 
F e r r i t i n ,  t h e  i r o n  s t o r a g e  p r o t e i n ,  i s  a comp lex  o f  a m u l t i s u b u n i t  p r o t e i n  c o a t  and an 
i n o r g a n i c  co re  o f  <4500 Fe atoms as hydrous f e r r i c  ox ide  w i th  va r ious  amounts o f  phosphorus 
(1). The p r o t e i n  s u b u n i t s ,  d e s i g n a t e d  H, M, and L, have h i g h l y  conserved  s t r u c t u r e s ,  a t  
l e a s t  among ver tebra tes ,  and may assemble i n t o  homopolymeric o r  he teropo lymer ic  coats;  t he  
subun i ts  a re  t h e  produc ts  o f  several  genes which a re  expressed c e l l - s p e c i f i c a l l y  under t h e  
c o n t r o l  o f  env i ronmenta l  (Fe) and developmental  s igna ls .  F e r r i t i n s  a re  d i s t r i b u t e d  w i d e l y  
among p lan ts ,  animals,  and microorganisms, which a t t e s t s  t o  t h e  impor tance o f  segregat ing  
and c o n t r o l l i n g  t h e  chemis t r y  o f  bu l k  Fe( I1 )  o r  Fe( I I1 ) .  Exper imenta l l y ,  t he  p r o t e i n  coats  
can  f o r m  i r o n  co res ,  a p p a r e n t l y  v i a  n u c l e a t i o n  on p r o t e i n  c a r b o x y l a t e s  (2). f r o m  F e ( I 1 )  
w i t h  d i o x y g e n  as  an  e l e c t r o n  a c c e p t o r ;  t h e  i r o n  can  be  r e l e a s e d  f r o m  t h e  c o r e s  by  r e d u c -  
t i o n ,  e.g. t h i o g l y c o l i c  a c i d  o r  reduced  f l a v i n s .  Two t y p e s  o f  r e a c t i o n s  a r e  i n v o l v e d  i n  
each case: e l e c t r o n  t r a n s f e r  and hyd ra t i on ldehydra t i on  which may o r  may no t  be t e m p o r a l l y  
coup led .  Ana lyses  o f  changes i n  o x i d a t i o n  s t a t e  deduced f r o m  x - r a y  a b s o r p t i o n  (XAS) 
spec t ra  i n d i c a t e  a complex r e a c t i o n  pa th  w i th  heterogeneous r a t e s  and t h e  coex is tence o f  
Fe( I1 )  and F e ( I I 1 )  i n s i d e  t h e  p r o t e i n  coats  f o r  pe r iods  as l ong  as severa l  hours (3). The 
s i g n i f i c a n c e  o f  v a r i a t i o n s  i n  subun i t  s t r u c t u r e  on co re  fo rma t ion  and d i s s o l u t i o n  w i l l  be 
assessed by comparing i r o n  uptake and re lease i n  p r o t e i n  coats  o f  two  d i f f e r e n t  L subun i ts  
and o f  L s u b u n i t s  g e n e t i c a l l y  e n g i n e e r e d  t o  r e p l a c e  c a r b o x y l a t e  l i g a n d s .  [Suppor ted  i n  
p a r t  b y  NIH g r a n t s  DK20251 and GM34675 (E.C.T.) and DOE g r a n t  DE-AS05-80-ER10742 (D.E.S.); 
XAS measurements were made a t  NSLS, LURE, and SSRL.] 

1. 
2. Yang, C.-Y., M e a g h K C H u y n h ,  B.-H., Sayers,  D. E., and T h e i l ,  E. C. (1987)  

3. &S.TJoo, M.-S., Da r t yge ,  E., Sayers,  D. E., F o n t a i n e ,  A., and T h e i l ,  E. C. 

T h e i l ,  E. C. (1987)  Ann. Rev. Biochem. 56:289-315. 

B iochemis t r  26:497-503. 

(1987) J. Bio l .  Chem. 3 :13385-13387.  

Role of iron in the Regulation of iron Transport and Storage Proteins - I1 
2012 YEAST ACTIVATION HAP1: REGULATION OF DNA BINDING BY HEME, Karl 

Pfeifer, Kwang So0 Kim, and Leonard Guarente, Massachusetts 
Institute of Technology, Cambridge, MA 02139. 

The yeast C Y C l  gene (iso-1-cytochrome C) is activated by two UASs, WAS1 
and UASZ. UASl is turned on by HAPl and UASP by the combined action of 
HAP2 and HAP3. HAPl is a site specific DNA binding protein which binds 
to UASl and the UAS of the CYC7 gene (iso-2-cytochrome C), which also 
requires HAPl for expression in vivo. The activity of HAP1 in vivo is 
induced by heme, as is DNA binding in v i tro .  Oddly, the two sequences 
bound by HAPl at UASl and the CYC7 UAS are different. Further, the 
activity of HAPl at the two sites differs. UASl gives rise to high 
levels of activity which respond to carbon catabolite repression while 
the CYC7 WAS activates to a low level of activity which does not respond 
to carbon source. Recent results to be reported are summarized below. 

1) HAPl encodes a 1482 amino acid protein with a DNA binding region for 
both UASl and the CYC7 UAS at the extreme amino terminus. 

2) The DNA binding region of HAPl is homologous to GAY,  with a zinc 
finger structure. Mutating the systeines in the finger abolishes DNA 
binding. 

3) Mutations in the DNA binding domain of HAPl can selectively knowck 
out binding to one site. 

4) Heme regulation is meditated by a region just carboxyl to the DNA 
binding domain which inhibits binding in the absence of heme. This 
region contains a repeated hexapeptide which may bind heme and alleviate 
the inhibition. 
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013 MOLECULAR MECHANISM OF REGULATION OF SIDEROPHORE MEDIATED IRON ABSORPTION, J. B. 
Neilands, Biochemistry Department, University of California, Berkeley CA 94720. 

The availability of a well characterized i r o n  sensing promoter for the biosynthesis and 
transport operon of the virulence-related siderophore of clinical isolates of Escherichia 
coli, aerobactin, suggested an examination of the nature of the defect in constitutive 
mutants. 
tion) phenotype, which results in constitutive expression of all iron uptake systems in the 
bacterium. 
divalent metal ion binding protein, has enabled characterization of the operator(s) of the 
aerobactin operon. 
expression vector and isolated in a single step by affinity column chromatography over an 
iminodiacetate agarose support containing coordinated zinc ion. when complexed with a suit- 
able activating divalent metal ion, the Fur protein occupies sequentially primary, secondary 
and upstream binding sites. The use of DNAasel and hydroxyl radical footprinting techniques 
has enabled identification of probable contacts between the repressor-metal complex and the 
operator sequences. Features of the Fur*M(II) binding to the regulatory DNA are apparently 
novel and appear to explain why operator mutants have, as yet, not been forthcoming. Signif- 
icantly, only the monoxygenase of the several biosynthetic proteins for aerobactin is 
localized in the cytoplasmic membrane. It is concluded that the cytoplasm of E. a con- 
stitutes a highly anaerobic milieu favoring the presence of a substantial, but flucuating, 
pool of hexaaquo or loosely coordinated Fe(I1). 
Fe(II1) from the exterior environment is regulated directly at the transcriptional level by 
an intracellular reservoir of Fe(I1) which activates the Fur protein to recognize specific 
operator sequences. Thus far it has not been possible to hydridize the cloned fur gene to 
any species other than the wild type of the source organism, E. coli K-12. Further work is 
required in order to determine if the E. coli model is retained, modified or replaced in 
other species. 

- 
The only such mutant obtained to date is the well known fur (ferric sptake regula- 

Expression and isolation of the fur gene product, a 17 kDa ferrous and other 
The pure Fur protein has been produced in quantity from an inducible 

Thus, siderophore mediated absorption of 

Chemistry and Biology of Metalloregulatory Switches 
014 GENEPIC AND MILFCUIAR BASIS OF COPPER RESISTANCE IN Escherichia s, J. Camakaris, 

D. Rouch and B.T.O. Lee, Deparhnent of Genetics, University of Mehwme, Parkville 
Victoria 3052, Australia. 
Copper is an essential trace element which is toxic in its "free" ionic fom. 
should exist to ensure that sufficient Cu is available for Cu metalloenzy~~s whilst avoiding 
toxicity. Thus Cu, because it is an essential trace element, poses quite different problenrs 
to the purely toxic heavy metals such as Hg and Cd. 

The stdy of copper resistance mechanisms has been facilitated by the availability of the 
plasmid, pIw1004, which confers an indmible copper resistance in E. coli. 
minants contribute to the resistance (1) &, which encdes DNA repair functions and ( Z ) g ,  
which ccdes for an inducible mechanism which results in decreased intracellular Cu accurmla- 
tion. The @ de-t has been cloned and contains at least four genes (e, B, C and 
R) . The gene pduct is an inducible 25 Kd Cu-binding protein. The &R gene has a 
- trans-acting regulatory role. The roles of and pcoB are not yet knm. Expression of 
g genes is controlled largely at the transcription level. At least tw~ chramsa~l gene 
proaucts are essential for the functions of & ended Cu resistance. 
has sham that the reduced Cu accurmlation is due to an energy depdent enhanced efflux of 
Cu. 

We propose that the mechanisn of Cu resistance conferred by involves intracellular cu 
binding, exclusion by enhanced efflux and chenical modification such that the exclurled Cu 
is nat reoognised by chram- enccdd Cu uptake systems. 

Mechanisms 

Ttm deter- 

Kinetic analysis 
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Beckman Laboratories of Chemical Synthesis, 164-30, California Institute of 
Technology, Pasadena, CA 
Interest in the metalloregulation of gene transcription has prompted us to undertake the 
design, synthesis, and in vitro DNA binding studies of a series of hybrid molecules which 
combine DNA binding subunits with metal binding subunits. Specifically, synthetic ana- 
logs of the minor groove binding antibiotic netropsin were linked via oligooxa or oligoaza 
ionophoric tethers. In addition, the iron chelating moiety EDTA was appended to one end 
of each molecule in order to study its binding properties by the method of DNA affinity 
cleaving. Preliminary work showed that one molecule, bis(netropsin)-3,5,7,9,11- 
pentaoxaheptadecanediamide-EDTA, exhibited strong and specific binding to a DNA 
restriction fragment only in the presence of Sr2+ or Ba2+ cations.' Recent binding studies 
on large (plasmid) DNA and on additional restriction fragments have 1) confirmed the 
metallospecificity for the heavier alkaline earth cations, 2) indicated that the metal- 
bound ionophoric portion of this molecule binds to GC DNA base pairs in preference to AT 
base pairs, 3) shown that sites bound strongly in the presence of Ba2+ or Sr2+ are distinct 
from the (weak) binding sites observed in the absence of added metal, and 4) shown that 
the effect is strongly dependent on the structure of the ionophore, in that lower and 
higher homologs show little, if any, metalloregulation. The results are consistent with a 
model in which specific DNA phosphate:dication:ionophore complexes are formed adjacent 
to AT rich netropsin binding sites in the minor groove of B DNA, increasing the binding 
energy. In an effort to alter the metallospecificity, the synthesis of nitrogen-containing 
analogs has recently been completed. DNA binding properties of these molecules, which 
are expected to bind "softer" transition and post-transition metals, will be reported. 

IGriffin, J.H.; Dervan, P.B. J. Am.Chem. SOC., 1987,109, 6840. 

METALLOREGULATION LN THE SEQUENCE SPECIFIC BINDING OF SYNTHETIC 
MOLECULES TO DNA, John H. Griffin, and Peter B. Dervan, Arnold and Mabel 

9 1 125. 

2016 THE MerR METALLOREGULATORY PROTEIN: PROMOTER AND RNA POLYMERASE 

EXPRESSION, T. O'Halloran, M.Chae1, B.Frantz, D.Ralston, M.Shin, J.Wright, 
L. Xue. Dept. of Chemistry, Northwestern University, Evanston, IL 60208. 

Metalloregulatory proteins, factors which mediate metal responsive gene 
expression, play key roles in translating inorganic signals into changes i n  
cellular activity. We now show that the repression and metal responsive 
positive activation of bacterial mercury resistance genes (TN501) are 
mediated by a single such protein, namely MerR. - vitrQ transcription run- 
off experiments demonstrate that the purified mercuric ion/MerR protein com- 
plex is a positive activator of mercury resistance genes (pierTPAD), whereas 
the mercury free protein is a repressor. Mercuric ion concentrations in the 
range observed to induce mercury resistance in vivQ (10-6-10-8M) increase 

transcription from the metal-responsive promoter over a hundred fold. 
MerR protein interactions at the overlapping and transcriptionally divergent 
lnsrB and merTPAD promoters, the latter being the only metal responsive one, 
have been probed by DNase, DMS and hydroxyl radical protection and ethylatio 
interference. Models suggest the protein primarily contacts one face of a 
B-form DNA helix, and makes a few weaker contacts on the opposite face at.th 
center of the palindrome. While the overall affinity of the protein for DNA 
decreases 2-10 fold in the presence of micromolar mercury, protection is 
unchanged in the presence and absence of mercury. 
footprinting analysis show the MerR protein is capable of weakly inducing 
intermediate complexes between the metal-responsive promoter and the enzyme 
RNA Polymerase (RNAP) in the absence of mercury. Stable, heparin resistant 
and transcriptionally competent MerR/RNAP complexes of the metal responsive 
promoter can only be formed in the presence of mercuric ion. Protection 
patterns indicate this series of induced complexes are analogous to 'open' 
and 'initiated' promoter complexes and contain unique MerR footprint 
features. A model proposed for this activation event includes specific 
contacts within a ternary complex consisting of metalloregulatory protein, 
DNA and RNAP which cannot proceed to an transcriptionally initated complex 
until some of contacts are altered by mercuric ion coordination to MerR. 

INTERACTIONS WITH A METAL-RESPONSIVE POSITIVE ACTIVATOR OF GENE 

Gel mobility and DNA 
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ZO17 PIASMLD-DEERN2ED HEAVY MEPAL RESISPANCES: 
Misra and Sirmn D. Silver, Deparbnent of Micmbiology ad Innunology, University of 

Illinois, Chicago, IL 60680. 
Bacterial resistances to heavy metals are often governed by gem on plasmids and&raryxons. 
The arsenic and wcuzy resistance operons are inducible; the system for Cd resistance 
is constitutive. Bacteria accmulate arsenate via the chramsanal-gene governed phosphate 
tramprt system and resistant cells then efflux arsenate and arsenite by an ATF'ase arsenic 
prmp. The structural genes, e, e B ,  G, for the ars operon of Escherichia coli plasmid 
R773 have been identified frun DNA sequencing analysis- The AL-sA protein has Gptative 
adenylate binding sites hamlogous to those in nitrogenase and the p subunit of the oxidative 
PhosphoIylation ATPase. The ArsB protein is an integral &rare protein. ArsA and ArsB 
proteins form a canplex with arsenite prmping activity. ArsC protein confers additional 
arsenate resistance and efflux (1). Adenylate-binding regions hcamlogous to those descrikd 
stove have also been identified in &k dtidrug resistance glycoproteins associated with 
t m r  cells that have k c m  refractory to chamtherapy presumbly by prmping out a variety 
of structurally unrelated ccmpounds fran the cells. The EN?i sequence of the cadnim- 

open reading f r m  a d  encode for a polypeptide of 727 amino acid with significant Bnino 
acid identities when canpared with the sequences of K+ ATPases of bacteria and other ElE2 
cation tr lccating ATPases of microbial and animal cells such as the Na+/K+ ATF'ase ad the 
muscle CaFATPase. The catalytic sites where adenylate b a s ,  and the asparty1 residue that 
is phosphoqlated during catalytic cycle are highly conserved in these ATpases. The o p m n  
for the2prurial resistances contains 5 to 7 genes. The first ~r genes emjp proteins 
with Hg t r a n s p r t  function. In absexe of th is  function, the cells are Hg sensitive. 
The enzyme V i c  reductase (governed by the IIEI% gene) is a redox-active flaw-pmein 
that reduces Hg to Hgo. The mrcuric redmtase has signi- 
ficant sequence b l c g y  w i t h  a variety oxido-reductases of bacterial and d i a n  soucces, 
including hmm~ glutathione reductase (2) .  Besides mrcmic rectuctase, the enqrre organmx- 
mial lyase (gwerned by the EB gene) breaks the C-Hg bd in oryanmemials such as 
phenylmercury. The regulation of structural genes is significantly different amng various 
gram psitive and gram negative bacteria. 

1. C.-M. Chen, T.K. Misra, S. Silver and B.P. Rosen (1986) J. Biol. Chem. 261, 15030. 
2 .  T. Misra, N. Bram, L. Ilaberstroh, A. Schmidt, D. Goddette and S. Silver (1985) Gene 3, 253. 

Arsenic, cadnim and 111311cu1y, Tapan K. 

resistance detenninant fmn Staphylococcus plasmid pI258 has been de- . o n e  

Hgo is less toxic and =tile. 

Metallothioneins 
2018 METALLOTHIONEINS: STRUCTURE AND METAL BINDING PROPERTIES, Ian M. 
Armitage, Bruce A. Johnson, and J.A. Malikayil, Yale University, Department of 
Molecular Biophysics and Biochemistry, 333 Cedar Street, New Haven, CT 
06510. 

Research on metallothioneins is entering its fourth decade [J. Amer. 
Chem. SOC. 79:4813(1957)]. However, a great deal remains to be known about 
this proteins's biological function in the metabolism of essential metals and 
the sequestration of toxic metals. Detailed studies using both NMR and X-ray 
crystallography have established the metal-ligand coordination geometry and 
peptide fold for Cd(I1) and Zn(I1) in two mammalian MTs. We will report 
progress in establishing similar structural information on MTs from two other 
species and the dynamics and coordination properties of mammalian MTs with 
different metals. In particular, information on Hg(I1) binding to rabbit 
liver MT, and progress in the structure determination of yeast (Saccharomyces 
cerevisiae) and Neurospora crassa will be described. 

binds initially by replacing Cd(I1) with retention of tetrahedral geometry, 
but subsequently adopts a linear coordination geometry. 
presented that is consistent with metal exchange between Hg(I1) and Cd(I1) MTs 
resulting from bimolecular collisions between the two protein species. 

stoichiometries, with yeast MT binding 8 Cu(1) ions through 12 cysteine 
thiolate ligands, and Neurospora binding 6 Cu(1) ions through 7 cysteine 
thiolate ligands. 
in both these MTs are underway. The size of the Neurospora MT and the copper 
coordinationofboththeseMTsprovidedinterestingcomplicationsinthe 
determination of the 3D structure using NMRmethods. We will report our 
progress towards the 3D structures of these two proteins and their 
relationshiptothepresumedfunctionalpropertiesandevolutionofthis 
protein. (SupportedbyNIHGrantDK18778). 

W spectroscopic studies of Hg(I1) binding have demonstrated that Hg(I1) 

Evidence will be 

Yeast and Neurospora MTs provide two unique examples of Cu coordination 

The complete sequential assignments of the lH NMR spectra 
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2019 SOLUTION STRUCTURE DETERMINATION AND PATHWAY OF CLUSTER FORMATION IN 
METALLOTHIONEIN, Milan Vasik, Biochemisches Institut der Universitat 

Zurich, Winterthurerstr. 190 H-8057 Zurich, Switzerland 
The solution structure of "'Cd enriched Cd -1netallothionein-2a (MT) from 
rabbit liver has been calculated froy a fyjb~nation of two-dimensional (2D) 
homonuclear ('H) and heteronuclear ( H - Cd) nuclear magnetic resonance 
(NMR) data using a distance geometry algorithm (1-3). The structure revealed 
two domains encompassing 3 and 4 Cd(I1) ions organized in two tetrahedral 
tetrathiolate clusters. Although the recently published crystal structure of 
native (Zn ,Cd )-MT from rat liver displays a similar cluster organization (4) 
only ca. 225 '% of the sequence specific metal-cysteine connectivities are 
identical in the two models. To exclude species differences and preparative 
artefacts as we have 
now carried out $f3heteronuclear NMR studies also on reconstituted 'Cd - and 
on native (Zn , Cd )-MT oflSat liver. These results showed that the cluster 
topologies of leconst2tuted Cd -MTs oflfgt and rabbit are identical. The 
NMR spectra of the in-vivo labeled (Zn Cd5)-MT indicate the existence of 
several forms dlfsering in distribution 8k the metal ions. Of thefp3a major 
form contains Cd -cluster topology also found in reconstituted Cd -MTs 
(5). In an independedt study13the pathway of cluster formation in rabblt MT 
has been investippfed by Cd NMR spectroscopy at pH 7.2 and 8.6. Stepwise 
incorporation of Cd at pH 7.2 results in NMR features consistent with the 
cooperative cluster formation the 1f3terminal Cd -cluster being formed first. 
In contrast, at pH 8.6 the first 4 Cd appear t8 be bound to separate CdS - 
sites wp$Sh undergo chemical exchange with partially formed cluster (sp. 
Further Cd addition generates sequentially the Cd - and Cd -clusters in a 
cooperative manner. The unequal clusterlffability alldws for sejectivflSluster 
filling. Indeed, in the mixed [Co(II) Cd I-MT form, as judged by Cd NMR 
and electronic absorption spectra, r?h(II)  fons occupy the four-metal cluster 
and Co(I1) ions three-metal cluster. 

