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Neural Cadherin: Role in Selective Cell-Cell Adhesion 

Cadherins are a family of ca2+-dependent intercellular adhesion molecules. Comple- 
mentary DNAs encoding mouse neural cadherin (N-cadherin) were cloned, and the 
cell binding specificity of this molecule was examined. Mouse N-cadherin shows 92 
percent similarity in amino acid sequence to the chicken homolog, while it shows 49 
percent and 43 percent similarity to epithelial cadherin and to placental cadherin of the 
same species, respectively. In cell binding assays, mouse N-cadherin did not cross-react 
with other mouse cadherins, but it did cross-react with chicken N-cadherin. The 
results indicate that each cadherin type confers distinct adhesive specificities on 
different cells, and also that the specificity of N-cadherin is conserved between 
mammalian and avian cells. 

T HE ADHESIVE SELECTNITY OP A N I -  
ma1 cells is thought to be crucial for 
controlling the association or move- 

ment of cells involved in embryonic mor- 
phogenesis (1). Cadherins are a family of 
intercellular adhesion receptors that may 
play a role in selective cell adhesion (2). Two 
members of this family, epithelial cadherin 
(E-cadherin), which is.alsd called uvomoru- 
lin or cell CAM120180 (3, 4), and placental 
cadherin (P-cadherin) (5 ) ,  were character- 
ized molecularlv in the mouse. Two other 
members, liver cell adhesion molecule (L- 
CAM) (6) and neural cadherin (N-cadherin) 
(7), were identified in the chicken. The 
different cadherin types exhibit distinct tis- 
sue distribution patterns (8). Both E-cad- 
herin and L-CAM are thought to be the 
interspecies homologs since they show a 
similar pattern of tissue distribution in the 
respective species (8). 

Transferring cadherin cDNAs into heter- 
ologous cells allowed us to examine the role 

of cadherins in cell adhesion (3, 7, 9). We 
found that L cells transfected with E-cad- 
herin cDNA sorted out from those trans- 
fected with P-cadherin cDNA when mixed 
(lo), indicating that these cadherins have 
binding specificities. Moreover, when the E- 
cadherin-transfected L cells were added to a 
suspension of embryonic lung cells, they 
preferentially attached to the epithelial cells 
of this tissue, which also express E-cadherin 
(10). These results suggest that cadherins 
participate in cell sorting in embryonic tis- 
sues. 

N-cadherin is expressed in various neural 
tissues (1 1, 12) and has been implicated in 
the attachment of axons to other cells (13), 
raising the possibility that this molecule is 
involved in neuronal recognition mecha- 
nism. To determine whether this cadherin 
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has a binding spedcity distina from that of RNA blot analysis showed that nick- 
other c a d h s ,  we-attempted to done translated probes -of chicken N-cadherin 
mouse N-cadherin cDNA using a chicken cDNA hybiidize with a 4.3-kb band in 
N-cadherin probe and to compare its prop RNA obtained from fetal mouse brain and 
trties with that of other cadherins. We now heah indicatine that there is a mouse ho- 
describe the complete amino acid sequence mo~& of N-Gdherin that can be cross- 
of mouse N-cadherin as well as its biding hybri- with the chicken probes. We 
spcufiaty. then saeened a XgtlO cDNA library of fetal 

Fig. 1. R d c t i o n  map 
of mouse Ncadherin 
CDNA. Compkmcntuy 
DNA clones were isolat- 
ed fiom an oligo(cW) 
primed AgtlO CDNA 
liw prepcued fbln 
poly(A) RNA isolated 

H P S  Pv BPvA PSaK S 
v 1 1  1 1 1  

kin' i4-day-old m o w  
brain with a 1.7-kb 
chicken N-~adhak N T M  C 
dlNA probc. ?he done 
shown hae contained an 
almost ~-~ 4.3-kb mn-1 
insert The open box 
showstheopenmadmg rnn-2 
frame. The shadowed 
boxshowsanovaal l  
protcin saucturc de- mn-3 - 
d u d  h the sequence 
of CDNA, in which N, me-1 

TM, and C represent the 
amino terminus of the mature protein, the m m m n h m e  region, and the urboxyl tcnnious, 
mpcaively. Complancntuy DNA thgmct~ts used lbc subsequent eqaimnts am also shown. A, Acc 
I; B, Barn HI, H, Hind m, K, Kpn I; P, Pst I; Pv, Pvu 11; S, Sac I; and Sa, Sal I. 