References: (1) M.H. Frey et al., J.Amer.Chem.Soc.~, 6847 (1985) (2) G. 
Wagner et al., Eur.J.Biochem.E, 275 (1986) ( 3 )  A. Arseniev et al., 
J.Mol.Bio1. (1988), in press (4) W.F. Furey et al., Science 231, 704 (1986) 
(5) M. Va'Sbk et al., J.Mol.Bio1. 196, 711 (1987) 

the possible source of these unequal cluster topologiff 
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Metallothionein and Metallothionein-like Peptides 
2021 PHYTOCHELATINS I N  PLANTS, E r w i n  G r i l l  

P h y t o c h e l a t i n s  a r e  a c l a s s  o f  h e a v y  m e t a l - b i n d i n g  p e p t i d e s  i s o l a t e d  f rom 
s e v e r a l  d i c o t y l e d o n o u s  a n d  m o n o c o t y l e d o n o u s  p l a n t s .  T h e s e  p e p t i d e s  c o n s i s t  of 
r e p e t i t i v e  7 - g l u t a m y l c y s t e i n e  u n i t s  w i t h  a c a r b o x y l - t e r m i n a l  g l y c i n e  a n d  
r a n g e  f r o m  5 t o  23 a m i n o  a c i d s  i n  l e n g t h .  P h y t o c h e l a t i n s  a r e  i n d u c e d  by  
c a t i o n s  o f  e.g. cadmium,  z i n c ,  c o p p e r ,  l e a d ,  m e r c u r y  a n d  s i l v e r ,  b u t  a l s o  by 
a n i o n s  l i k e  a r s e n a t e  a n d  s e l e n i t e .  The i n t r a c e l l u l a r  d i s t r i b u t i o n  o f  some of 
t h e s e  h e a v y  m e t a l s  i n  p l a n t  c e l l  s u s p e n s i o n  c u l t u r e s  r e v e a l e d  a n  a l m o s t  
e x c l u s i v e  c h e l a t i o n  o f  t h e  t o x i c  i o n s  by p h y t o c h e l a t i n s .  T h i s  f i n d i n g  a n d  t h e  
f a c t  t h a t  t h e  p e p t i d e s  are s y n t h e s i z e d  i n  p l a n t s  r a n g i n g  f r o m  t h e  p h y l o g e n e -  
t i c a l l y  p r i m i t i v e  a l g a e  t o  t h e  h i g h l y  a d v a n c e d  o r c h i d s ,  p o i n t  t o  t h e  p r i n c i -  
p a l  f u n c t i o n  of p h y t o c h e l a t i n  p e p t i d e s  i n  t h e  h e a v y  m e t a l  s e q u e s t r a t i o n  of 
p l a n t s .  
T h e i r  c e l l u l a r  f u n c t i o n  i s  a s s i g n e d  t o  d e t o x i f i c a t i o n  a n d  h o m e o s t a s i s  o f  
h e a v y  metal i o n s .  A d e t o x i f y i n g  ro le  c o u l d  b e  c o n c l u d e d  f r o m  e x p e r i m e n t s  (1) 
i n h i b i t i n g  p h y t o c h e l a t i n  b i o s y n t h e s i s ,  ( 2 )  m o n i t o r i n g  t h e  i n t e r a c t i o n  o f  
t o x i c  e f f e c t  a n d  p e p t i d e  f o r m a t i o n  a n d  ( 3 )  by  o v e r p r o d u c t i o n  of p h y t o c h e l a -  
t i n s .  A h o m e o s t a t i c  f u n c t i o n  c o u l d  be p e r c e i v e d  by t h e  a b i l i t y  o f  p h y s i o l o -  
g i c a l  c o n c e n t r a t i o n s  of z i n c  a n d  c o p p e r  e m p l o y e d  f o r  c u l t i v a t i n g  p l a n t s  a n d  
t h e i r  c e l l  c u l t u r e s  t o  i n d u c e  p h y t o c h e l a t i n s .  The p e p t i d i c  z i n c -  a n d  c o p p e r -  
c o m p l e x e s  may s e r v e  a s  a d e g r a d a b l e  s t o r a g e  f o r m  i n  t h e  r e g u l a t i o n  of t h e  
p l a n t s  c e l l u l a r  z i n c  a n d  c o p p e r  s u p p l y .  
On a c c o u n t  of t h e  r e p e t i t i v e  r - g l u t a m y l  l i n k a g e s  i n  t h e  p r i m a r y  s t r u c t u r e s  
p h y t o c h e l a t i n s  a r e  n o  p r i m a r y  g e n e  p r o d u c t s .  An i n v o l v e m e n t  o f  g l u t a t h i o n e  
b i o s y n t h e s i s  i n  p h y t o c h e l a t i n  f o r m a t i o n  was d e m o n s t r a t e d  by s p e c i f i c  b l o c k i n g  
o f  g l u t a t h i o n e ' s  b i o s y n t h e t i c  p a t h w a y ,  by a n a l y s i n g  t h e  i n c o r p o r a t i o n  of Y -  
g l u t a m y l c y s t e i n e  u n i t s  i n t o  t h e  p e p t i d e s ,  a n d  by i s o l a t i o n  o f  homo-phy toche -  
l a t i n s .  H o m o - g l u t a t h i o n e  ( r - G l u - C y s - O - A l a )  c o n t a i n i n g  p l a n t s  l i k e  s o y b e a n  
s y n t h e s i z e  h o m o - p h y t o c h e l a t i n s ,  p h y t o c h e l a t i n s  i n  w h i c h  t h e  c a r b o x y l - t e r m i n a l  
g l y c i n e  i s  r e p l a c e d  by 0 - a l a n i n e .  
P h y t o c h e l a t i n s  a n d  m e t a l l o t h i o n e i n s  b o t h  c o m p l e x  h e a v y - m e t a l  i o n s  by t h i o l a t e  
c o o r d i n a t i o n ,  b u t  d i f f e r  c o m p l e t e l y  i n  t h e i r  b i o s y n t h e s i s .  T h u s ,  a n  e v o l u t i o -  
n a r y  d i v e r g e n c e  i n  h e a v y  metal  s e q u e s t r a t i o n  h a s  o c c u r e d  b e t w e e e n  a n i m a l s  a n d  
p l a n t s .  

L e h r s t u h l  f u r  P h a r m a z e u t i s c h e  B i o l o g i e ,  U n i v e r s i t a t  Munchen,  F R G  

2 022 NEUROSPORA COPPER METALLOTHIONEIN: MOLECULAR STRUCTURE AN0 REGULATION OF G E N E  

I n s t i t u t  d e r  Un ive r s i t a t  Zurich,  Win te r thu re r s t r a s se  190, CH-8057 Zurich,  Switzer land.  
In t h e  presence of nontoxic doses o f  CuSO4 Neuros o ra  c r a s s a  accumulates the metal with the  
concomitant syn thes i s  of a low molecular w e d r ' s i n a r n g  p ro te in .  The molecule which 
c o n s i s i t s  of 25 amino a c i d s ,  binds 6 Cu i ons ,  and shows extensive sequence s i m i l a r i t y  to  the 
amino-terminal p a r t  of v e r t e b r a t e  me ta l lo th ione ins .  Absorption, c i r c u l a r  dichroism, and EPR 
spectroscopy of N. c r a s s a  Cu metal lothionein i n d i c a t e  t h e  copper t o  be bound t o  cys t e iny l  
r e s idues  a s  a C u n ) m a t e  cluster (CU(I)@7)- ( 1 ) .  X-ray absorpt ion edge and EXAFS spec- 
troscopy da ta  a r e  most c o n s i s t e n t  w i t h  a three- o r  four-coordinate  geometry around t h e  Cu 
i n d i c a t i n g  a compact and r i g i d  c l u s t e r  structure f o r  N.  c r a s s a  Cu me ta l lo th ione in  ( 2 ) .  Upon 
e x c i t a t i o n  i n  t h e  UV t h e  p ro te in  emits  an unusual lumce- cha rac t e r i zed  by a l a r g e  
Stokes s h i f t  with a maximum a t  565 nm ( 2 ) .  The luminescence emission - a t t r i b u t e d  t o  a t r ip -  
l e t  exc i t ed  s t a t e  of t h e  Cu(1)- to-sulfur  charge t r a n s f e r  complex - has a l i f e t i m e  of 10.3 ps. 
In agreement with t h e  known amino a c i d  sequence o f  N.  c r a s s a  me ta l lo th ione in ,  the recen t ly  
cloned gene codes f o r  a polypept ide of 25 amino a c i X ( 3 l . e  promoter region o f  t h e  gene i s  
devoid of sequences r e l a t e d  t o  the highly conserved metal r egu la to ry  elements o f  mammalian 
metal lothionein genes o r  the copper responsive elements  of t h e  y e a s t  me ta l lo th ione in  gene. 
Unlike t h e  ma a l i a n  me ta l lo th ione in  genes which a r e  induced by d i f f e r e n t  metal i ons ,  ( C u 2 + ,  
Cdzt, Zn2+, C?+), t h e  t r a n s c r i p t i o n  of t h e  N.  c r a s s a  me ta l lo th ione in  gene i s  s t r i c t l y  copper 
dependent ( 4 ) .  In cultures o f  N.  c r a s s a  i n o c x a m d  grown i n  copper-supplemented media, 
metal lothionein m-RNA appears  T r m e  l a t e  logari thmic growth per iod and i s  d e t e c t a b l e  f o r  
more than 30 h. In response t o  copper shock, however, r ap id ly  inc reas ing  amounts of metal lo-  
t h ione in  m-RNA a r e  de t ec t ed  wi th in  minutes a f t e r  copper admin i s t r a t ion  a t  any time i n  vegeta- 
t i v e l y  growing mycelia of N .  c r a s sa .  Maximum l e v e l s  a r e  de t ec t ed  about l h  a f t e r  add i t ion  of 
copper t o  t h e  medium. The m m  t ime of the m-RNA is approximately 2.5 h .  The amounts of 
copper metal lothionein reach a maximum l eve l  a t  3 h  a f t e r  induct ion and t h e r e a f t e r  remain 
cons t an t .  The r ap id  induct ion by copper ions  o f  metal lothionein m-RNA and metal lothionein 
toge the r  w i t h  t h e  remarkable s t a b i l i t y  of t h e  n a t i v e  p ro te in  i n t r a c e l l u l a r l y  suggests  tha t  
t h i s  p ro te in  se rves  an important  homeostatic r o l e  i n  t h e  copper metabolism of t h i s  fungus.  

1) M. Beltramini and K. Lerch (19861, Environ. Health Perspect .  65,  21-27. 
2 )  T. A. Smfth, K .  Lerch. and K.  0. Hodgson (1986) ,  Inorg.  Chem.75, 4677-4680. 
3) K. Munger, U. A. Germann, and K.  Lerch (19851, EMBO J. 4, 266-668. 
4 )  K. Munger, U. A. Germann, and K.  Lerch (1987),  J .  Bio1.-Chem. 262, 7363-7367. 

EXPRESSION, K.  Munger. U.A. Germann, M. Beltramini and K.  Lerch, Biochemisches 

332 



Metal Ion Homeostasis: 
Molecular Biology and Chemistry 

2023 
Rajesh K. Mehra, E. B a r t  Tarbet  and A. Hughes, U n i v e r s i t y  o f  Utah Medical  Center,  S a l t  
Lake City, Utah 84132. 
y-Glutamyl pept ides  o f  t he  general  s t r u c t u r e  (y-Glu-Cys),-Gly were i s o l a t e d  from 
Schizosaccharomyces pombe grown i n  t h e  presence o f  Cu o r  Cd sa l t s .  
t h e  m e t a l - t h i o l a t e  c l u s t e r s  ranged i n  l e n g t h  f rom 5 t o  13 res idues  d i f f e r i n g  i n  t h e  
number o f  y-Glu-Cys d i p e p t i d e  repeats.  
predominant pept ides  were o f  n3 and n4. 
form. Each metal-y-Glu pep t ide  complex e x i s t s  as a ol igomer,  bu t  t he  p e p t i d e  
s to i ch iomet ry  w i t h i n  a complex i s  unclear.  
a C u ( 1 ) - t h i o l a t e  c l u s t e r  w i t h  t h e  metal  cen te r  sh ie lded  fran so lvent .  
form w i th  pep t ides  o f  unique lengths ,  bu t  complexes o f  h ighes t  metal  b i n d i n g  
s to i ch iomet ry  and g rea tes t  s t a b i l i t y  a re  formed w i t h  m ix tu res  o f  pep t ide  lengths .  
Cd-y-Glu pep t ide  complexes con ta in  l a b i l e  s u l f u r  u n l i k e  t h e  Cu complexes. Heterogene i ty  
e x i s t s  i n  the  l a b i l e  s u l f u r  con ten t  o f  t h e  Cd c l u s t e r s .  Complexes w i t h  t h e  h ighes t  
s u l f i d e  conten t  e x h i b i t  a c h a r a c t e r i s t i c  300-310nm absorp t ion  band. 
complexes o f  low s u l f i d e  conten t  o r  devo id  o f  s u l f i d e  can be r e c o n s t i t u t e d  w i th  s u l f i d e  
t o  generate t h e  300nm absorp t ion  band. I t  appears t h a t  each C d - t h i o l a t e  c l u s t e r  
con ta ins  a s i n g l e  s u l f i d e  and t h a t  t h e  bas i c  o l igomer  can f u r t h e r  assoc ia te  t o  y i e l d  
h i g h e r  mo lecu la r  weight species. S u l f i d e  a d d i t i o n  r e s u l t s  i n  the  assoc ia t i on  o f  
o l igomers,  t h e  s u l f i d e s  may b r i d g e  o l igomers  together .  High s u l f i d e  forms o f  t h e  Cd- 
t h i o l a t e  c l u s t e r  impar t s  g rea te r  s t a b i l i t y  t o  t h e  complex. 
accumulat ion o f  s u l f i d e  i n  Cd-y-Glu pep t ide  complexes, S. pombe secre tes  s u l f i d e  i n t o  
Cd-conta in ing  media r e s u l t i n g  i n  i n s o l u b l e  Cd-S format ion.  The y-Glu pep t ide  system i s  
t h e  major mechanism o f  metal  t o le rance  i n  S. pombe. Saccharomyces c e r e v i s i a e  e x h i b i t s  
t o l e r a n c e  t o  on l y  Cu s a l t s  by i n d u c t i o n  o f  m e t a l l o t h i o n e i n - l i k e  po lypept ide .  I n  a 
separate yeas t  t h e  y-Glu pep t ide  system i s  induced by Cd sa l t s ,  b u t  Cu s a l t s  e l i c i t  
f o rma t ion  o f  two m e t a l l o t h i o n e i n - l i k e  po lypept ides .  

STRUCTURAL ASPECTS OF METAL-y-GLUTAMYL PEPTIOES, Dennis R. Winge. R. N e i l  Reese, 

The pep t ides  w i t h i n  

Some pept ides  were present  i n  the  desGly 
I n  severa l  p repara t i ons  o f  y-Glu pep t ides  t h e  

The complex formed w i t h  Cu s a l t s  i s  c l e a r l y  
Cu complexes can 

The 

Cd-y-Glu pep t ide  

I n  a d d i t i o n  t o  the  

Physiology and Diseases of Unbalanced Metal Homeostasis 
2024 A POSSIBLE R3J.E FOR INl'RACELLULX7 CU-BINDING PFOTEINS I N  CU-UPTAKE, F. Palida, 

G. Waldrop, and M. Ettinger, Cepartm=nt of Biochemistry, SUNY at Buffalo, Buffalo, 
NY 14214. 
The kinetics of Cu(I1)-transport by hepatocytes (Km ll+ 0.6 uM, Vmax 2.7 0.6 nm>l/min/mg 
protein) and fibroblasts (Km 6.9 0.2 pM, V m x  2.6 2 0.1 nm>l/min/mg protein) are similar. 
Transport is passive i n  both directions. Albunin markedly decreases i n i t i a l  rates of 
Cu-uptake with both cell types by decreasing the effective,  extracellular Cu-concentration. 
As equilibriun is approached ( 3  h ) ,  %ptocytes canpete with albunin mch more effectively 
than fibroblasts $2. Thus, at 10 &l 
only 10% as m h  as at 10 uM 
the sane m u n t  of '0.1 with or without albunin. Neither cell type takes up I-alb-. 
Sephadex G150 (1.5 x 100 an) profiles show that hepatocytes contain a 38 M cytosolic. 
Cu-binding-protein fraction which is not detected in fibroblasts. This m y  account, in 
paa, for  the observed differences in  net Cu-uptake by hepatccytes and fibroblasts at 
equilibriun. Menkes disease is a f a t a l ,  X-linked disease of Cu-iretabolim. Fibroblasts 
frcm the brindled muse mutant ndel of Menkes disease accunulate excess Cu fran 
albunin-containing media. 
(MT) t o  which the excess Cu binds. Canparable levels of MT can be attained i n  no- 
fibroblasts by Cu,Zn or dexamthasone induction. 
elevated MT-levels is n d ,  i.e., the brindled/Menkes phenotype of excess Cu-accunulation 
is not exhibited by these cells. 
the primary defect i n  the mutant i n  d e t m i n g  net Cu-uptake by fibroblasts. 
protein has been identified by HPLC and SDS-PAGE which w a r s  t o  be abnomdly low in 
the hepatic and renal cytosols frcm the brindled mice. These results taken together, 
suggest a role for non-MT cytosolic Cu-binding proteins in determining net Cu-uptake. 

Cu(I1) plus 10 uM albunin, fibroblasts accumlated 
Cu(I1) alone, but hepatocytes accunulatedlzpproximately 

These fibroblasts contain elevated levels of mtallothionein 

Cu-uptake by normal fibroblasts with 

This implies a role for the protein associated with 
A cytosolic 
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Z 025 Cellular Accumulation of Iron and Other Transition Metals by 

Jerry Kaplan. Anne Sturrock, James Alexander, (Department of Pathology 
Medicine, University of Utah Medical Center, Salt Lake City, Utah 84132 

Uptake System 
a Transferrin Independent 

and Department of 

A number of studies demonstrate an uptake system for iron independent of the iron transport 
protein transferrin. 
exhibiting a mutation in the transferrin gene resulting in severe hypo-transferrinemia. 
Homozygotes for this disorder are severely anemic yet at the same time exhibit iron overload disease 
of the liver, pancreas, and heart. A phenocopy of this disorder can be established in normal animals 
by overloading the ability of transferrin to bind iron; at which point iron molecules introduced into 
plasma will be cleared by the transferrin-independent uptake system. Studies employing cultured 
cells also demonstrate the presence of the transferrin-independent iron uptake system. A number 
of different experiments indicate that uptake docs not involve endocytosis and most probably results 
from a carrier mediated transport system. Cells unable to bind transferrin because of proteolysis of 
transferrin receptors are still capable of accumulating iron salts. "ionic iron". Treatment of cells 
with sulfhydryl reagents prevents endocytosis and accumulation of transferrin bound iron but has 
no inhibitory effect on accumulation of ionic iron. This transport system is capable of accumulating 
other metals, and may be an uptake system for transition metals. Accumulation of ionic iron is 
blocked by a variety of other metals including Cu, Zn, Mn and Cd. 
cells with ionic iron and Cd can alleviate the toxic effect of Cd. 
with ionic iron. or simultaneous incubation with diferric transferrin and Cd was without effect. 
Ionic iron could competitively inhibit the uptake of Cd109. 
the uptake of ionic iron show a similar increase in Cd109. 
transport system capable of mediating the accumulation of a number of different transition metals. 
(Supported by funds from the National Institute of Health.) 

Among the most persuasive evidence is the existence of a line of mice 

Simultaneous incubation of HeLa 
Whereas, prior incubation of cells 

Conditions which result in an increase in 
These results suggest the existence of a 

Phytochelatins in Plants 
2026 Biochemical Basis of Cadmium Resistance and the Role of Metal- 

Binding Peptides (Y-Glu-Cys),-Gly in Plant Cells. John C. Steffens, 
Department of Plant Breeding, Cornell University, Ithaca, NY 14853 

Tomato cell cultures selected for growth on normally lethal concentrations of CdC12 
synthesize the metal binding polypeptides (y-Glu-Cys)j-Gl and (y-Glu-Cys)4-Gly. 
CdR cells accumulate these peptides in higher amounts than Cdg cells when challenged 
by Cd. The pool of precursor Y-Glu-Cys increases five-fold over the same pool in 
CdS cells. Specific inhibition of y -glutamylcysteine synthetase by buthionine 
sulfoximine prevents accumulation of these peptides and abolishes resistance to Cd. 
Similarly, BSO sensitizes CdS cells to previously nontoxic levels of Cd. Growth of 
CdR cells is unaffected under these conditions. In the absence of Cd, CdR cells are 
resistant to growth inhibition by concentrations of BSO which inhibit growth of CDS 
cells, indicating that the activity of the target enzyme may be altered in CdR cells. 
Assay of y-glutamylcysteina synthetase from both cell lines shows that activity of 
this enzyme in CdR cells is about four-fold higher than in CdS cells. 

CdR cells are not cross-resistant to other heavy metals, and recent work 
suggests that metal detoxification by these peptides may be Cd-specific. Low levels 
of these peptides are present in cells in the absence of heavy metals, and the 
occurrence of acid-labile sulfur as a component of the metal complex raises questions 
concerning the possible role of these peptides besides that of Cd detoxification. The 
most likely role appears to be as a substrate for APS sulfotransferase, to serve as 
a carrier for sulfur during its reduction from sulfate to the level of cysteine. 
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Z 027 CHARACTERIZATION OF ZN-BINDING PEPTIDES ASSOCIATED WITH A DECLINE DISORDER OF 
CITRUS. Kathryn C. Taylor, L.Gene Albrigo and Chris t ine D. Chase, University of 

Flor ida,  Gainesville F L  32607. 
Ci t rus  bl ight  i s  a decl ine disorder  of unknown et iology.  
disorder  i s  a red is t r ibu t ion  of Zn within the t r e e .  
def ic iency while Zn accumulates in  t h e  phloem. 
complexing agent. 

A 4 ki lodal ton,  llighly anionic ,  zinc binding f rac t ion  was i so la ted  from phloem tissue of 
bl ight-affected Valencia' sweet orange (Citrus s inens is  (L.) Osbeck) and 'Marsh' 
grapefrui t  (C. aradis i  Macf.) t r e e s .  Q A m c h r o m a t o g r a p h y  revealed t h e  Zn binding 
f rac t ion  c o n t a i h e a s t  four d i f fe ren t  anionic species .  Two of t h e  four  species  were 
present in  t i s s u e  from healthy as well as  bl ight-affected t r e e s .  The other  two species  
were found in  only the bl ight-affected t r e e s .  
t h e  p a r t i a l l y  purif ied Zn-binding fac tors .  The four fac tors  had very s imi la r  amino acid 
compositions and contained a high percentage of asp/asn residues,  indicat ing they a re  not 
poly(gamma-glutamyl-cysteiny1)-glycine peptides. 
peptides and t h e i r  metal binding propert ies  i s  underway. 

The e a r l i e s t  symptom of t h e  
The canopy e x h i b i t s  symptoms of Zn 

The phloem Zn i s  associated with a 

Amino acid analysis  was performed on each of 

Further character izat ion of these  

ZO28 RESPONSES OF PLANT CELLS TO CD EXPOSURE 
G. J.  Wagner, Plant  Physiology/Biochemistry/Molecular Biology Program, 
Agronomy Department, University of Kentucy. Lexington, K Y  40546-0091 

Higher p lan ts  and p lan t  cul tured c e l l s  respond t o  challenge with high concentrat ions 
of Cd by forming non-metallothionein-like, Cd-binding pept ides ,  a l s o  ca l led  
phytcchelat ins .  I n  cul tured c e l l s  rendered unable t o  form Cd-peptide (BSO inh ib i ted) .  but 
not i n  uninhibi ted cells, challenge w i t h  high Cd concentration r e s u l t s  i n  decreased growth 
which i s  correlated w i t h  exposure concentration. These and o ther  r e s u l t s  suggest a 
Cd-detoxification r o l e  for  Cd-peptide i n  p lan ts ,  a t  l e a s t  those exposed t o  high l e v e l s  of 
Cd. For Cd-peptide versus  metallothionein, modes of "induction", synthesis ,  and 
s p e c i f i c i t y  of metal binding and "induction" d i f f e r  s ign i f icant ly .  Zinc does not  appear 
t o  bind t o  or  induce s igni f icant  Cd-peptide ligand. Comparative proper t ies  of Cd peptide 
and metallothionein w i l l  be discussed. 

hours t o  form s i g n i f i c a n t  l e v e l s  of Cd peptide. ye t  c e l l s  a r e  shown t o  e q u i l i b r a t e  wi th  
metal ( a l s o  Zn) immediately. Thus. the  question a r i s e s  as t o  how c e l l s  accommdate t h e  
presence of i n t r a c e l l u l a r  Cd before s i g n i f i c a n t  Cd peptide is formed. Studies  of organic  
acid-to-Cd and Zn stoicheometry, vacuolar compartmentation of Cd and Zn. and of organic 
acid biosynthesis  support the hypothesis t h a t  Cd and Zn may be rap id ly  sequestered i n  
p lan t  vacuoles a s  organic acid metal complexes, conferr ing i n i t i a l  tolerance,  Resul ts  of 
s t u d i e s  comparing the occurrence of Cd peptide versus Cd-metallothionein i n  t ransgenic  
tobacco p lan ts  expressing mouse metallothionein will a l s o  be described. 

Even af ter  very high Cd challenge (140OpM), tobacco cul tured c e l l s  requi re  1 t o  2 
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Gene Regulation 
2100 ~ A M ) ~ ~ ~ s P E c I F I C F D R ~  G e o r g e m l i q ,  

Institute of Micrcsiolcgy, M s i t y  of Hannaver, P3000 HaMover 1, 
sdwidedzrg 50, E X  
?he existame of a hicj-raffinity, 
mnmiacpes AlXX 6872 md in Aqxzqllus 171ger AlXX 11414 was ckmnstratd. 
Brwibaderium 
biosynthsis is krmm t o  l~ manganese c k p n c h t .  Gxprison of p r i f i d  narbranes 
prepared fran manganese sufficient and ckficimt cells reveald tht 14 out of 66 
polpq%ide bands detectable by SOG-PZE &an@ i n  intensity upon y ckpletion. 
In the pnsaxe of nyqamse similar quarititative alterations of tk pmtem ccrrposition 
of the rabraw wre -&en ribcnucleot ide m i a n  was inhibited by hydroxyurea or 
ud7en lzNA replicaticn itself was inhibited by xniturycin C. The mssibil i ty is discus& 
that c m  cr of Ve pol&&s enhanoed in the &raw of manganese deficient cells 
of B. 
~ t r a t . s F o a s y s t e m .  

manganese influx in Brevibaderiun 
In 

ribcnucleot ide m i o n ,  the central step in Dp9\ p m o r  

regesmt the derepressed tmrqrse carrier of tk higkaffinity 

2 101 TRANSCRIPTION FACTOR(S) WHICH BINDS TO THE UPSTREAM ACTIVATOR SEQUENCES OF THE 
YEAST COPPER METALLOTHIONEIN G E N E ,  Lawrence W .  Bergman and Cynthia R .  Timblin,  

Ohio Universi ty ,  Athens, Ohio 45701. 
The  yeas t  copper metal lothionein gene (CUP1 1 i s  t r a n s c r i p t i o n a l l y  regulated i n  response t o  
the presence of copper i n  the  growth medium. Although the c i s - ac t ing  elements r e spons ib l e  
f o r  t h e  response a r e  known, very l i t t l e  is  known of t h e  t r ans -ac t ing  f a c t o r s  involved i n  
CUPl  expression.  A promoter fusion between the CUPl upstream a c t i v a t i n g  sequences and t h e  
regulatory sequences of the y e a s t  PH05 gene was used t o  demonstrate t h a t  e f f i c i e n t  t r a n s -  
c r ip t iona l  r egu la t ion  i n  response t o  copper i s  mediated by DNA sequences contained on 
a 101 bp HinfI-HinfI CUPl r e s t r i c t i o n  fragment.  An i n  v i t r o  approach was taken t o  d e t e c t  
s p e c i f i c  p r o t e i n ( s )  binding t o  the upstream activanng-uences of t h e  CUPl gene. DNA 
binding a c t i v i t y ( s )  s p e c i f i c  f o r  t h e s e  sequences has been p u r i f i e d  11,000-fold from yeas t  
nuclear  extracts by Heparin Agarose and CUP1-specific DNA-cellulose chromatography. 
Nucleoprotein gel  e l ec t rophores i s  r evea l s  two d i s c r e t e  s p e c i f i c  protein-DNA complexes. 
DNAase I f o o t p r i n t i n g  d e t e c t s  two regions of p ro tec t ion ,  region I and 11, which includes 
t h e  repeated consensus sequence 5'-TCTTTTTGCT-3' which i s  implicated i n  t h e  t r a n s c r i p -  
t i o n a l  response t o  copper.  

102 PURINERCIC ACONIST MEDIATED INDUCTION OF RAT HEPATIC ZINC 
METALLOTHIONEIN. Frank 0. Brady, Scot t  H. Garret t  and Koji Arizono, Department 

of Biochemistry, University of South Dakota School of Medicine, Vermillion, SD 57069 USA. 
Purinergic agonists cause activation of either adenylate cyclase ( P I  ) or phospholipase C ( P , )  

by adenosine (AMP) and ATP (ADP), respectively. Rat liver possesses the  A2 subtype of t he  P, 
receptor and the P2y  subtype of t he  P2 receptor. In vivo injections of ATP (I0 pmoles/kg) o r  
adenosine (100 pmoles/kg) were administered to male, Sprague-Dawley r a t s  (250-300 g ) ,  and the 
levels of hepatic zinc metallothionein (MT) were assessed. ATP (single or three injections) did 
not elevate ZnMT levels above controls receiving saline injections, but adenosine ( three injections 
a t  0, 4, and 8 hr)  did (3.4-fold induction). Various agonist analogues of adenosine a re  available, 
and these were studied in vivo. 
adenosine (NECA) (10 pmoles/kg) were effective in vivo inducers at 11 hr a f t e r  single injections 
with 7.3- and 5.5-fold inductions, respectively. 5'-Chloro 5'-deoxyadenosine (50 umoles/kg) were 
modestly effective af ter  a single injection (2.1-fold) and bet ter  a f t e r  three injections (3.9-fold). 
A time course study with 2-chloroadenosine (100 Vmoles/kg) revealed near maximal induction a t  
11 hr with a continuing rise to 25 hr. 
2-chloroadenosine of 20 p moles/kg. 
2-chloroadenosine. 
hepatocytes. 
purinergic agonists which act ivate  adenylate cyclase. 
Parson's Fund) 

2-Chloroadenosine ( 100 pmoles/kg) and 5-N-ethylcarboxamide 

A dose response curve (11 hr) revealed an EDo.5 for  
Theophylline pretreatment can block the induction by 

The in vivo studies have been confirmed in vitro, using isolated, cultured rat  
The multihormonal modulation of the induction of r a t  hepatic ZnMT now includes 

(Supported by a research grant from the 
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Z 103 WST-TRANSCRIPTIONAL CONTROL OF GLUTATHIONE PEROXIDASE GENE 
EXPRESSION BY SELENIUM. 
Sunil Chada, Constance Whitnev and Peter Nevburaer. Universitv of 
Massachusetts Medical Center, Worcester, MA 0160%. . 

Selenium is an essential element in the mammalian diet and has been 
shown to have a protective effect in animal models of carcinogenesis. The 
only well characterized selenoprotein is Glutathione Peroxidase (GSH-Px), 
in which the selenium is incorporated as an unusual selenocysteine residue. 
This enzyme is important in protecting cellular membranes and DNA from 
peroxidative damage. 

We have isolated cDNA clones encoding the entire human GSH-Px W A ,  
and have shown that the selenocysteine residue is encoded by an opal 
terminator codon TGA. This is the first example of a termination codon 
being suppressed in human cells. 

We have developed a model system with which to study selenium 
regulated gene expression using a human promyelocytic leukemia cell line 
(HL60), which may be grown in a defined medium with or without selenium. 
Cellular GSH-Px activity and steady-state protein levels fell sharply when 
selenium was removed from the media, whereas steady-state mRNA levels and 
transcription rates were independant of the presence or absence of 
selenium. This indicates that GSH-Px gene expression is regulated post- 
transcriptionally by selenium, probably by the availibility of 
srlenocysteine. 

104 REGULATORY SEQUENCES IN HUMAN A FERRITIN H GENE, Panos Papadopoulos, 
Elisabetta Zappone and Jim Drysdale, Tufts University School of 
Medicine, Boston MA 02111. 

Ferritin H synthesis is induced by several factors including heavy metals, 
hormones and growth factors, and by differentiation or proliferation. We have 
obtained additional sequence from the promoter region of a functional human H 
ferritin gene and find many sequences that affect the transcription of several 
other genes. In addition to several GC boxes in the 5 '  upstream region and in 
the first intron, there are sequences with complete homology to regulatory 
elements in genes for globin, transferrin receptor, heat shock proteins, 
interferon, c-fos and interleukin. There is extensive homology with the 
promoters of the oncogenes c-erbB-1 and c-erbB-2 and several copies of sequences 
required for basal and cadmium induced synthesis of metallothionein. Since 
ferritin H mRNA levels are also induced by cadmium (experiments with M. Karin), 
ferritin H and metalliothionein may use the same metal regulatory element. 
Although induced by phorbol esters, we do not find any of the known phorbol 
responsive elements in ferritin H. 

2105 A NOVEL DNA BINDING METALLOPROTEIN FROM (+Zn) AND (-zn) E. GRACILIS, 
Kenneth H. Falchuk, Marta Czupryn and Bert L. Vallee, Harvard 
Medical School, Boston, MA 02115. 

The existence of gene regulatory zinc metalloproteins in E. gracilis was 
postulated to account for the effects of zinc, and its deficiency, on the 
differential activation or repression of specific sets of qenes in this 
organism (Vallee and Falchuk,'l981, Phil. Trans. R. SOC. Land. B 294:185). 
We have now purified a chromatin metalloprotein, examined its effects on 
transcription and studied the consequences of zinc deficiency on its 
metabolism. In (+Zn) E racilis it has a molecular weight of 10,000 and 
contains 1.1 - 1.4 g - a b :  but no Cu, Fe, or Mg. It binds tightly 
to single stranded and weakly to double stranded DNA. It enhances RNA syn- 
thesis by the a-afflanitin sensitive RNA polymerase I1 from both E racilis 
and wheat germ. In contrast, it does not affect the activity of-&---- 
a-amanitin resistant RNA polymerase fraction. In (-Zn) cells, the 
molecular weight and amino acid composition of the protein are unchanged. 
Remarkably, instead of Zn, it contains 1.4 - 1.6 g-atom Cu/mole. The Cu 
protein binds weakly to both single and double stranded DNA. The replace- 
ment of Zn by Cu in this protein opens the way to examine the role of the 
metal in the function of it, and perhaps other DNA binding metalloproteins. 
This may provide information critical to understanding the control of gene 
activity by zinc and the biological effects induced by zinc deficiency. 
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2 106 STUDIES ON THE REGULATION 0” PWATIC CERULOPLASMIN SENg EXPRESSION, Jonathan  3. 
G i t l i n ,  Washington Un ive r s i ty  School of Medicine, S t .  Louis ,  Mo 63130. 

Ceruloplasmin is a s e n @  
found i n  t h e  plasma of v e r t e b r a t e  an imals .  Th i s  p r o t e i n  i s  an  acute-phase r e a c t a n t  and 
has  d i v e r s e  b i o l o g i c  r o l e s  which inc lude  copper t r a n s p o r t  and metabolism, an t i -ox idan t  
metabolism, and angiogenes is .  We have i s o l a t e d  human ceru loplasmin  cDNA c lones  and use? 
t h e s e  t o  s tudy  t h e  molecular  mechanisms r e g u l a t i n g  h e p a t i c  ceru loplasmin  gene express ion  
dur ing  inflammation. I n  a l l  s p e c i e s  examined, h e p a t i c  ceru loplasmin  mRNA con ten t  
i n c r e a s e s  6-10 f o l d  w i t h i n  24 hours  fo l lowing  a n  i n i t i a l  s t imu lus .  Human l i v e r  con ta ins  
two ceru loplasmin  s p e c i f i c  mRNAs (4.2 6 3.7kB), p re sen t  i n  equ iva len t  amounts, and 
fo l lowing  inflammation t h e r e  is an  equ iva len t  i n c r e a s e  i n  t h e  h e p a t i c  con ten t  of bo th  
t r a n s c r i p t s  wi thout  a change i n  t r a n s c r i p t  s i z e .  Nuclear run-on a s s a y s  i n d i c a t e  t h a t  t h i s  
i n c r e a s e  i n  h e p a t i c  ceru loplasmin  mRNA con ten t  is  l a r g e l y  t h e  r e s u l t  of a n  i n c r e a s e  i n  t h e  
r e l a t i v e  r a t e  of ceru loplasmin  gene t r a n s c r i p t i o n  a l though changes i n  ceru loplasmin  mRNA 
turnover  are a l s o  involved .  S t u d i e s  i n  human hepatoma-derived c e l l  l i n e s  i n d i c a t e  t h a t  
t h e  i n c r e a s e  in ceru loplasmin  gene t r a n s c r i p t i o n  is mediated by s e v e r a l  cy tok ines  
inc lud ing  in te r leukin-1  and tumor n e c r o s i s  f a c t o r .  Ceruloplasmin gene expres s ion  o r  
p r o t e i n  s y n t h e s i s  was no t  a f f e c t e d  i n  t h e s e  s t u d i e s  by e s t rogen  o r  copper i o n  concent ra -  
t i o n  sugges t ing  t h a t  t h e  r epor t ed  e f f e c t s  of t h e s e  compounds on ceru loplasmin  serum 
concen t r a t ion  occur s  by p o s t - t r a n s l a t i o n a l  mechanisms. 

a -2 g lycopro te in  which c o n t a i n s  g r e a t e r  than  95% of t h e  copper 

2107 I N  VIVO FOOTPRINTING OF MerR BINDING TO THE REGULATORY REGION, A .  H e l t z e l ,  P. 

Express ion  of t h e  s t r u c t u r a l  genes (merTPCAD) of  t h e  b a c t e r i a l  mercury r e s i s t a n c e  l o c u s  
is  regu la t ed  by t h e  merR product ,  a DNA b inding  p r o t e i n  which a c t s  as a r e p r e s s o r  i n  t h e  
absence of and as a n  a c t i v a t o r  i n  t h e  presence  of mercury. MerR a l s o  nega t ive ly  r e g u l a t e s  
i t s  own s y t h e s i s .  The r e g u l a t o r y  r eg ion  inc ludes  t h e  i n  v i t r o  MerR b inding  s i t e ,  a 
symmetrical  sequence wi th  7-bp i n v e r t e d  r e p e a t s  s epa ra t ed  by 4-bp, and two d ive rgen t ly  
o r i e n t e d  promoters,  PR and PTpCAD. I n  t h e  presence  of MerR, i n  v ivo  me thy la t ion  of unin- 
duced and Hg-induced cells  shows t h a t ,  r e g a r d l e s s  of mercury be ing  p resen t ,  four o u t  of 
n ine  guanine r e s idues  i n  t h e  symmetrical  dyad are p r o t e c t e d .  However, t h e  r e a c t i v i t y  of 
DNA from Hg-induced c e l l s  r e v e a l s  t h a t  a t  least  t h r e e  a d d i t i o n a l  guanine r e s i d u e s  i n  t h e  
symmetrical  s i te  are a l t e r e d  c o n s i s t e n t  w i th  a s h i f t  of MerR b inding  o r  w i th  RNA poly- 
merase b inding  upon a c t i v a t i o n  of PTpcAD. D i f f e r e n t  r e a c t i v i t i e s  of guanine r e s i d u e s  i n  
t h e  -10 and -35 r eg ions  of PTpCAD i n  Hg-induced cel ls  sugges t  RNA polymerase occupat ion  
a t  PTpCAD upon a c t i v a t i o n .  I n  v ivo  exper iments  ex tending  f u r t h e r  i n t o  t h e  merR reading  
frame ind ica t ed  no a d d i t i o n a l  MerR b inding  s i tes .  Our c u r r e n t  model i s  t h a t  M e r R  b inds  t o  
the  same gene ra l  r eg ion  as an a c t i v a t o r  o r  a s  a r ep res so r .  Upon induc t ion  wi th  mercury, 
t h e  a c t i v a t o r  conformation of MerR hound a t  t h e  dyad s t r u c t u r e  a l lows  RNA polymerase 
b inding  t o  PTpCAD. W e  are c u r r e n t l y  i n v e s t i g a t i n g  r ep res s ion -  o r  i nduc t ion -de f i c i en t  a s  
w e l l  as & d e l e t i o n  mutants  u s ing  t h e  above approach. 

T o t i s  and A.O. Summers, Un ive r s i ty  of Georgia,  Athens,  Georgia 30602. 

2108 DNA METHYLATION I S  CORRELATED TO REGULATION OF HUMAN MT I F ,  MT I G  AND MT IIA 
GENES. N. J ah roud i ,  G. B i e t e l ,  C .  Sadhu and L. Gedamu. Department of B io log ica l  
Sc iences ,  Un ive r s i ty  of Calgary ,  Calgary ,  A lbe r t a ,  Canada. 

The gene 
was s tud ied  i n  response  t o  heavy metals and g lucocor t i co id  hormone i n  human hepatoblastoma 
(Hep G2) and lymphoblastoid (WI-L2) ce l l  l i n e s .  The MT I F  and MT I G  genes  a r e  expressed  
i n  Hep G Z  cel ls  but  no t  i n  WI-LZ cells.  l i n e s  
i n  l i n e .  
These obse rva t ions  sugges t  t h a t  t h e  MT I genes are expressed  i n  a ce l l  type  s p e c i f i c  
manner and t h e  induc t ion  of t h e  MT 11.4 gene by g lucocor t i co ids  i s  ce l l  type  s p e c i f i c .  The 
fo l lowing  evidence sugges t s  t h a t  DNA methyla t ion  i s  involved  i n  both phenomena: ( i )  aza- 
c y t i d i n e  t r ea tmen t  of WI-LZ cel ls  r e s u l t e d  i n  t h e  expres s ion  of both MT I genes and 
g lucocor t i co id  induc t ion  of MT I I A  gene; ( i i )  t r a n s f e c t i o n  of WI-L2 c e l l s  w i th  appropr i a t e  
c o n s t r u c t s  con ta in ing  MT promoters fused  t o  CAT gene (MT-CAT) r e s u l t e d  i n  CAT express ion  
i n  response  t o  t h e  induce r s  i n d i c a t i n g  t h e  presence  of a c t i v e  t r a n s  a c t i n g  f a c t o r s ;  ( i i i )  
a n a l y s i s  and comparison of t h e  methyla t ion  p a t t e r n  of t h e s e  genes i n  both c e l l  I n  
a d d i t i o n ,  a z a c y t i d i n e  t rea tment  of Hep G2 cel ls  r e s u l t e d  i n  basa l  l e v e l  expres s ion  of t h e  
MT I F  and MT I G  genes i n  t h i s  c e l l  l i n e ,  sugges t ing  t h a t  DNA methyla t ion  a l s o  p l ays  a r o l e  
i n  c o n t r o l  of b a s a l  l e v e l  expres s ion  of MT genes.  I n  conclus ion ,  t hese  r e s u l t s  sugges t  
t h a t  t he  express ion  of MT genes is c o n t r o l l e d  both by gene ra l  methyla t ion  and s i t e  
s p e c i f i c  me thy la t ion ,  which r e s u l t s  i n  ce l l  type  s p e c i f i c  i nduc t ion  by t h e  s p e c i f i c  
i nduce r s .  (Supported by AHFMR and MRC). 

express ion  of two l inked  members of MT I genes  (MT I F  and MT IG) and t h e  Ml’  11.4 

The MT I I A  gene is expressed  i n  both ce l l  
t o  heavy metals but is induced by g lucocor t i co ids  only  i n  Hep G2 cel l  response  

l i n e s .  
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z 109 THREE MAGNESIUM TRANSPORT SYSTEMS FROM SALMONELLA TYPHIMURIUM, 
M.E. Maguire, M.D. Snavely, S.P. Hmiel and C.G. Miller, Depts. of Pharmacology and of 
Molecular Biology and Microbiology, Case Western Reserve University, Cleveland, OH 44106 

Three loci, designated ForA. m u ,  and m, are involved in Mg2+ transport in Salmonell tuohi- 
murium. Since Co2+ is a competitive inhibitor of Mg2+ influx and toxic to gram-negative tacteria, 
strains resistant to Co2+ were selected (Hmiel & (1986) J. Bacteriol. ~ . . 1444-1450) ;  such 
mutations were designated q+ Mg2+ influx is reduced in corA strains grown in high but not low 
Mg2+ concentrations while Co uptake is abolished under either growth condition, implying the 
existence of an  inducible/repressible component of Mg2+ uptake. A corA strain mutagenized and 
subjected to ampicillin selection for mutants requiring high Mg2+ concentrations for growth yielded 
strains with mutations at  two new loci, & and u. Strains containing mutations at  all three 
loci lack Mg2+ uptake under any growth conditions and require mM Mg2+ in the growth medium for  
survival. Plasmids carrying inserts uniquely complementing each locus were identified from a S, 
tvDhimurium chromosomal library; the chromosomal genes carried by the plasmids map at distinct 
loci. Subclones of each were prepared and each shown to code for only a single polypeptide with 
molecular weights of 41 kD, 37 kD and 102 kD for GorA. metA, and m, respectively. Because each 
of the three genes codes for a single polypeptide and because reintroduction of any one of the 
three genes restores Mg2+ transport and the ability to grow on low Mg2+ concentrations, these loci 
l ikely represent  t h ree  dis t inct  Mg2+ t r ans  or t  systems. Final ly ,  t he  expression of & is 
repressible by  increasing concentrations of M f-+ in the growth medium. This regulation is mediated 
by an additional locus, designated for m3+ regulation. (NIH GM26340) 

z 110 SHEEP METALLOTHIONEIN GENES AND COPPER HOMEOSTASIS, Julian F.B. Mercer. M. Gregory 

Hospital, Parkville, Vic. Australia, 'Murdoch University, Perth, W.A, Australia. 
Sheep are very susceptible to copper toxicosis due to reduced biliary excretion. In copper poisoned sheep 
much of the excess copper is thought to be in the form of polymerized metallothionein. 
In order to study the role of metallothioneins in copper metabolism in the sheep, we have isolated a cluster 
of metallothionein genes from a sheep cosmid library. Two overlapping cosmid clones containing one MT-II 
gene, three complete MT-I genes (MT-la. Ib and Ic) and a truncated MT-I pseudogene were isolated. We have 
obtained the complete sequence of these genes and they resemble the mouse and human metallothionein genes 
in their overall structure. The regulation of this metallothionein gene cluster in sheep fibroblasts has been 
examined. The relative levels of expression following metal induction was MT-la > MT-I1 > MT-lc >> MT-lb. 
Only the MT-II gene responded to dexamethasone. The MT-la gene has a very low level of expression in the 
absence of inducers. In sheep liver the same relative level of expression was obsewed, but the absolute 
amount of mRNA was unexpectedly high. The levels of MT mRNA in copper poisoned sheep was also examined 
and surprisingly no correlation with copper levels in the liver was found, however, there was a weak but 
significant correlation with zinc. The ontogeny of MT mRNA in the sheep liver was determined, at the 
earliest age examined (29 days gestation), very high concentrations on MT mRNA were found (800 
mol/pg RNA of MT-la) ; zinc concentrations were also high (3,000 Wlg dry wt). At all the ages examined 
and in various tisues of the sheep the same relative expression of the genes was obsewed. We are currently 
assessing whether the unusual copper metabolism in the sheep is related to the high levels of MT mRNA 
found in the liver. 

Peterson, Jennifer Smith, John Mc C. Howell' and Paul Gill*, Murdoch Institute. Royal Children's 

Z 111 

Fmmylvania Sdml of Mzdi&, Phil&@ia, PA 19104 and LXp&xmt Wlecular 
Pharroacology, 3nith, Kline and 
Ubiquitin is a 76 amino acid protein believed to be essential for ATP-dependent, non-lysosomal 
intracellular protein degradation. It is found in eukaryotic cells either free or covalently joined to a 
variety of cytoplasmic and nuclear proteins Ubiquitin, encoded in the genome as a multigene 
family, is synthesized either as polyubiquitin (3-9 tandem repeats of ubiquitin) or fused to 
sequences encoding a carboxy-terminus extension of 52-80 amino acids. These ubiquitin 
carboxy-extension proteins (CEPs) are strikingly similar to nucleic acid binding regulatory 
proteins in that they are highly basic (30% lys and arg) and contain amino acid sequence 
homology with the zinc-finger domains of transcription factors IllA (Xenopus) and ADRl 
(Saccharomyces). We have initiated studies on the structure and function of CEPs in eukaryotes 
by expressing them in bacteria, yeast and mammalian cell lines. When expressed in eukaryotic 
cells, we have found that the ubiquitin-CEP fusion protein is processed to  free ubiquitin and CEP. 
We have purified the intact fusion protein as well as CEP and are currently investigating their 
structure, nucleic acid binding properties and expression pattern in mammalian cell lines. 

STDIES CN UEWJITIN Q+RE2XY-EXlNSICN PFOEINS. 
Tauseef R. B.II~ and Stmley T. crooke. D?pLm%t Phrmcolcqy, Uni-ity of 

Brett P. Wmh, Dmid J. Ecker, 

Idbs, KinJ of Prussia, PA 19406-0939. 
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Z 112 IRON (SOW AND MANGANESE (SODA) SUPEROXIDE DISMUTASE REGULATION BY THE FUR LOCUS 
IN ESCHERlCHlA COLI, Eric C. Niederhoffer, Cleo Naranjo, and James A. Fee, Division of Isotope 
and Nuclear Chemistry, Los Alamos National Laboratory, Los Alamos, NM 87545. 

Regulation of ferric ion uptake is mediated by the FUR protein (fur) in E. coli. Mutant fur- strains 
manifest the lack of repressor protein with overproduction of siderophores, catecholates, hydroxamates, 
and several inner and outer membrane proteins responsible for iron transport. FUR probably binds to a 
specific section, denoted the "iron box" (GATAATGATAATCATTACT), in the promoter regions of DNA coding 
for iron uptake. The Fe box is also found in the manganese superoxide dismutase (sodA) promoter, 
overlapping with the DNA dependent RNA polymerase -35 binding region. Therefore, i f  sodA is repressed 
by FUR, MnSD would be constitutive in fur- mutants. Surprisingly, the fur- strain AB4020 expresses no 
MnSD under anaerobic conditions but has high levels of MnSD and no FeSD under 0 2  or PO2+ induction. E. 
coli AB402 (fur+) expresses normal levels of sodA (MnSD) and sodB (FeSD) gene products. FeSD is 
expressed at low levels under anaerobic conditions and is induced to greater levels in the presence of 1 mM 
Fez+. In E. coli AB402 fur+ and AB4020 fur- which have been transformed with the high copy number 
plasmid pHS1-4 (sods), FeSD is expressed; however, the level of expression of sod6 is less in fur- than in 
the parent strain under all growth conditions. A reciprocal relationship between the levels of FeSD and 
MnSD is observed in these mutants. These results suggest that sod8 is regulated under low Fe2+ conditions 
by a fur mediated repressor protein different from the FUR protein. (Supported by DOUOHER and NIH 
GM21519. We thank Prof. J. Neilands for the mutant strains.) 

2113 TUMOR METALLOTHIONEIN(MT):INTERSECTION OF ZN METABOLISM AND REACTIONS OF CIS- 
DICHLORODIAMMINE PT(I1) (DDP). A. Pattanaik, Pu Chen, S. Krezoski, A. J. Kraker, 
J. Garvey, C .  F. Shaw 111, and D. H. Petering, University of Wisconsin-Milwaukee, 
Milwaukee, WI 53201 
Ehrlich cells contain a readily measurable level of Zn-Mt in the absence of induction 
by metals. When cells are placed in a Chelex-100-treated medium (t-0 hrs), which limits 
extracellular Zn, they lose Zn specifically from Zn-Mt at least 4 times faster (t%=l hr) 
than 35-S-Mt protein degrades. When complete medium was added back to cells at t=4 hrs, 
there was a two hr lag, followed by rapid reestablishment of the control level of Zn in 
Zn-Mt. These results suggest that Mt is actively involved in Zn metabolism. The findings 
may have general applicability to tumors, for substantial Mt-like metal binding protein has 
been found in each of 12 neoplasms surveyed, including, examples of melanoma(B16/BL6/ADR), 
fibrosarcoma(KHT/llB). colon adenocarcinoma(llA, 16C, 36C, C26 clone lo), mammary carcinoma- 
(M25), P-388 leukemia, and S-180. 
c e l l s .  DDP reacts with Zn-Mt with a rate constant of 2 x 10-  sec , independent of the 
ionic strength of the medium. These results suggest that Mt may be an important reaction 
site for DDP in many tumors (Supported by NIH ES-04026 and CA-22184). 

Mt is also a prominent sitg of binding of DDP in Ehrlich 

114 REPRESSION AND METAL-RESPONSIVE ACTIVATION OF TRANSCRIPTION BY THE 
HerR PROTEIN. Diana M .  Ralston. Hark L. Chael, Betsy Frantz. Myung Shin, 

Jeffrey G.  Wright and Thomas V. O'Halloran. Dept. of Chemistry and BMBCB. 
Northwestern University, Evanston, IL., 60208. 

We have shown by in vitro analysis that purified MerR protein autoregulates its own 
expression and i s 7 o a e d  f r m  a repressor to an activator of mercury resistance 
gene transcription in the presence of nanomolar concentrations of mercuric ion. By 
run-off transcription. we have shown that MerR protein and mercuric ion are 
sufficient for regulation of transcription by E. coli RNA polymerase of the bacterial 
mer operon. The possibility that MerR functions as an alternate sigma factor to 
provide mer promoter specificity to RNA polymerase was rejected, since reconstitution 
experiments with core RNA polymerase plus either HerR protein or sigma70 demonstrated 
the necessity of sigma70 for transcription. In addition, we have determined that 
activation of transcription by HerR protein is extremely specific and sensitive to 
Hg(I1) ion at concentrations as low as 0.05pH. This concentration is comparable to 
the level which induces mercury resistance in vivo. 

- 
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2115 ISOLATION, STRUCTURE AND CHARACTERIZATION OF A NEW ZEAIAND RABBIT METALLOTHIONEIN-I 
GENE, Y.-C. Tam, A. Chopra, M. Hassan and J.-P. Thirion, Department of 

microbiology, Faculty of medicine, CHUS, Sherbrooke, Quebec, Canada J1H 5N4. 
Screening of  a rabbit genomic lambda library with mouse metallothionein-I cDNA resulted in 
the isolation of a 4,400 base-pair DNA fragment containing a rabbit MTI gene. The rabbit 
MTI gene shows similar features with the mouse, human, sheep and rat MT genes: two introns 
interrupt three exons at the same amino acid positions. Exon 1 of the gene encodes the 5' 
untranslated region and amino acids 1-9 1/3; exon 2 encodes amino acids 9 2/3- 30 1/3; exon 
3 encodes amino acids 31 2/3-61 and the 3' untranslated region. The introns, the 3' 
flanking region and the 5' flanking region of the gene show typical structures of a 
functional eukaryotic gene. These include splicing signals, polyadenylation signal, 
transcription (CAP) site, TATA box and CCAAT box. Comparison of the promoter sequence of 
this gene with the promoters of other metallothionein genes identified a number of 
oligonucleotide sequences that are involved in basal level transcription as well as 
sequences which are recognized by trans acting proteins involved in the induction of the 
gene by heavy metals, glucocorticoids and alpha interferon. Binding sites for the 
transcription regulatory factors SP1, AP1, AP2 and AP3 were identifed in the rabbit MTI 
promoter. Two other conserved sequences, a region of diad symmetry and 4 regions of 
potential Z-DNA structure formation are also present in the promoter of the rabbit MTI 
gene. The functions of these sequences are unknown. The fact that these sequences are also 
detected in most other mammalian metallothionein promoters suggests that they are 
recognized by trans acting factors not yet isolated. The promoter region of the sequenced 
rabbit MTI gene, with its numerous potential regulatory sequences represents one of the 
more complete and extensive promoters isolated so far. 

2 116 PROCEDURES FOR ENHANCING THE UTILITY OF THE METALLOTHIONEIN PROMOTER FOR THE 
REGULATED EXPRESSION OF DOWNSTREAM OPEN READING FRAMES. Robert E. Thach. William E. 
Walden, Susan Daniels-McQueen and Lisa L. Smith, Washington University, St. Louis. MO 63130. 

Procedures which enhance the inducibility of the mouse metallothionein I (mMT-I) transcriptional promoter in mouse 
C127 cells stably transformed by bovine papilloma virus have been investigated. These include: (i) induction with Zn2+ at 
low serum concentration, and (ii) use of a 'superinduction' protocol (presence of la glml of cycloheximide during 
induction with Zn2+, followed by 2 j~ glml of actinomycin D). Use of procedure (i) alone gave a 1540 20-fold induction 
of expression of a downstream open reading frame (ORF). which is comparable to the maximum inducibility achieved with 
mMT-I in other systems. Use of procedures (i) and (ii) in combination allowed to 50-fold induction. Three different 
reporter ORFs (rabbit ferritin L subunit, human chorionic gonadotropin a subunit, and human lutropin 6 subunit), in 
three different chromosomal contexts, responded to these procedures. The maximum rate of expression achieved was 
estimated at over lo9 molecules per cell per day, which is 20% of the transformed cell's protein synthetic capacity. At 
these extremely high levels some of the induced products were cytotoxic. The utility of this system for the identification of 
cytopathic viral gene products is currently being investigated. 

2 118 coppER-IMxIcIBIs. F'F3IEIN.S AND GENES ll4 MIM]Lus GUITAlVS, David A. 'IhuTnan, David Salt, Andrew -11, 
Pdrk 'kms, Jo Rcdrigws de Miranda and A. Brian Tcmsett, Depts. of Botany and Genetics, University 

of Liveipml, Liverpl L69 W, U.K. 
Mimlus guttatus is a dicotyledmous plant m c h  bas been extensively cr;lracterized for c o p  tolerance (M. R. 
kcnair, 1983, Heredity, 50, 283-2931. We are mdertaking a study of copper metabolism and its relatimhip to 
copper tolerance in both tolerant and nm-tolemt popllatims of this species. Ch the addition of copper to the 
g w t h  mdiun of copper-tolerant plants, a series of copper-binding canpxwts are synthesized which are absent 
i n  plants grown in the absence of copper, anl are only present in trace amxnts in nm-tolerant plants. We are 
attempting to characterize these canponents by plrificatim to hanogeneity. By a series of chramtcsra@c 
t&miques, includirg HPLC, we suspect that at least two and perhaps as mny as five individual copper-binding 
cmpents are present. bmgst these we have preliminary evidence to indicate the p?es€me of phytcchelath 
and in addition, a protein with a ccmplex amino acid mrpasitim which could be a metallothimin. In parallel, 
we are attemptirg to clme copper-in&cible genes frun this orpmisn in order that we can investi@k the 
relaticwhip of copper regulaticm of metabolism and copper tolerance. We hwe Constmted a large CDNA library 
fm plyA+ RNA isolated f m  copper-induced roots of CoppPtolerant plants. 
pitivelnegative screening using CDNA squmes fran coppe~indcced and Lninduced mts frun copptolerant 
plants. We have isolated a series of pltative copper-inducible CCNA clcnes which are currently 
ized. 

__- 

lhis library is being analysed by 

character- 
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2119 METAL RESISTANCE IN ASPERGILLUS NIDULANS, A. Brian Tomsett, Katherine H. Hodges, 

Liverpool, Liverpool L69 3BX, U.K. 
Aspergillus nidulans is a well-characterized ascomycete fungus suitable f o r  genetical, bio- 
chemical and molecular biological analysis. We are undertaking a study of metal metabolism 
and metal tolerance in this organism f o r  a range of metals. 
isolation and characterization of cadmium-resistant mutants ( R .  N. Cooley, H. R. Haslock and 
A. B. Tomsett, 1986, Curr.Microbio1. a, 2 6 5 - 2 6 8 ) .  Thusfar, the isolated mutants define two 
genes, cadA on chromosome IV and cadB on chromosome VI. The cadB locus is tightly linked to 
the methBgene which encodes an enzyme of methionine biosynthzs. 
s e r i c f  cobalt-resistant mutants. These can define two genes, =A and @B both of which 
map to chromosome VI but neither of which are tightly linked to @B o r  e B .  
we are investigating both cobA and cobB for defects in sulphur metabolism. 
evidence suggests that mutants of sulphur metabolism are epistatic to cobalt resistance. 
Attempts to identify metal-binding proteins are also underway and we have preliminary evid- 
ence for a copper-binding protein. 

Anne Phelan and David A. Thurman, Depts. of Genetics and Botany, University of 

We have already described the 

We have also isolated a 

At present, 
Preliminary 

Z 120 CHNV\CPERIZATION OF A REPRESSOR OF FERRITIN mRNA TRANSLA'l'ION FROM I W B I T  
RFPIL-. W.E Waldenl, L. Gaffieldl, P.H. Brown2 S.D. MuQu~g~,~ 

Bielser2, aiid R.E. 'I'ha6h-a~. of Illinois at Chicago, CI:icago, IL 60612 a~ld 
%sh&ton Univ.. St. Louis, M) 63130. 

1W &lation. of ferritin synthesis in response to iron is one of the clearest ex- 
amples of specific translational repression in eukaryotos. To examine this phenanenon 
- in vitro, _ _  p l y  Ai- mRNA was translated in the wheat gem and the mbbit reticulocyte 
lysaLes and newly synthesized ferritin was detected by ininune precipitat Lon. FerriLin 
is one of the mjor pmteins synthesized in a wheat germ lysate pmgranetl with this 
mRNA. In contrast, ferritin synthesis is barely detectable in reticulccyte lysates. 
This repression of ferritin mRNA translation can be transferred to the wheat germ lysate 
by aqlding reticulocyte S100. We have partially purified this activity frrm rabbit ret- 
iculc xyLe SlOO using ion exchange aid gel filtration chrullatography. Repressur activit-y 
eliiles fran gel filtration ro lunms with an apparent Mr o€ approximately 120-150. When 
added to a wheat germ lysate prcqr& with ply A+ RNA fran rabbit liver or fran muse 
A20 cells, this fraction represses ferritin synthesis by mre than 95% in a specific 
ad dose depenclent nwmer; a variety of control mRNAs are not affected. E x p e r h m t s  to 
f r i r t t e r  characterize this =pressor are in progress. (SupIwrted by NIH, NSF arid a U K ,  
CrEi institutional award). 

Z 121 CT/AG RICH REPETITIVE SEQUENCES ARE CONTAINED WITHIN A HUMAN MT I LIKE GENE LOCIJS 
Janis M. Walker and L. Gedamu'. Department of Biological Sciences, University of 
Calgary, Calgary, Alberta, Canada. 

Human metallothioneins (MTs) are low molecular weight, cysteine rich proteins encoded by a 
multi-gene family consisting of approximately 14 members. The functional MT genes are 
composed of 3 exons interrupted by 2 introns. The protein consists of the beta domain, 
represented by exons 1 and 2 and the alpha domain, being exon 3. We have isolated and 
characterized a lambda clone containing a MT I-like sequence. From sequence analysis and 
comparison with other human MT genes, (i) a portion of 
the beta domain of the protein has been drastically altered (11 of the 21 amino acids 
derived from the coding region of exon 2 have been changed) however all of the 7 cysteine 
residues have been conserved; (ii) of the 30 amino acids comprising the alpha domain of 
the changes have 
been found, while the 11 cysteine residues have been conserved: (iii) repetitive sequences 
of the type (CrrT),6(CT),,(CT?T)2(CCTT)7 followed by a GA rich region have been located 
within the sequence upstream of exon 2, as well as in the 5' flanking region; (iv) the 
sequences representing exon 1 and the regulatory region of this gene have not yet been 
identified. As a result of the mutations in the coding region, it is unlikely the protein 
will be functional. known, 
although they may be involved in the mutation and inactivation of this gene during 
evolution. (Supported by MRC and AHFNR). 

our data indicates the following: 

protein (represented by the coding region of exon 3) only 4 amino acid 

The function of these CT/AG rich repetitive sequences is not 
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Z 122 THE Mto METALLOTHIONEIN GENE OF DROSOPHILA MELWGASTER, 
Maurice We nez Raja Mokdad A nes Cadic-Jacquier and Philippe Silar, 
Universite j a r i i  XI, BBtimen64&, 9 1405 Orsay Cedex, France. 

Two ve distinctive genes characterize the metallothionein system of 
Droso h?a melano aster. The ene Mtn located in  re ion 85E 10 15, codes for 
a prok in  of 40 aAno acids (Jaroni et'al., Genetics ?12: 493-504, 1986). We 
have cloned a cDNA from a cadmium resistant cell line which corresponds to a 
43-amino acid metallothionein (Mto). The Mtn and Mto protein se uences are 
on1 26% isologous (Mokdad e t  al., PNAS 84: 2658-2662, 198%. We have 
furfher characterized the Mto ene This gene i s  located, according to i n  situ 
hybridization, in r e  ion 92E ?on 'the right arm of chromosome 3). It is 
interrupted, as founf for Htn, by a sin l e  intron. Interestingly, both introns 
are located at  the same position when We sequences are aligned as proposed 
in  our PNAS paper. This strongly suggests that the two genes are homologous 
and have greatly derived since a very ancient duplication event. Induction of 
both genes by metal ions (zinc, copper and cadmium) was studied in  adult f l ies 
and culture cells. 

Z 123 STRUCTURE OF THE RAINBOW TROUT METALLOTHIONEIN-B GENE: DIFFERENTIAL EXPRESSION IN  
RESPONSE TO HEAVY METAL INOUCERS, M. Za fa ru l l ah  and L. Gedamu, Dept. o f  B i o l o g i c a l  

Sciences, U n i v e r s i t y  of Calgary, Calgary,  A lber ta ,  Canada T2N 1N4. 
The t r o u t  m e t a l l o t h i o n e i n  (MT) gene fam i l y  i s  comprised of two members. To s tudy  

r e g u l a t i o n  o f  these genes we have i s o l a t e d  one member and des ignated  i t  tMT-B. The gene 
codes f o r  a 60 amino a c i d  p r o t e i n  and i t s  o v e r a l l  s t r u c t u r e  i s  s i m i l a r  t o  mammalian MT 
genes. The 5' 
f l a n k i n g  r e g i o n  has t h e  f o l l o w i n g  fea tures :  1 )  a consensus TATAAA sequence, 2 )  two 
reg ions  s t r o n g l y  homologous w i t h  the  metal  respons ive  elements (MRE) of  mammalian MT 
genes, 3 )  i n  c o n t r a s t  w i t h  mammalian MT 5 '  f l a n k i n g  reg ions  63% AT r ichness ,  4 )  l a c k  of  
consensus Sp l  b i n d i n g  s i t e s .  Fo l l ow ing  heavy metal  i n d u c t i o n  the  gene i s  expressed a t  
h i g h  l e v e l s  i n  k idney, sp leen and g i l l s  and a t  l ow  l e v e l s  i n  t h e  l i v e r .  I n  the  rainbow 
t r o u t  hepatoma (RTH) c e l l  l i n e ,  t he  gene responded w e l l  t o  Zn, modera te ly  t o  Cd and n o t  a t  
a l l  t o  Cu. Together these da ta  i n d i c a t e  d i f f e r e n t i a l  r e g u l a t i o n  of  t h i s  gene by  these 
meta ls  i n  d i f f e r e n t  c e l l  types. The chinook salmon embryonic (CHSE) c e l l  l i n e  syn thes ized 
tMT-B mRNA o n l y  a f t e r  p r i o r  t rea tment  w i t h  5 -azacy t i d ine  fo l lowed by  exposure t o  meta ls  
suggest ing  r e g u l a t i o n  o f  t h i s  gene by  DNA methy la t i on>  fusion of a DNA fragment encompas- 
s i n g  -600 t o  t8 (which con ta ins  t h e  TATA and MREs) w i t h  the  CAT gene and i t s  t r a n s f e c t i o n  
i n t o  the  RTH c e l l  l i n e  showed t h a t  t he  c i s - a c t i n g  elements necessary f o r  r e g u l a t i o n  of CAT 
by meta ls  a re  p resent  w i t h i n  t h i s  fragment. 

The th ree  exons a re  i n t e r r u p t e d  by two i n t r o n s  of 108 and 635 nuc leo t i des .  

(Supported by AHFMR, NSERC and MRC). 

Structure and Chemistry of Metalloproteins 
Z 200 STRUCTURE AND EUNCTION OF PBYTOEERRITINS, Jean-Pierre Lwlhhre, Anne-Marie Lescure and Jean- 

f m @ s  Briat, Laboratoire de Biologie MoMculdre V6g6tale. CNRS UA 1178, Univ8rsite & Grenoble 1, 
BP 68,38402 Saint Martin d'lieres, Prance. 

Ferritins from seeds of pea. soyabeon and maize have been purified (u an oligomer build up from two 
polypeptides of reopsetiwly 28 LDawd 26.5 Kh. The molecutar m w  of the natiw pearsbd protein is of m. 
Pea and maim seed hrritins haw tmn compared. T h e  amino acid composition: are verydmilat. Pour 
isoforms of the 28 KDa polypeptide from pea haw been observed instead of a unique polypeptide for the maize 
one. No isoforms haw been detected for the 26.5 KDa polypeptide. Rabbit antibodies raiwd qein#l pea seed 
ferritin hare been used: ferritins of the three plants analysed shan immunological detarminants. It is also 
rhom that ferritinr are not uniformly distributed among different pea organs of iron unloaded 30 days old 
plants. The protein Is more abundant in floxers than in fruits and mt, and not detectable in 1 ~ ~ 6 0 .  
In vim iron release and uptake by pea seed ferritin has been studied. It ir shorn that -bate, areducing 
agent present within chloroplasts, is able to mobilize iron by reduction at a much faster rate than a relesse by 
chelation of ferric iron. The reduction is accompanied by partial reoxydation into the mineral core as well (u a 
releese of ferrow iron vhich accumulates in the medium. Reduction appears to be a necessary step for the 
release as veil as for the uptake of iron inside ferritin molecules. No incorporation of iron inside the protein 
occurs in the absence of ferrous iron. A reduction of hrritin iron occu50 in the abssncs of (ucorbate. 
Phytoferritin does not appear only (u a ferric chelate among a series of stronger or rsalrw ferric complexes: it 
appears to interact vith ferrous ions (u an o x y h t  and vith ferric ions as arsducsr. Therelors. the uptake and 
release of iron ferritin depend upon the redox potential of the protein more than of its stability as a ligand for 
ferric or ferrous iron. 
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z 201 STRUCTURE AND FUNCTION OF COPPER METALLOTHIONEIN FROM 
THE AMERICAN LOBSTER HDmaruS -. Marlus Brouwer and 

Dennis Winge, Duke University Marine Lab, Beaufort, NC and Universlty of 
Utah Medical Center, Salt Lake City, UT. 

Hemocyanins are multisubunit proteins, which contain binuclear- 
Cu(1) centers that can combine with oxygen or carbon monoxide. The apo- 
proteln can be reconstituted l.n with Cu(I), but not with Cu(I1). 
Recent studies suggest that Cu(1)-metallothioneln (Cu-MT) may act l.n 
viva as a Cu(1) donor to apohemocyanin (Engel and Brouwer ,1987, Biol. 
Bull. 173, 239). To further explore this putative function of Cu-MT , we 
have isolated a copper protein from the digestive gland of the American 
lobster, which was identified as a MT based on its amino acid sequence. 
Copper transfer, from this Cu-MT to lobster apohemocyanin, and formation 
of blnuclear-copper sites that can bind CO and oxygen were followed by 
fluorescence and electronic absorption spectroscopy. These studies 
showed that formation of  CO-binding sites precedes the formation of 
oxygen-blndlng sites. Since the binding of  oxygen, which bridges between 
two coppers (Cu-0-0-Cu) is subject to greater stereochemical constraints 
than the binding of CO, which binds to only one copper (Cu ... Cu-CO), we 
conclude that Cu(1) transfer from MT to apohemocyanin initially results 
in the formation of distorted binuclear-copper sites which subsequently 
slowly return to their native stereochemical configuration. 

2202 EXPRESSION OF A CHINESE HAMSTER METALLOTHIONEIN CODING SEQUENCE AND 
ITS VARIANTS IN SACCHAROMYCES CEREVISIAE. Mary Cismowski, Mark 
Chernaik, In-Koo Rhee, and P.C. Huang, The Johns Hopkins University, 
Baltimore, MD 21205. 

Metallothionein (MT) is a low molecular weight cysteine-rich metal binding 
protein found in all mammalian species studied to date, as well as in the 
yeast 2. cerevisiae. Efficient yeast expression vectors have been developed 
(Ecker, d., JBC 261, 16895) which express foreign coding sequences from 
either a copper inducible (cupl) or constitutive (TDH) promoter; detection 
of exogenous MT expression is facilitated by the use of a yeast MT- (cupl-) 
strain. Wild type and mutated CHO MT2 cDNA sequences (Pine, g &., DNA A ,  
115) were introduced into this yeast expression system. All MT constructs 
studied s o  far, when introduced into yeast cupl- cells, confer increased 
resistance to the toxic effects of exogenously added metals. Wild type 
CHO Zn-MT2, as well as CHO Zn-MT2 mutants with single or multiple cys--tyr 
amino acid changes, have been purified and characterized from this yeast 
system. This work was supported by NIH grant ROlGM32606. 

2203 AN EXAFS STUDY OF THE COPPER ACCUMULATED BY A COPPER-RESISTANT MAMMALIAN CELL LINE, 
Jonathan H. Freedman, J. Peisach, L. Powers, A l b e r t  E i n s t e i n  Co l lege o f  Med ic ine  o f  

Yeshiva Univ., Bronx, NY, 10461, and AT&T B e l l  Labora to r ies ,  Murray H i l l ,  NJ, 07974. 
X-ray abso rp t i on  spectroscopy has been app l i ed  t o  t h e  i n  v i v o  examinat ion o f  a M o r r i s  hepa- 
toma c e l l  l i n e  t h a t  accumulates copper and i s  r e s i s t a n r t o t a l  t o x i c i t y  (Freedman, J.H., 
Weiner, R.J., and Peisach, J. (1986) J. B i o l .  Chem. 261: 11840-11848.) Ana lys i s  o f  t h e  K- 
abso rp t i on  edge suggests t h a t  t he  accumulated copper i s  u n i v a l e n t  and i s  complexed i n  a 
d i s t o r t e d  te t rahedra l  geometry. 
da ta  i n d i c a t e s  t h a t  copper i s  coord ina ted  by f o u r  s u l f u r  atoms a t  a d i s tance  o f  2.28 t.02 A. 
I n  add i t i on ,  a copper atom i s  l o c a t e d  i n  t h e  o u t e r  c o o r d i n a t i o n  s h e l l  3.69 f0.05 A from the  
absorb ing  meta l .  The s t r u c t u r a l  arrangement of  t h e  copper and s u l f u r  i n  these c e l l s  i s  
s i m i l a r  t o  t n a t  observed i n  a p u r i f i e d  copper m e t a l l o t h i o n e i n  (Freedman, J.H., Powers, L., 
and Peisach, J. (1986) B iochemis t ry  25: 2342-2349.) 

Ana lys i s  o f  t h e  extended X-ray abso rp t i on  f i n e  s t r u c t u r e  
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204 PROTEINS WITB TEE POTENTIAL TO CONPER ALUMINUM RESISTANCE ON PLANTS 
Richard C. Gardner and Joanna J .  Putterill, Department of Cellular and 
Molecular Biology, University of Auckland, Auckland, New Zealand 

Aluminum toxicity is an extremely important problem in agriculture, affecting 
crop yields on up to 40% of the worlds arable soils. Metal chelation is the 
predominant defence mechanism in both plants and animals for metals such as Cd 
and Zn. We have decided to attempt to develop a protein which can chelate free 
aluminum as a strategy to protect plants against the toxic effects of the metal. 
Work will be described in which the ability of various proteins to bind aluminum 
is assessed. We have used equilibrium dialysis, and two additional assays which 
measure the ability of various test compounds to compete with calmodulin for 
aluminum binding. Aluminum binding to calmodulin can be assessed by monitoring 
ANS fluorescence or by measuring its stimulation of phosphodiesterase activity. 
We have included test compounds in both of these assays in order to assess their 
capacity to reduce the effects of aluminum on calmodulin. The order of the test 
compounds in their ability to bind aluminum in these three assays was: 
polyaspartic acid/polyglutamic acid/transferrin > citric acid/calmodulin > 
bovine serum albumin >> metallothioneins/enkephalins. 
attempting to express some of these aluminum-binding proteins in plant cells in 
order to ascertain whether they have a protective effect on the cells under 
conditions of high aluminum. 

We are currently 

2205 ZINC, COBALT AND CADYIUM THIOLATE COMPLEXES: MODELS FOR TEE 

Stephen Koch, Douglas T. Corwin, Jr., and Eric Gruff, Department of 
Chemistry, SUNY Stony Brook, Stony Brook, NY 11794 .  

Zn(S-cys), (x = 1-4) coordination centers have been proposed or estab- 
lished in a wide range of metalloproteins including the recently pro- 
posed sinc finger proteins. 
complexes have been synthesised to serve a s  structural mode s for the 
protein centers. Analogous cobalt(I1) and cadmium(I1) complexes have 
been prepared to serve as spectroscopic 
models for metal-substituted sinc centers. 
Electronic spectroscopy and 1E NMR has been 
used to study the cobalt(I1) complexes while 
the cadmium complexes have been studied using 
l13Cd NUB. Structural and spectroscopic 
criterion have been established which should 
enable the identification of the coordination 
number and geometry of zinc-cysteine centers 
in metalloprotein and for the determination 
of the number of cysteine residues coor- 
dinated to these centers. 

Zn(S-CYS), CENTERS IN DNA BINDING PROTIENS AND METALLOENZYYES, 

A series of [Zn(SR),(imidasole)~-,] 

2206 CU TRANSFER AND XAS STUDIES OF BLUE COPPER SITES, Angela M. Schmidt, 
Kelley A. Burns, David R .  McMillin and James E. Penner-Hahn, Purdue 
University, West Lafayette, IN 47907 

The published crystal structure of Hg-plastocyanin shows that the basic 
structure of the metal binding site is similar to that of the native protein 
although expanded to accommodate the larger metal ion. We have examined the 
Hg EXAFS signals from plastocyanin. azurin, stellacyanin and & laccase 
derivatives containing Hg(II), and we find that mercury is bound in the blue 
copper site of each. Moreover, each site contains PN(His) and lS(Cys) donors 
in the first coordination shell. This is the first direct probe of the ligand 
set of the type 1 site in Rhus laccase. From the second shell data the type 1 
site in stellacyanin seems to be more like that in azurin than plastocyanin. 
Some copper transfer experiments will also be described. In the presence of 
ascorbate laccase can transfer copper to apoazurin and apostellacyanin. 
However, laccase appears to be heterogeneous in solution, and copper 
donation may stem from modified protein. 

P 
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2207 

Biochemis t ry ,  U n i v e r s i t y  o f  Utah Medical  Center, S a l t  Lake City, Utah 84132 
A l l  t he  animal species s tud ied  t o  da te  respond t o  heavy metal  t o x i c i t y  by syn thes i z -  
i n g  a c y s t e i n e - r i c h  po lypept ide ,  me ta l l o th ione in .  However, a y-glutamyl con ta in ing  
c y s t e i n e - r i c h  pep t ide  i s  syn thes ized by p l a n t s  upon exposure t o  heavy metals.  
Species w i t h i n  P r o t i s t a  and Fungi a re  known t o  syn thes i ze  e i t h e r  y-glutamyl pep t ide  
o r  c y s t e i n e - r i c h  po lypep t ide  s i m i l a r  t o  MT bu t  no t  bo th  o f  them. Toru lops is (Cand ida)  

l a b r a t a  i s  h i g h l y  r e s i s t a n t  t o  bo th  copper and cadmium; .8mM and >lmM concent ra t ions  + copper and cadmium, respec t i ve l y ,  a re  requ i red  t o  cause a 50% reduc t i on  i n  t h e  
growth o f  c e l l s  i n  a minimal medium. A combinat ion o f  gel  f i l t r a t i o n  and ion -  
exchange procedures was u t i l i z e d  t o  p u r i f y  me ta l -b ind ing  species f rom t h e  c e l l s  grown 
i n  copper o r  cadmium sa l t s .  The ana lys i s  o f  amino a c i d  compos i t ion  and p a r t i a l  
sequence o f  copper -b ind ing  components showed t h a t  t he  metal  was bound t o  two d i s t i n c t  
c y s t e i n e - r i c h  po lypept ides  t h a t  d i f f e r  f rom each o the r  i n  t h e i r  p r imary  s t ruc tu re .  
The physico-chemical  c h a r a c t e r i z a t i o n  o f  t he  p u r i f i e d  Cd-binding species f rom T. 
giabrat ;  c e l l s  grown i n  1 mM CdS04 showed t h a t  t h e  metal  was e x c l u s i v e l y  bound t o y -  
g utamy con ta in ing  c y s t e i n e - r i c h  po lypep t ides  p r e v i o u s l y  i s o l a t e d  from many p l a n t s  
and S. pombe. 

D i s t i n c t  mechanism o f  cadmium and copper res i s tance  i n  To ru lops i s  
g labra ta ,  R.K. Mehra, E.B. Tarbe t ,  W.R. Gray and D.R. Winge, Med ic ine  and 

2208 IRON-MOLYBDENUM COFACTOR OF AZOTOBACTER VINELANDII NITROGENASE, William E. Newton, 

USDA/ARS, Albany, CA 94710;  Franklin A. Schultz, Department of Chemistry, Indiana 
University - Purdue University at Indianapolis, Indianapolis, IN 4 6 2 2 3 ;  and Britt Hedman, 
Patrick Frank and Keith 0. Hodgson, Department of Chemistry, Stanford University, 
Stanford, CA 94305 .  
Iron-molybdenum cofactor (FeMoco) is the Fe-Mo-S-0-containing cluster of nitrogenase, 
which constitutes the putative active site of biological dinitrogen reduction to form 
ammonia. FeMoco is extracted from the MoFe protein of the nitrogenase complex into 
N-methylformamide, where it exists as a low-molecular-weight entity of composition 
XoFe S 0 Direct electron exchange with electrodes can convert extracted FeMoco 
amon6,-sta-%2$,ed, semi-reduced and fully-reduced oxidation states. 
studied in these states by electrochemical, EXAFS and EPR methods. The results indicate 
that FeMoco exists in more than one form in its oxidized and semi-reduced states and that 
the fully reduced state exhibits electrocatalytic activity. Relationships between these 
forms and states and the electron-transfer reactivity of FeMoco are apparent. The 
significance of these observations with respect to biological nitrogen fixation will be 
presented. 

Stephen F. Gheller and Benjamin J. Feldman, Western Regional Research Center, 

FeMoco has been 
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of Neb. Call. of Yed.. 42nd St. and Dewey Avo., Omaha, NB 68105 
Mammalian hippocampi not only contain high concentrations of dithizone chelatable 

zinc. but alro exhibit regional variation in thir ersential element. with concentrations 
being highest in the hilar region and lmeat in the fimbria. For exsaple, the concen- 
tration of zinc in the morsy fiber axons has been estimated to approach 300-350 pM. 
In an attempt to investigate further the dynamic metabolism of zinc, we have searched for 
and have identified a metallothionein-like protein in bovine hippocampns with the follming 
propertier: rimilar to the zinc-induced hepatic metallothionein (hep-MT). the hippocampal 
metallothionein-like protein exhibits an elution volume (VelVo) of 2.0 on gel filtretion 
chromatography. and prodnoes two isoforma. which on a reverse phaee high performance liquid 
chromatography (BPLC) rhm retention times of 16.72 min. (hop-MTI produces 16.53 min.) and 
of 17.94 min. (hep-MTII producer 18.45 min.), respectively. The hippocampal metallothionein 
isoform I1 contains a cysteine to zinc ratio of 2.8 to 1.0, and, ar rhmn by stndier 
involving W spectral analyris, apparently lackr aromatic amino acidr, but possesset 
metellomercaptide bonde. Invertigationa to determine the regional CNS localization, ar 
roll as the subhippocampal distribution of thir metallothionein-like protein, are in 
progre8s. (Supported i n  part by a grant from USPBS ES-03949.) 

TEE BIOCEEIdICAL CEAMCl'ERIZ~TION OF A METALLOTEIONEIN-LIKE PROTEIN FROM BOVINE 
EIPWCAIIPUS, V. K. Paliwal, T. Takaharhi, and M. Wadi. Dept. of Pharmacol.. Univ. 
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Z 210 SULFIDE STABILIZATION OF THE CADMIUM-I-GLUTAMYL PEPTIDE COMPLEX AND 
EXTRACELLULAR P R E C I P I T A T I O N  OF HEAVY METALS. R.N. Reese, A.K. Hughes and 

D.R. Winge, Medicine and B iochemis t ry ,  U n i v e r s i t y  o f  Utah Medical  Center, S a l t  Lake 
City, Utah 84132 
S u l f i d e  p roduc t i on  i n  response t o  heavy-metals appears t o  be a c e l l u l a r  mechanism by 
which many p lan ts ,  fung i ,  p r o t i s t s  and b a c t e r i a  can inc rease  t h e i r  metal  to le rance.  
I n  p l a n t  c e l l s  and f i s s i o n  yeas t ,  s u l f i d e  ac ts  t o  enhance t h e  e f fec t i veness  o f  t h e  y- 
g lu tamy l -pept ide  system o f  cadmium d e t o x i f i c a t i o n  and may a c t  i n  a secondary r o l e  t o  
i nc rease  metal  t o le rance  through p r e c i p i t a t i o n  o f  Cd( I1 )  e x t r a c e l l u l a r l y  as CdS. 
Na t i ve  Cd-y-glutamyl-pept ide complexes con ta in  a c i d  l a b i l e  s u l f u r  i n  t h e  meta l -  
t h i o l a t e  c l u s t e r .  Two forms of t h e  Cd-pept ide complex have been descr ibed, d i f f e r i n g  
p r i m a r i l y  i n  t h e i r  s u l f i d e  conten t .  High s u l f i d e  forms of t he  me ta l l opep t ide  complex 
( >  1 mol s u l f i d e  pe r  mol pep t ide )  showed a su l f ide-dependent  e l e c t r o n i c  t r a n s i t i o n  i n  
tFe  u l t r a v i o l e t ,  w i t h  an absorp t ion  peak a t  318 nm. I n c o r p o r a t i o n  o f  s u l f i d e  i n t o  
t h e  Cd-pept ide complex impar ted  g rea te r  thermodynamic s t a b i l i t y  t o  t h e  complex, 
inc reased the  Stokes rad ius  and enhanced the  cadmium b i n d i n g  capac i t y  i n  comparison 
t o  t h a t  o f  t h e  low s u l f i d e  forms. Add i t i on  o f  s u l f i d e  i ons  t o  t h e  low s u l f i d e  
me ta l l opep t ide  complex caused i t s  convers ion  t o  t h e  h igh  s u l f i d e  form. Increased 
s u l f i d e  p roduc t i on  and i n c o r p o r a t i o n  i n t o  y -g lu tamy l -pept ide  complexes generated i n  
response t o  copper have not been observed, bu t  may p lay  a minor r o l e  i n  seques t ra t i on  
o f  t o x i c  l e v e l s  o f  z inc .  

Z211 FERRITTN HETEROGENEITY CAN BE DUE TO BINDING BY NON-FERRITIN PROTEINS: 
ALPHA-2-MACROGLOBULIN (AZM), Paolo Santambrogio and William H. Massover, 
UMDNJ-New Jersey Medical School, Newark, NJ 07103. 

Heterogeneity of molecular dimers in rabbit liver ferritin is revealed by the 
presence of two discrete beta bands with pore-gradient PAGE; in addition to H and L 
subunits (SDS-PAGE), an 170kDa polypeptide is present only in the beta band of larger 
dimers (1987 Biochem. Biophys. Res. Connn. 148:1363-1369). We have investigated the 
nature of this polypeptide. 
serum, unfractionated rabbit liver ferritin, and the purified band of  larger dimers 
causes a precipitation reaction showing complete identity; no imunoprecipitate is 
formed against ferritin i n  the hands of molecular monomers or smaller dimers. The 
anti-AZM innnunoprecipitate formed with ferritin, but not that with serum, stains 
positively for iron content (Perl's reaction); thus, anti-AZM causes the precipitation 
of ferritin, but only that within the larger dimers. Imunoblotting with transfers 
from PAGE and SDS-PAGE shows that anti-rabbit-A2M antibodies react strongly only with 
the larger dimers and the 170kDa polypeptide; this indicates that the larger dimers 
contain AZM, the 17OkDa polypepLide is AZM, and these antibodies do not cross-react 
with H or L types of ferritin subunits. 
monomers and of each beta band shows that all contain many ferritin molecules; the 
larger dimers uniquely also have many "non-ferritin" proteins with the highly charac- 
teristic ultrastructure of A2M. Thus, A2M binds some rabbit liver ferritin, and this 
binding causes a molecular heterogeneity of ferritin. 

Double immunodiffusion with anti-rabbit-A2M against rabbit 

Electron microscopy of pure alpha band 

(Supported by grant DK34340.) 

2212 SPECTROSCOPIC STUDIES OF HAFNIUM-TRANSFERRIN COMPLEXES: 
STRUCTURE OF THE HETAL-BINDING SITES. 

D.M.Taylor, W.-G.Thies, Kernforschungszentrum Karlsruhe, Institut fur Genetik 
und fur Toxikologie von Spaltstoffen, Postfach 3640, D 7500 Karlsruhe, F.R.G. 
H.Appe1, M.Neu-Muller, and H.W.Weber, Universitat Karlsruhe, Institut fur 
Experimentelle Kernphysik, Postfach 3640, D 7500 Karlsruhe, F.R.G. 
The structure of the metal-binding sites in '"€If-labeled transferrin was 
studied using the Time Differential Perturbed Angular Correlation (TDPAC-) 
Method. This technique is highly sensitive to the local environment of the 
metal-ions. Hafnium-transferrin complexes were prepared in serum and in dif- 
ferent buffer systems. Two well-defined hafnium-binding configurations were 
observed. It could be shown that the presence of phosphate in the buffer 
medium is essential for a specific metal-binding. The distribution of the 
hafnium-ions between the binding configurations is strongly affected by the 
temperature and the pH of the samples. Difference Ultraviolet Spectroscopy on 
iron- and hafnium-transferrin complexes was used to compare the number of 
tyrosines coordinated t o  the metal at the binding sites. 
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Z 213 A GEOMETRICAL ANALYSIS OF METALBINDING SITES IN PROTEINS. Keith B. Ward, 
Linda I. Hannick, N. Pattabiraman and Bruce Gabed (Laboratory for  the Structure of Matter, Code 
6030, aBiomolecular Engineering, Code 6190, Naval Research Laboratory. Washington, DC 20375) 

In order to survey the spatial distribution of metal-binding ligands in proteins, we have geometrically analyzed 
the metal-binding sites of protein s!n~ctures in the Brookhaven Protein Data Bank. Proteins that bind metals 
contain the following metal ligands: 1) oxygen atoms in carboxylic, carbonyl, hydroxyl and carbamide groups; 
2) nitrogen atoms in amide, carbamide, imidazole, guanidinium and ammonium groups and 3) sulfur atoms in 
thiol and methionyl groups. In addition atoms in solvent molecules, ions in solution, other metal ions, subsuates 
and prosthetic groups can serve as ligands for the bound metal. After extracting the coordinates of all atoms 
within 6 8, of the bound metal, we consmct hmograms indicating the number of oxygen, nitrogen and sulphur 
atoms as a function of distance from the metal. We classify the oxygen and nitrogen atoms into five types 
depending upon the atoms to which they are attached. To compare metal binding sites in different proteins, we 
define an orthogonal coordinate system in which the metal is at the origin, the x-axis is along the shortest atom- 
metal distance and the X-Y plane is defined by the metal and the two ligand atoms closest to the metaL Positions 
of atoms in the metal binding site are. then expressed in spherical coordinates referred to this local system. A phi- 
theta plot is made for all atoms that are within the metal-ligand coordination distance (-3 &, which easily allows 
us to compare and contrast the geometries around the metals. The histograms are useful in understanding 
electrostatic effects due to other nearby atoms that are. not directly involved in coordination to the metal. Results 
obtained by applying this analysis to metallothionein and other metal-binding proteins will be presented. 
(Supported by the Office of Naval Research, contract N0001487WX22283.) 

2214 COORDINATION CHEMISTRY OF METALLOTHIONEIN AND ITS SYNTHETICALLY PREPARED DOMAINS. 
Dean E. Wilcox, Timothy E. Elgren, Michael F. Reed, F. Jon  Kull, Thomas Ciardelli, 

Department of Chemistry, Dartmouth College, Hanover, NH 03755. 

The metal ion binding properties of metallothionein are intimately related to its 
physiological role. We have begun to employ vibrational spectroscopic methods to study 
the coordination chemistry of metallothionein and to probe the structure of metallothio- 
nein reconstituted with different metal ions. FT-IR, Raman and resonance Raman tech- 
niques have been used to monitor S-H and M-S stretching frequencies in our studies of 
metal ion interaction with the cysteine residues. Our studies have now been extended to 
the isolated metallothionein domains which we have successfully prepared using solid 
phase peptide synthesis. This methodology is now being used to modify the primary struc- 
ture of the domains to investigate the contributions of individual residues to the metal 
binding properties of metallothionein. 

2215 CORRELATION OF THE STRUCTURE OF HUMAN TRANSFERRIN WITH THE TRITIUM EXCHANGE 
KINETICS IN HISTIDINYL C(2)H's OF THE N-TERMINAL LOBE, Andre A. Valcour and 

Robert C. Woodworth. University of Vermont College of Medicine, Burlington. VT 05405. 
The exchange of histidinyl C(2) protons with 2H or 'H in the medium is enhanced at 
elevated pH and temperature. 
to metal ions, this exchange is often inhibited or prevented altogether. 
proton magnetic resonance studies that the binding of iron by the N-terminal half-molecule 
of human transferrin (TFIZN) protects three titrable C(2)H against exchange with 'H20, 
we sought to locate the relevant His residues within the primary structure. The iron-free 
protein was allowed to exchange with 'H20 for eight days at pH 8 . 2  and 42 ' .  The TF/2N 
was saturated with iron, lyophilized, dissolved in H20 and allowed to back-exchange for 
10 days. The lyoghilized residue was dissolved and dialyzed vs chelators to remove iron. 
Performic acid oxidation followed by tryptic digestion yielded a mixture of peptides. which 
were resolved by PPLC and HPLC into a series of tritiated peptides. 
been characterized by amino acid analysis and have been located within the primary 
sequence. 
protected and "'His and a73His are significantly protected in the iron complex. 
10'His was not located to an isolable peptide, but appears to lie within the binding 
site region when placed within the known crystal structure of human lactoferrin (LTF). 
This substitution of His in TF for Asp in LTF may be a key to the different iron-binding 
affinities of TF and LTF. Supported by USPHS Grant DK21739. 

In metalloproteins in which His sidechains serve as ligands 
Having found in 

Several of these have 

Analysis of the rates of =H back-exchange suggests that "'His is highly 
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2216 INIlDLvED IN TSE -OF TSE HlBE+N McIALu7RIIoNgIN I IA  OEElE 
petra Bkroch and Michael Karin 
Dept. Of pharm. M-036, Bchool Of M 0 d i C h ,  WXD, La Jolla, CA 92093 

Ihe human metallothionein gene cluster contains a t  least 1 2  distinct MT genes. Their 
expression is regulated a t  the transcriptional level by heavy m e t a l  ions, steroid honmnes, 
interferun, interleukin I, serum factors and m r b o l  esters in a tissue specific manner. ZTp 
to now only one gene of the Mp I1 isoolpe was detect& wh- the Mp I popllation is 
hetmqenews. In all  human cell lines and primary tissues exarmned so far  the Mp IIA gene 
was expressed a t  rmch higher levels than the Mp I genes. The Mp IIA pranotor region 
was analyzed in detail and fcnmd to contain no less than five distinct control elements, 

basal and induces el-ts. mere 
are seveml recognition sequences for  factors affecting basal transcription, which include a 
TATA box, a GC box and a t  least two basal level enhancer y,. Illterspersed between 
these el-ts are seqwnces are sequences that confer metal mauClbility, the so called 
metal responsive elements (MRE). ?he MRES of human Mp genes share a highly consenred cqu- 
which is also similar to MREs of other species, such as mxlse or rat. All of the ewrmned 
h- Mp genes contain mre than one MRE, althcaqh their regulatory regions in general don't 
have the c o n p l d t y  of that of the Mp IIA gene. Deletion of the MRES has no effect on the 
basal activity of the prcsnotor but prwents further induction by a. Ihe function of 
"Julatory DNA sequences is mediated by interaction w i t h  cellular factors, that specifically 
bud to these sequences. Up to now thme trans acting factors involved i n  the regulation of 
the Mp IIA gene have been identified and purified: SP1 that binds the GC box, Ap1 a distinct 
sequence within the p&l J3IE and AP2 that binds to three sites in the proximil and distal 
BLEs. Another regulatory protein that binds to the Mp I I A  gene is the glucocortiwid homne 
receptor. In vivo the Mp IIA pmmotor can ccarpete w i t h  the SV40 enhanzr for one or mre 
cellular factors. mis mrpetition is modulated by 03, suggesting that a metal rqulatory 
pIotein (MRP) might stabilize the binding of limiting factors .such as APl or AP2 to the BLES 
i n  the presence of heavy metal ions. 
To dmrac ter ize  ard isolate a trarrs act% factor that intexacts w i t h  MRE sequences of the 
hMT IIA gene we prformd gel retardation experiments. A tNA fragment containing a synthetic 
MRE sequmce was incubated with H e I a  whole cell exb-act or further plrified f r a c t i m .  Both 
caused a change in the mobility of part of the ENA m l d e s .  me disapp~arance of certain 
carplexes in the presence of ccnpethg MRE ENA denonstrated the specificity of the binding 
readion. A t  the moment we are further characterizing and purifying this binding activity. 

which can be functionally subdivided into two categories: 
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Detoxification and Disease States 
z300 BACTERIAL REDUCTION OF SELENITE TO ELEMENTAL SELENIUM, Robert Blake 11, Smriti 

Bardhan, Julius Jackson*, and Nathaniel Revis+, Meharry Medical College, 
Nashville, TN 37208, *Michigan State University, East Lansing, MI, 48824, +Oak 
Ridge Research Institute, Oak Ridge, TN, 37830 

A Pseudomonas 8 ~ .  isolated from mercury-contaminated soil at Oak Ridge, Tennessee 
could be adapted to grow in the presence of either mercuric ions (100 pM) or sodium 
selenite (50 1124). When grown aerobically in the presence of selenite, the organism 
affected the precipitation of the red, metallic form of elemental selenium. Washed 
cell suspensions of the bacteria were capable of reducing selenite only when organic 
nutrients such as glucose were included in the external medium. Cell suspensions of 
selenite-grown bacteria did not transform detectable amounts of sulfite, selenate, 
tellurite, or arsenite under the same experimental conditions. A quantitative 
colorimetric assay for free selenite was developed from the interaction of selenite 
with 2-mercaptobenzimidazole in 0.01 N sulfuric acid to form a 1:l complex with a unique 
absorbance peak at 360 nm. The accuracy of this colorimetric assay was determined by 
parallel measurements using atomic absorption spectrometry. The organism harbors a 
23 kb plasmid that appears to be essential for resistance to selenite. Preliminary 
efforts to identify a cell-free selenite reduction activity indicate that the activity 
may reside in a membrane fraction. This work was supported by the Department of Energy 
through Subcontract ORRI-85-4 from the Oak Ridge Research Institute. 

Z301 EFFECTS OF ZINC AD)(INISJMTION ON CELLULAR ZINC AND I W N I T Y  I N  THE ELDERLY, John 
Bogden, James Oleske. Marvin Lavenhar, Elizabeth Wunves. Francis Kenp, Kay Bruening. 
Kimberly Holding, Thanas Denny, Michael Guarino, and Bart Holland, UW)-New Jersey 
Medical School, Newark, WJ 07103-2757 

Severe Zn deficiency i n  animals and humans produces impaired ce l l u la r  inmunity. and pharma- 
cologic doses o f  Zn may enhance imune function even i n  the absence o f  Zn deficiency. The 
objective o f  t h i s  study was t o  detennine the ef fects o f  Zn supplementation on Zn concentra- 
t ions i n  c i rcu la t ing  ce l l s  and on ce l l u la r  i m u n i t y  i n  the elderly. One hundred subjects, 
aged 60-89. were given a placebo, 15 mg Zn or 100 mg Zn da i l y  f o r  up t o  12 months. A l l  sub- 
jec ts  also received a nultivitamin/mineral supplement tha t  contained no additional Zn. Blood 
samples were drawn p r i o r  t o  and a t  3, 6, 12, and 16 months a f te r  beginning Zn supplementa- 
tion. Plasma Zn increased s ign i f i can t ly  only i n  the 100 mg Zn treatment group, from 86+2 t o  
110+4. 111+5, and 109+4 wg/dl a t  0, 3. 6, and 12 months respectively. Concentrations of Zn 
i n  erythrocytes, lynphocytes. neutrophils. and p la te le ts  were not s ign i f i can t ly  increased. 
Four months a f te r  stopping Zn administration, plasma Zn i n  the 100 mg Zn treatment group 
f e l l  t o  84*4 wg/dl. There was a progressive improvement i n  delayed dermal hypersensitivity 
and lynphocyte p ro l i f e ra t i ve  responses t o  a panel o f  mitogens and antigens, but these ef- 
fects were not related t o  the Zn treatment group. The i n a b i l i t y  o f  Zn supplementation t o  en- 
hance ce l lu la r  iinnunity i n  most o f  the e lder ly  subjects studied may be related t o  the ab- 
sence o f  an increase i n  the zinc content o f  iinnunologically act ive ce l l s  despite s i g n i f i -  
cantly increased plasma zinc concentrations. (Supported by N I H  grant AG04612. ) 

Z302METAL HOMEOSTASIS DURING THE MOLT CYCLE, David W. Engel, 

Fisheries Center, Beaufort Laboratory and Marius Brouwer, Duke 
Marine Laboratory/Marine Biomedical Center, Beaufort, NC 28516. 
One of the continuing enigmas of metallothionein research is the 
apparent lack of a clear correlation between metallothionein 
function and a specific physiological process. In our Laboratories 
we have demonstrated direct correlations between copper and zinc 
metabolism, the molt cycle of the blue crab, Callinectes sapidus, 
and metallothionein. We have shown that during the molt cycle 
there are significant losses of both metals at molt that are 
manifested as changes in both total metal concentrations in the 
digestive gland and hemolymph, and changes in the copper / zinc 
ratios associated with metallothionein in the digestive gland 
cytosol. In addition there also is a positive correlation between 
the amount of copper bound to metallothionein and the turnover of 
hemocyanin (i.e. a copper containing respiratory protein in 
crustaceans). Our data, therefore, suggests that during the 
critical stages of the molt cycle of growing blue crabs there is a 
direct involvement of metallothionein both in copper sequestration 
and excretion and in copper donation for hemocyanin synthesis and 
zinc metabolism. 

National Marine Fisheries Service, NOAA,Southeast 
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2 303 COMPARISON OF CADMIUM AND METAL BINDING PROTEIN KINETICS IN TWO SPECIES OF 
FISH, John M. Frazier, Sandra M. Baksi, Tracie E. Bunton and Anne Loftus, The 

Johns Hopkins University, Baltimore, MD 21205. Recent studies in this laboratory have 
investigated an unusual fish species, the white perch (Morone americana), which 
accumulates exceptionally high concentrations of hepatic copper under conditions of 
normal copper exposure. The mechanisms which account for the hepatic copper accumulation 
in this species are unknown, but may be related to genetically controlled molecular 
mechanisms at the hepatic level since a closely related fish species, the striped bass 
(w saxatilis). exhibits normal hepatic copper metabolism. 
account for this effect is differences in the regulation of metal binding protein (MBP) 
synthesis. This study compared cadmium and MBP kinetics between the two species of fish 
following injection of cadmium. Cadmium was selected as a research probe since it is a 
known inducer of metallothionein in mammals and neither fish species contained measurable 
levels of hepatic cadmium. Both species accumulated similar levels of hepatic cadmium 
following repeated injections. However, significant differences were observed in the 
kinetics of cadmium association with MBP (less cadmium was bound to MBP in white perch 
compared to striped bass) and the behavior of the essential metal zinc (again lower 
levels of zinc associated with MBP in white perch). The high and variable levels of 
copper associated with MBP in white perch made it difficult to measure the level of 
induction of MBP in this species. Whether the differences observed are due to 
differences in the fundamental regulation of MBP or due to the interactions of high 
hepatic copper levels with cadmium induction of MBP synthesis must be resolved. 

One mechanism which could 

Z304STUDIES OF THE HLA CLASS I REGION IN HEREDITARY HEMOCHROMATOSIS, Joanna L. 

Iron homeostasis is perturbed in hereditary hemochromatosis, an autosomal recessive 
trait characterized by excess iron absorption. The gene responsible for this 
disease is believed to MP to the class I region of the HLA locus on the short arm 
of chromosome six. This region o f  the HLA locus has been examined in several 
pedigrees with hemochromatosis by hybridization analysis of Southern blots. Genomic 
DNA from seven pedigrees was hybridized with three probes originating in the HLA 
class I region. Polymorphisms were detected for six different restriction 
endonucleases with these probes. The inheritance of these polymorphisms were 
compared with the genotype assigned by HLA haplotyping and clinical analysis of iron 
stores. The catalogue o f  restriction fragment length polymorphisms appears to be as 
useful as HLA typing for identifying homozygotes within a pedigree. 
Characterization of polymorphisms in the HLA region should facilitate the isolation 
of the gene responsible for hereditary hemochromatosis. 

Hansen, James P. Kushner Univ. of Utah Medical Ctr, Salt Lake City, Utah 84132 

2305 A CaElPARISON OF THE BIOSyhppHEsIS OF PoLY(y-GL&CYS) GLY AND RELRTED COMFWNDS IN 
CADMIUM-RESISTAPE AND CADMIUM-SENSITIVE D A m  I m h  CELLS, Paul J. Jackson, 

Nigel J. Robinson and EmMrmel Delhaize, Los Alamoatm&oratory, Los Alamos, NM 
01545. 
The effect of Cd on (y-Glu-Cys) Gly biosynthesis, protein and FWA synthesis and GSH con- 
centrations was measured in twoncell lines of D. innoxia with differing Cd-tolerances. 
Resistant cells synthesized 40% more (y-Glu-cy%’I G y sensitive cells as early as 
one hour after exposure to 250 pM Cd. Although k e A s i 2  cells died on prolonged ex- 
posure to 250 pM Cd, the difference in Iy-Glu-Cys) Gly production preceded any effects 
of Cd on rates of FWA and protein synthesis and cell viability in sensitive cultures. 
The relative overproduction of (y-Glu-Cys) Gly in resistant cells was not due to a 
higher endogeneous supply of GSH nor was rgsistance associated with exclusion of Cd from 
cells. Sensitive cells had a pro- 
portion of the Cd in low molecular weight forms which were absent from resistant cells. 
Pulse-labeling experiments with [ 5S]-cysteine suggested that cysteine supply might be 
the limiting factor in polypeptide synthesis. These results suggest that the relative 
overproduction of (y-Glu-Cys) Gly by resistant cells is responsible for Cd-tolerance. 
However, the ability to produnce larger amounts of these polypeptides may be related to 
the amount of precursor(s) available and not to the activity of enzyme(s) directly re- 
sponsible for these metal-binding polypeptides’ biosynthesis. 

The distribution of Cd within cells also differed. 
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protection against certain toxic divalent metal ions; metallothionein is 
one member of the MBPs. Since the MBPs are inducible, those in fish 
liver are potentially useful to indicate whether the fish has been 
exposed to certain metals recently. A common method for detecting low MW 
MBPs is by molecular exclusion chromatography. We describe here an 
alternative method that gives an equivalent measure of the quantity of 
MBPs in a liver extract. The method consists of a) acid-induced removal 
of protein-bound metals, b) separation of high MW proteins by isoelectric 
precipitation, c) tagging the low MW proteins with cadmium-109, and d) 
subsequent isolation of radiolabeled proteins by chromatography on 
pasteur-pipette columns containing Chelex-100. This assay was compared 
to the molecular exclusion chromatography assay and showed excellent 
agreement fo r  MBPs in livers of Lepomis auritus, the red-breasted sun 
fish. (Research sponsored by the Office of Health and Environmental 
Research, United States Dept. of Energy, under contract DE-AC05-840R21400 
with the Martin Marietta Energy Systems, Inc. and funded in part by the 
ORNL Director's R&D Program.) 

A a"ENT WID AC34ii FCR bElXUXUmIN USIN; C-EIR-100. 
K. V. Slog ,  L. R. S h q X t ,  L. RhIt3, B. D. JhErez and J. F. mtarthy. 

K. B. Jacdcscn, 
Biolcgy 

Sdmuzi Divisicns, oek Fti&e Naticral Idhratow, oek fie, 'IN 37831. 
Low molecular weight (MW) metal-binding proteins (MBPs) may provide 

Z 307 

&elbourne, Parkville, Victoria, 3052, Australia. 
An experimental analysis of copper transport in Escherichia & wether with a 
consideration of copper as both a toxic agent and a biological requirement have been used 
to constmct a n d e l  for copper metabolism in E. a. 
ccnpnents (1) Copper uptake (2) Cytoplasnic transpo?, storage and utilizaticm of copper 
(3) Copper efflux (4) Cellular damge by copper and its limitations, and (5) ReguLaticn 
of intemal copper levels. 

COPPER TRANSFOFT. AND PIASMlD MEDIATED COPPER RESISTANCE IN Escherichia g, 
B.T.O. Lee, D. Rouch and J. Cadcaris, Department of Genetics, University of 

The model consists of 5 mjor 

The p-es of mutants altered in each conponent of the model can be preaictea. 
analysis of the mtants already isolated namly, copper sensitive and/or copper de-t 

are defective in various copper transport fmctions including uptake, efflux and storage 
and have been assigned as follws: 

_ _  cut A non specific copper uptake; 
copper efflux; 

The 

indicates five mutant tyPeS,which We have (copper transport) A-F. These mutants 

g wpper specific uptake; Cut C copper efflux; cut p 
g intracellular copper storage; Cut F intracellular cowr carrier. 

2 308 CADMIUM TOLERANCE I N  TRANSGENIC TOBACCO SEmLINGS MPRESSNG MOUSE 
METALLOTHIONEIN 
Indu B .  Hai t i ,  George J. Wagner and Arthur G. Hunt 
P lan t  Physiology/Blochemistry/Molecular Biology Program, Department o f  
Agronomy, Universi ty  of Kentucky, Lexington, KY 40546-0091 

A binary plasmid was constructed t o  con ta in  t h e  mouse metal lothionein c-DNA, t h e  
c o n s t i t u t i v e  35.7 promoter from c a u l i f l o w r  mosaic v i r u s ,  t h e  polyadenylat ion s i g n a l  from 
t h e  pea rbcS-E9 gene and several s e l e c t a b l e  maricers. The plasmid was t r a n s f e r r e d  t o  
k r o b a c t e r i u m  and t h e  leaf d i s c  method was used t o  t ransform tobacco. Ca l lus  
and shoo t s  Were regenerated in t h e  presence of kanamycin and transformed p l a n t s  were 
obtained.  Southern,  Northern and Western b l o t  a n a l y s i s  d e m o n s t r a t d  i n t c g r a t i o n  and 
expression of t h e  me ta l lo th ione in  gene i n  transformed c a l l u s  and t r a n s g e n i c  p l a n t s .  
gene is t r ansmi t t ed  t o  and expressed in seed der ived progeny as a dominant Mendelian 
trait.  

presence of 1mM CdCl , whereas those  from c o n t r o l ,  non-transformed p l a n t s  germlnate  but  do 
no t  form seed l ings .  Pransformed s e e d l i n g s  are more t o l e r a n t  t o  h igh  Cd than 
non-transformed c o n t r o l s  as expressed by leaf development and number. 
Immature and mature t r ansgen ic  p l a n t s  t o  Cd cha l l enge  are now being t e s t e d .  
c o n s i s t e n t  w i th  increased t o l e r a n c e  t o  Cd in transformed seed l ings  r e s u l t i n g  from t h e  
expression of me ta l lo th ione in .  

The 

Seeds from s e l f - f e r t i l i z e d  t r ansgen ic  p l a n t s  germlnate  and form seed l ings  In  t h e  

Responses o f  
Resu l t s  are 
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2309 COORDINATION CHEMISTRY AND SPECIATION OF Al(II1) IN BIOLOGICAL SYSTEMS, Arthur E. 
Martell and Ramunas J. Motekaitis, Department of Chemsitry, Texas ALM University, 
College Station, Texas, 77843-3255 U.S.A. 

There are several conditions, in addition to the dialysis encephalopathy syndrome, that 
lead to the accumulation of toxic levels of aluminum in the body. However the reactions 
of aluminum in aqueous biological systems are not well understood. A review of the liter- 
ature on the coordination chemistry of Al(II1) in aqueous solution reveals the existence 
of a considerable amount of stability constant data of questionable validity. In many 
cases the strong hydrolytic tendencies of the Al(II1) ion have not been considered in 
data processing and in the interpretation of the complex species present in solution. In 
this paper equilibrium data are analyzed for the Al(II1) complexes of aminopolycarboxy- 
late ligands such as EDTA and its analogs, for the a-hydroxycarboxylic acids, and for 
catechol and catechol derivatives. Special attention is given to recent results on 
hydroxy acids such as citric acid, and the involvement of the a-hydroxy group in the 
coordination of Al(II1). The design of ligands suitable for detoxification of Al(II1) in 
physiological systems will be discussed. 

z 310 MECHAMS OF MEPAL DFPDXIFICATION: METALLUIRIONEINJIYPE OF TM: 
NEMTODE CUTICLE, Matthew Ryuntyu, Deplrtment of Agronomy and Soil  Science, 
University of New England, A r m i d a l e .  N.S.W. 2351. 

Kagi and Nordberd (1979: Proc. 1st Int.  Meetinq on Metallothioneins, Zurich:34) 
showed that  metal binding proteins (metallothioneins) are involved in  detoxification 
mechanisms by some crystall ine structures. TEM cuticle s t r ia t ions are sag i t t a l  
sections and reveal typical crystalline line arrangements. Because of the close bond 
between molecules, they result in a very tough protein. Using experimental data of 
the collagen-like spirals,  can be seen as mst TEM cuticular structures, 
morphologically dense and lying in a jelly-like substratum, becoming mre "dense" 
according t o  the laws of physics for  liquid crystal  strata. The molecular weight of 
the collagen components of the nematode cuticle shows that  it is composed of a t  least 
18 types of protein ranging from 26,000 to  250,000 Daltons. They are  related t o  
mtallothionein-type proteins on the basis of copper and cadmium binding. The 
striation-like type of the cuticle structures is typical of parasit ic nemtodes 
living in "difficult" enzymatic environments as it is precisely t h i s  structure which 
makes it resistent t o  toxic chemicals. 

2311 TEE PRESENCE OF A METALLUIXIONEIN-LIKE PROTEIN IN BWINR RETINA, T. Takahashi, 
V. K. Paliwal, and P. Wadi. Dept. of Phanacol., Univ. Neb. Coll. of Mod., 42nd 

St. and Dewey Avo., Omaha, NE 68105 

pulses on illamination, posaess the highest concentrations of zinc in any Laom living 
tiazues. For example. nocturnal animals with keen virion, inch as  foxes. have been 
reported to exhibit a zinc level of 138,000 ppm or 13.82 by weight in the iridescent layer 
tapetam lncidam of the choroid. Furthermore, zinc deficiency hsa been implicated in im- 
paired night virion and zina excess has been detected in iaherited retinal dystrophy. The 
couveraiou of retinol to retinaldehyde, which in turn is necessary for the formation of 
rhodopain (viaual pigment), ia a zinc-dependent proceas and is impaired in zinc deficiency 
state. 

anbcellnlar diatribution in the bovine retina and foand it to be nonuniform, exhibiting the 
following concentrations (pg zinclag protein): rod outer segment (0.230). prepellet 
(0.090). pellet 1 (0.119), pellet 2 (0.091). and post-pellet 2 (0.038). In addition, the 
bovine retina contains a low molecular weight metallothionein-like protein which exhibiti 
an elution volame ( V e l V o )  of 1.9 on 801 permeation chromatography. and produces only one 
iaoform, which on reverie phase BPLC exhibits a retention time of 16.22 min and is similar 
to that produced by zinc-induced hepatic metallothionein 11. The preciie compartmentation 
of the retinal metsllothioaein-like protein is being investigated at this time. (Supported 
in part by s grant from USPHS ES-03949.) 

Mammalian retinsa, which contain photoreceptor systems and initiate electrical iP- 

In order to study the metabolism of zinc in the retina farther. we have measured its 
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2312 CHARACTERIZATION OF ZN-BINDING PEPTIDES ASSOCIATED WITH A DECLINE DISORDER OF 
CITRUS. Kathryn C. Taylor, L.Gene A lb r igo  and Chr i s t i ne  D. Chase, Un ive rs i t y  

o f  F lo r i da ,  Gainesv i l le  FL 32607. 
C i t r u s  b l i g h t  i s  a dec l i ne  d isorder  o f  unknown e t i o logy .  
d isorder  i s  a r e d i s t r i b u t i o n  of Zn w i t h i n  t h e  t r e e .  
def ic iency whi le  Zn accumulates i n  t h e  phloem. 
complexing agent. 

The e a r l i e s t  symptom o f  t he  
The canopy e x h i b i t s  symptoms o f  Zn 

The phloem Zn i s  associated with a 

A 4 k i l oda l ton ,  h i g t l y  an ion ic ,  z inc b ind ing f r a c t i o n  was i s o l a t e d  from phloey t i s s y e  
o f  b l i gh t -a f fec ted  
nranefr i i i t  fC. naradis i  Macf.) trees. OAE-Zmr-phy revealed t h e  Zn b ind ing 

Valencia' sweet orange (C i t rus  s inensis  (L.) Osbeck) and Marsh 
>. "r-. . -. - \_. -. - 
f r a c t i o n  conTai-eait f bu r  d i f f e r e n t  an ion ic  species. Two o f  t he  fou r  species 
were present i n  t i s s u e  from healthy as we l l  as b l i gh t -a f fec ted  t rees.  The other  two 
species were found i n  on l y  the  b l i gh t -a f fec ted  t rees.  
performed on each o f  t h e  p a r t i a l l y  p u r i f i e d  Zn-binding factors .  The fou r  fac to rs  had 
very s i m i l a r  amino a c i d  compositions and contained a h igh  percentage o f  asp/asn 
residues. i n d i c a t i n g  they are not  poly(gama-glutamyl-cysteiny1)-glycine peptides. 
Further cha rac te r i za t i on  o f  these peptides and t h e i r  metal b ind ing p roper t i es  i s  
underway. 

Amino ac id  ana lys i s  was 

Z 31 3 THE ROLE OF METAL-BINDING COMPOUNDS IN THE COPPER-TOLERANCE MECHANISM OF SILENE 
CUCUBALUS, Jos A.C. Verkleij', Paul L.M. Koevoets', Jan van 'I Riel2. Mary C. van RoSsenberg* and Wilfried H.O. 
Emst'. Depanmcnt ofEcology and Ecotoxicobgy' and Biochemical Laboratoryz, Free University, P.O. Box 7161,1007 
MC Amsterdam, The Nahexbds. 

Variow mechanisms have been propossd to explain the metal tolerance in higher plants. These include: exclusion of metals from the 
plant, compartmentalion of metals in vacwles and cell walls, evolution of metal-tolerant enzymes and specific metal-binding proteins. 

According to Grill et a/., 1987 (PNAS 84,43943) only metal-binding peptides (phytochelatins) are involved in the detoxification of 
heavy metals in higher plants. However, the existence of higher Mol. WI. metal-binding proteins cannot be disregarded although the 
described high Mol. wt. forms may be assiciaticm artefacts. 

In Silcne cucubo/ur. a species occurring on heavy metal contaminated soils, a number of tolerant and non-tolerant smins has evolved. 
In our study of the molecular basis of Cu-tolerance we characterizd the metal binding compounds, synthesized in tolerant and wn-tolerant 

We could demonstrate by geltillration on FPLC-Snpemsell in root exmcu from both types of plants, grown on 40 Cu, two 
compounds: one with an applaent Mol.Wt of 12 LD and containing mre than 60% of the Cu, and another one with a Mol.Wt. of 3.2 kD. 
After furtke.1 Pnification by ion-exchange chromatography and geltilmticm on FPK, the same Cucontainig compounds appeared. 

These results indicate that both tolerant and sensitive plants induce the synthesis of Cu-binding compounds with apparently the same 
Mol. Wt. upon gmwth in the presence of high amounts of Cu. Although in both types of plants these compounds may play a role in Cu- 
detoxification and homeostasis, further research is necessary to elucidate their significance in the Cu-tolerance mechanism. Preliminary 
am-id analysis of this material did not reveal a striking similarity with the known composition of phywhelatins or metallothioneins 
as yet 

plants aftel 20 days of cu-Ireament 

Metal Metabolism and Utilization 
2400 

Univers i ty ,  Long Beach, Long Beach,CA 90840. 

We have been able t o  i d e n t i f y  t h ree  metal b ind ing a c t i v i t i e s  i n  Artemia. This was accomplish- 
ed by pre-incubating cytosol  w i t h  109Cd ( o r  65Zn) and f r a c t i o n a m e  mixture on 6-75 
(o r  6-50). Metal b ind ing a c t i v i t i e s  were i d e n t i f i e d  by assaying the  column f r a c t i o n s  f o r  
r a d i o a c t i v i t y .  A small molecular weight metal b ind ing a c t i v i t y  i s  c l e a r l y  ev ident  (MBPI). 
MBPI i s  a l so  associated w i t h  s i g n i f i c a n t  amounts o f  zinc, Zinc l e v e l s  were determined by 
atomic absorpt ion spectrophotometry. The cadmium and z inc  b ind ing  a c t i v i t i e s  can be resolved 
by ion-exchange chromatography, A second z inc  b ind ing  a c t i v i t y  (ZnBPII) i s  present i n  24 h r  
n a u p l i i  and increases i n  concentrat ion dur ing the  next  24 hrs. of development. We r e p o r t  
here t h a t  ZnBPII i s  a c t u a l l y  d e t e c t i b l e  a f t e r  12 hours o f  development and increases s t e a d i l y  
i n  concentrat ion. Gel f i l t r a t i o n  on 6-50 i nd i ca tes  the  molecular weights o f  MBPI and ZnBPI! 
t o  be ca. 00 and 8000 dal tons respect ive ly .  An i n t e r e s t i n g  aspect o f  these experiments i s  

d i s t r i b u t i o n  between t h e  var ious p r o t e i n  pools w i t h  embryos o f  increas ing age. I n  cytosols  
obtained from e a r l y  stage embryos, t he  m a j o r i t y  o f  l abe l  i s  associated w i t h  the  p ro te ins  
e l u t i n g  i n  the vo id volume o f  t he  column. However, w i t h  cytosols  from o lde r  embryos, the 
l abe l  i s  i nc reas ing l y  d i s t r i b u t e d  between MBPI and ZnBPII w i t h  l i t t l e  o f  the isotope being 
assoicated w i t h  the p ro te ins  e l u t i n g  i n  the  vo id  volume. This work was supported by N I H  
grant  1 R15 GM36117-01 

INDUCTION OF A Z I N C  BINDING PROTEIN DURING THE EARLY EMBRYONIC DEVELOPMENT OF THE 
BRINE SHRIMP ARTEMIA SALINA, Roger A. Acey, Dept. o f  Chemistry, C a l i f o r n i a  State 

t h a t  the 68 Cd used t o  detect  the p o s i t i o n  o f  MBPI undergoes s i g n i f i c a n t  changes i n  
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Victoria, Australia; *Murdcch Institute, Royal Children's Hospital, Parkville 3052 Victoria, 
Australia. 
Copper-resistant (CUR) cultured Chinese Hamster Ovary ( M O )  cells have been isolated using 
various selection protocols. Unlike cadmium resistant CHO cells, the mdmni  9F" 
resistance does not involve enhanced production of the heavy metal sequestering protein, 
metallothionein. CUR cells a c m d a t e  significantly less intracelldar cu than normal CHO 
cells when incubated in d m  containing high Cu concentrations. Overt gene amplifications 
as evidenced by presence of "Hamgenwusly Staining Regions" and "Double Minute" chmnosanes 
were not observed although one of the CUR variants possessed an extra Chrmoscme whose size 
correlated with the level of resistance. 
variants whilst it was recessive in another variant. Efflux kinetics appared to be n o d .  
Cu uptake was sham to be a saturable process and although the variants had similar apparent 
~m values the apparent w. was reduced in tm of the CUR variants. 
m y  in part explain the CUR phenotype. 

COPPER-RESISTANCE IN CULTURED CHINESE H.WETER OVARY CELLS, J. Camakaris, J. Patton 
and D.M. Danks", Department of Genetics, University of Melbourne, Parkville 3052 

of 

 he CUR phenotype was ccdmimnt in m e  of the 

The hitter finding 

Z402 FEPB, A PERIRASMIC IRON TRANSPORT PROTEIN OF ESCHERICHIA &. Charles F. 
Earhart and Margaret Elkins, The University of Texas at Austin, Austin, Texas 

The product of the Escherichia coli fepB gene is a periplasmic protein (FepB) 
that is required for enterobactin-mediated iron transport. Characterizing FepB is 
essential for understanding the enterobactin system. Four feq[l-reguiated polypeptides, 
with apparent molecular weights ranging from 36,500 - 31,500, are detectable in standard 
SDS-polyacryiamide gels; the three smaller polypeptides are localized in the perlplasm. 
Deletion analyses showed that removal of as iittle as 17 amino acids from the carboxy 
terminus of FepB resulted in the appearance of only one polypeptide band. The smallest 
polypeptide is absent in mlnicells treated with DNP or CCCP. The gene has been 
sequenced. The unprocessed form of FepB has a calculated Mw of 34,116 and, as 
anticipated from the above results, a leader sequence (approximately 26 amino acids) is 
present. The basls for the multlplicity of FepB forms remalns unclear but cannot be the 
result of disulfide bond arrangements as FepB contains no cystelne residues. Also 
unclear is the significance of a sequence centered approximately 100 bp upstream of the 
FepB translational start site that is able to form a large stem and loop structure. 

78712. 

2403 CYTOFERRIN: CELLULAR LEVELS VARY WITH IRON SUPPLY AND DEMAND. RL Jones and RW 

Cytoferrin (CF) is a low molecular weight iron-binding substance which is elevated in the 
serum in iron overload or hepatic damage. 
which reflects iron transport. Since CF has not yet been defined structurally, CF activity 
is expressed relative to that of desferrioxamine !DFO). Despite its presence in serum, the 
extraction of CF from tissues and cultured cells indicates that its primary location is 
intracellular. We measured CF levels in several types of cells, some of which were treated 
so as to modulate their iron metabolism. 
of cytosolic protein (ng/mg). 
(0.2 ng/mg) while reticulocytes and chick erythrocytes contained 2.6 and 2.8 ng/mg, 
respectively. Other cells contained significantly greater quantities of CF: 5772, 75; MEL, 
118, HeLa, 64; Friend, 115; and K562, 139 ng/mg. To investigate the physiologic role of 
CF, we incubated K562 cells in either 10 uM DFO or 6 uM ferric ammonium citrate, control 
cultures being left untreated. CF content increased an average of 28% in cells grown in 
the presence of DFO while decreasing 39% in the presence of the iron salt. Friend cells 
were grown in the presence of varying concentrations of DMSO, a promoter of differ- 
entiation. Both heme and CF content of the cells increased linearly as the concentration 
of DMSO increased, 2% DMSO causing CF levels to double. Heme and CF were unchanged in a 
DMSO resistant mutant. Production of CF relative to iron supplyldemand suggests an 
integral role for this compound in cellular iron transport and homeostasis. 

Grady, Rockefeller University, New York. NY, 10021. 

CF is quantitated by a bacterial growth assay 

CF levels were expressed as DFO equivalentslmg 
Mature red blood cells contained only trace amounts of CF 
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Z404 EFFECT OF HEAVY METALS ON ?ROTEIN SYNTHESIS IN HWAW HEPATOMA CELL LINES,Arturo 
Leone,Maria Pascale and Paolo Remondelli,University of Naples,Naples,ITALY 80131. 

The liver plays a dual fundamental role in the homeostasis of Cu,Zn and Cd providing both 
the deliver of such essential elements to the other tissues through carrier serum molecules 
i.e. ceruloplasmin, and their excretion after coniugation with biliary salts.We are study- 
ing in our laboratory the effect of these metals on Drotein synthesis of two hiehly diffe- 
rentiated henatoma cell lines, Hep G2 and Hen 3B.Cells were incubated for ten hours with 
increasing concentrations of CuSO4,ZnClZ and CdC12; the analysis of the 35s-Cysteine and 
35s-Methionine labelled proteins after a ninety minutes pulse revealed on SDS-Poliacrilam- 
mmide gel electrophoresis: i) addition of metals to the growth media inhibits protein syn- 
thesis; ii) Cd and Zn are the strongest inducers of metallothionein synthesis in Hep G2 and 
Hep 3B; iii)heath shock like proteins - H s ~ 7 0  - appear in response to hieh doses of metals; 
iv) new proteins appear after induction with copper,zinc and cadmium.Exposure of both cell 
lines t o  heath or inducers of the acute phase response - as the supernatant of lipopolysac- 
charide stimulated monocytes - does not produce the synthesis of such proteins.0ne of them 
has a MW 15,000 daltons , a high content of cysteine and is induced by copper and cadmium 
only in Hen 3B cells. 

Z 406 A CLONED SYNTHETIC HUM4N ME3’ALWTHIoNEIN RESPONSIBLE FOR INCREASED 
ACCUMJLATION OF HEAVY bETAI.5 I N  ESCHERICHI?i COLI, F. M. Raneyer, F. A. 

Jacobs, L. Masson, 2. Hanna and R. Brousseau, Biotechnolcqy Research Institute, 
National Research Council Canada, 6100 Royalmount Avenue, mntreal, Quebec, Canada 
H4P m. 
The use of metallothionein as a model protein for the specific binding of heavy 
metals and protein engineering is being explored. For this purpose, a synthetic DNA 
codcng for human hepatic metallothionein (HMP) , fraction m-2, has been cloned in 
E. a under the control of the inducible araB pranoter through an in-frame fusion 
t o  the end-filled Eco RI site of araB‘ ( i n  the PING 1 plasnid). upon induction with 
arabinose, an arab‘-HMT fusion protein is produced. The fusion protein represents 8% 
of the total  protein of 6. &. Without arabinose, no fusion protein is expressed, 
demonstrating that the expression system is tightly repressed. It has been 
damnstrata  using the radioisotope 109~d that the renatured -W fusion 
protein after SDS-PAGE can bind the metal in .&u. This clearly shows that the HMT 
moiety of the fused protein keeps its ability t o  bind cachnium in m. 
Concurrently, a direct correlation is found between the expression in E. 
araB’-HMP and the bioacamulation of Cd++ in m. When the cells are grown in 
presence of 20 I1M of a++, the clone expressing araB’-HMT accumlates approximately 5 
t h s  more Cd++ than the nonprcducing cells. Furthermore, in presence of IIIW a+, an 
increase of b i o a w l a t i o n  of Cu+ (two fold) has been established when the fusion 
protein is produced. 

of the 
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Department of  Biochemistry, School of Bio logica l  Sciences, Madurai Kamaraj 
Univers i ty ,  Madurai 625 021. India .  
A number of y e a s t  (S. c e r e v i s i a e )  s t r a i n s  were t e s t e d  for t h e i r  r e s i s t a n c e  
f o r  d i f f e r e n t  metal:. "he t y p i c a l  protocol  of growing t h e  c e l l s  i n  t h e  
presence of  var ious  concentrat ions of Cobal t ,  Cadmium, Zinc and Copper 
salts  was adopted. The cadmium r e s i s t a n t  s t r a i n s  show an accumulation of 
about 15% of t h e  t o t a l  cadmium added i n  t h e  form of cadmium chlor ide.  The 
r e s u l t s  i n d i c a t e  t h a t  t h e  Cd-sensitive and Cd-resis tant  s t r a i n s  d i f f e r  from 
each o t h e r  i n  t h e  d i s t r i b u t i o n  p a t t e r n  of cadmium in t h e i r  cells. To look 
f o r  ( a )  t h e  cause of r e s i s t a n c e ,  t h e  y e a s t  s t r a i n s  were t e s t e d  f o r  t h e  
uptake of cadmium and for (b)  induct ion of any p r o t e i n ,  p r o t e i n s  w e r e  
analysed on polyacrylamide g e l  e lec t rophores i s  under non-denaturing condi- 
t ions .  Almost a l l  the cadmium p r e s e n t  i n  the so luble  f r a c t i o n  was found 
binding t o  p r o t e i n s  of  high molecular w e i g h t .  From t h i s ,  we can say t h a t  
yeas t  c e l l s  contain a system, which is d i s t i n c t  from Metal lothionein t o  
handle the "Cadmium stress". 

HEAVY METAL RESISTANCE AND DISTRIBUTION OF VARIOUS METAL IONS I N  
DIFFERENT STRAINS OF YEAST. V. Santhanagopalan and J. Jayaraman, 

2 408 ACCUEULATION OF METALLOTHIONEIN mRNA IN ZINC DEFICIENT RATS 
I1.L. Scarino, M.C. Fel ione *, A.Leone*, G.Morelli, l s t i t u t o  Nazionale del la 
Nutr>z!one, Rome , *University of Naples, Naples ITALY 

In order t o  fo l l ow  the induction of the metallothioneins, zinc deficient and contro l  
animals were ;,n]ected intraperltcneally w i t h  zinc.Tota1 RNA ?om l i ve r  and kidney 
was prepared a t  d i f f e ren t  t imes  a f te r  induction by zinc i0, i  ,3,6,10,24 hours) and 
probed w i t h  a iabelled MT-cDNA .Using a s lo t  b lo t  assay we were able t o  campare 
the k inet ics  o f  induction between the t w o  groups o f  animals.ln control r a t s  the 
level o f  MT-mGNA reaches the maximum a f te r  6 hours and rapidly goes down t o  the 
basal level in the next 4 hours. In  zinc deficient ra t s  a d i f ferent  pat tern o f  
accumulation is observed . the level o f  MT-mRNA reaches the maximum a f t e r  10 
hours and remain a t  high level un t i l  24 hours a f te r  the zinc admin is t ra t ion 
Moreover comparing the maximum levels of MT-mRNA in l iver  and k:dney w e  f i nd  a 
2.4 : i r a t i o  in zinc def ic ient  and 0.6: 1 r a t i o  In the control animals. The amount of 
zinc/g of t issue increases w i t h  t ime  i n  the l iver  of both zinc def ic ient  and contro l  
rats. Zinc does not  accumulate i n  kidney in both groups 

409 A NEW METHOD FOR QUANTITATIVE ULTRA-TRACE ELEMENT ANALYSIS OF MICROGRAM SAMPLES, 
Harold W. Schmitt, N. Thonnard, Larry J. Moore, James E. Parks and 

Robert D. Willie, Atom Sciences, Inc., Oak Ridge, TN 37830, and K. Bruce Jacobson, Oak 
Ridge National Laboratory, Oak Ridge, TN 37830. 
New levels of sensitivity in elemental and isotopic analysis have become possible in 
recent years by combining resonance ionization with mass spectrometry. 
Resonance Ionization Spectroscopy (RIS), utilizes one or more tunable. narrow-band 
lasers which can be tuned to specific transitions of the selected element. Atoms of 
that element are sequentially excited to specific excited states chosen for their 
uniqueness to the selected element, then finally ionized. The ions can then be passed 
through a mass spectrometer for isotopic determinations and counted with conventional 
charged particle detectors. The process is extremely selective, virtually 
interference-free, because of the uniqueness of the selected excited states and 
transition energies. With proper lasers the method is extremely sensitive, since 
individual atoms of the selected element can be identified and counted. Finally, the 
technique is general, as all elements i n  the periodic table (except He and Ne) can be 
analyzed. This method allows significant simplification i n  sample preparation. A beam 
of ions can be used to atomize a sample surface (sputtering); by focusing the sputtering 
i o n  beam to a suitable size, e.g. a few micrometers, and rsstering it over the sample, 
the trace element distribution can be imaged, while depth profiling is possible by 
collecting data as the sample is eroded. Data of various types will be shown for 
biological, environmental and solid-state samples. Sensitivities achieved to date are 
at the ppb level i n  solids, picograms in liquids, and 0.1 atoms per cc for noble gases. 

The technique, 
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Z 410 HIOH RESOLUTION ACIDIFICATION KINETICS OF TRANSFERRIN IN BALBlc 3T3 
AND K662 CELLS: DIFFERENCES IN ACIDIFICATION AND ALKALINIZATION, David 

M. Sipe, Alexander JeSUNm, and Robert F. Murphy, Department of Biological Sciences & Center for 
Fluorescence Research in Biomedical Sciences, Carnegie-Mellon University, Pittsburgh, PA 16213. The 
kinetics of transferrin acidification were determined for both Balb/c 3T3 and K662 cells using a dual laser 
flow cytometer and transferrin labeled with fluorescein (F) and lissamine rhodamine (LR) dyes. Cells were 
labeled at  4OC. then warmed to 37OC to initiate synchronous endocytosis. Average values for both F and 
LR signals were calculated for single-cell data acquired over 26-60 min. The fluorescence of transferrin 
remaining on the cell surface was subtracted from the total green and red fluorescence signals, allowing 
calculation of a ratio for only the internalized transferrin. Comparison of this ratio with calibration data 
allowed calculation of average internal pH. Both cell lines began endocytosis and rapid acidification of 
transferrin within 3 min of initial warm up. However, the cell lines differed both in the extent of 
acidification and in subsequent treatment of the transferrin after achieving a minimum pH value. For 
Balb/c 3T3 cells, the lowest pH observed was above 6.0, occurring 5 min after warmup. The rapid initial 
acidification was followed by a slower alkalinization to external pH, occuring with a half time of 6 min. In 
contrast, for K662 cells the minimum pH was below 6.5. No alkalinization was observed, even though 
transferrin appeared to recycle and dissociate normally. The results suggest that the pH to which 
transferrin is exposed by these cell types may be related to their iron requirements in iiiiio. We are 
investigating the basis for this difference in acidification, and possible differences in iron delivery to these 
cell types. We are also determining the ionic requirements and temperature dependence of transferrin 
acidification. lSupported by NIH grant OM32608 and training grant 021108067, and NSF DCB8361364.1 

2411 CADMIUM TOLERANCE I N  TRANSGENIC TOBACCO SEEDLINGS EXPRESSING MOUSE 
METALLOTHIONEIN 
Indu B. H a i t i ,  George J. Wagner and Arthur G. Hunt 
P l a n t  Physiology/Biochemistry/Holecular Biology Program, Department of 
Agronmy, Universi ty  of Kentucky, Lexington, KY 40546-0091 

A binary plasmid was cons t ruc t ed  t o  con ta in  t h e  mouse me ta l lo th ione in  c-DNA, t h e  
c o n s t i t u t i v e  35s promoter from cau l i f lower  mosaic v i r u s ,  t h e  polyadenylat ion s i g n a l  from 
t h e  pea rbcS-E9 gene and s e v e r a l  s e l e c t a b l e  markers. The plasmid was t r a n s f e r r e d  t o  
&xhcteriw fumefaciens and t h e  leaf d i s c  method was used t o  t ransform tobacco. Ca l lus  
and shoots  were regenerated i n  t h e  presence of kanamycin and transformed p l a n t s  =re 
obtained.  Southern,  Northern and Western b l o t  a n a l y s i s  d e m o n s t r a t d  i n t c g r a t i o n  and 
expression of t h e  me ta l lo th ione in  gene i n  transformed c a l l u s  and t r ansgen io  p l a n t s .  
gene is t r ansmi t t ed  t o  and expressed i n  seed der ived progeny as a dominant Mendallion 
t r a i t .  

Seeds from s e l f - f e r t i l i z e d  t r ansgen ic  p l a n t s  germinate  and form s e e d l i n g s  i n  t h e  
presence of 1mM CdCl , whereas those  from con t ro l .  non-transformed p l a n t s  germinate  but  do 
no t  form seed l ings .  'Transformed s e e d l i n g s  are more t o l e r a n t  t o  h igh  Cd than  
non-transformed c o n t r o l s  as expressed by leaf development and number. 
immature and mature t r ansgen ic  p l a n t s  t o  Cd chal lenge a r e  now being t e s t e d .  
c o n s i s t e n t  with increased to l e rance  t o  Cd i n  transformed seed l ings  r e s u l t i n g  from t h e  
expression of metal lothionein.  
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