VDVIVANLTVTDKWPHTPAWNMYR1SGGDPn;RFAILTDPNSNWLMPIDF~RWVLW~QWLAKGIQ .......................................................................... .......................................................................... 
V W 1 V A N L T V T D K W P H T P A W N A R Y ~ D P n ; Q F T I L T D P N S N W L M P I D F m R M ~ W W Q W L A K G I Q  

~~TAWS~IDWENPYFAPNPKIIRQEEGLHAGT~~LTAQDPDRY~-NIRYTKLSDP~WLKIDPWGQIT ................................................................... ................................................................... 
HPPQSTAWSIWIDWESPYPVPNPKLVRQEEGLLAGSMLTTPTARDPDRYMQOTSLRYSKLSDPANWLKIDPWGQIT 

TIAVLDRESPYVQNNIYNATPLASDNGIPPMSG~TLQIYLLDINDNApPVLPQEA~PEPNSINIMLDYDIDPNA .................................................................... .................................................................... 
~AVLDRESIWQNNMYNATFLASDNGIPPMSGn;TLQIYLLDINDNApQWP1(EATn:ETrX1PNAINITAVDPDIDPNA 

GPF~LPLSPVTIKRNWTINRLNGDFAQWLKIKFLEAGIYEVPIIITDSGNPPKSNISILRVltV~DSNGDCTDVDR ............................................................ ............................................................ 
GPFAFELPDSPPSIKRNWTIVRISGDHAQLSLRIRFLEAGIYDVPIVITDSGNPHASSTSVLKVW~DINGDCTDVDR 

IVGAGLGTGAIIAILLCIIILLILVLMFVVWMltRRDKERQAKQLLIDPEDDVRDNILKYDEEGGGEE41DYDLSQ~PD ................................................................................ ................................................................................ 
IVGAGLGTGAIIAILLCIIILLILVLMPWWMKRRDKERQARQLLIDPEDDVRDNILKYDE~EEWDYDLSQ~PD 

TVEPDAIKPKIRRLDERPIHAEPQYPVRSMPHPGDIGDFINEGLWDNDPTAPPYDSLLWDYffiSGSTAGSLSSLN 
................................................................................ 
TVEPDAIKWGIRRLDERPIHAEpPYPVRSMPHffiDIGDFINEG~NDPTAPPYDSLLWDYffiSGSTXSLSSLN 

SSSSGGLQDYDYLNDWGPRFKKLADMYGGGDD ............................... ............................... 
SSSSGGEQDYDYLNDWGPRFKKLADMYGGGDD 

Fig. 2. Comparison of amino acid ~ ~ U Q K C S  fw mousc and chicken Ncadhain. Amino acids in 
amrmon arc shown with paired dots. The region of chicken N-cadhcrin rccognizcd by the NCD2 
antibody is ovdhcd. Uppa sequence, mouse; lower sequtnce, chicken. 

mouse brain with a nick-translated probe of 
chicken N-cadherin cDNA. Thee positive 
clones were obtained h m  2 x ld indepen- 
dent clones. Two of them contained an 
almost full-length 4.3-kb insert, showing 
the same restriction map (Fig. 1). One of 
these cDNA clones was completely se- 
quenced, with the entire nudeotide se- 
quence 4327 bp long (14). 

Translation of the nucleotide sequence 
reveals a singk long open reading frame of 
2718 nudeotides between base pairs 333 
and 3050. The CDNA code5 for a protein of 
906 amino acids, smring with the first ATG 
d o n ,  333 bp downsaeam from the 5' end 
of the cloned cDNA. The coding region is 
followed by 1277 bp of 3' untranslated 
region, which ends with a putative poly(A) 
addition sequence IAATAAA) tbllowed 19 
bp later by a poly(A) stretch. In the analysis 
of the deducsd amino acid sequence+ from 
the first ATG fbr the amino tenninus to the 
carboxyl tenninus, the protein encoded by 
this CDNA done consists of a putative signal 
peptide of hydrophobic amino acids, a pre- 
c m r  peptide, and then a mature protein 
region, which is divided by a singk trans- 
membrane region composed of 32 hydro- 
phobic amino acids, starting at position 
715, into an extracellular region and a cyto- 
plasmic region. The overall saunuc of the 
protein resembles that of other identified 
cadherins. The amino terminus of the ma- 
turefbrmofthisproteinisassumedtobe 
located at position 160, as we deduced by 
comparison with other cadherins. 

A direct com~arison of the amino acid 
sequence of the ioned protein with chicken 
N-cadherin is shown in Fig. 2. The overall 
similarity between these molecules is 92%, 
and the simihrity in the extracellular region, 
the transmembrane region, and the cytoplas- 
mic region is 89,100, and 99%, mpectively 
(Table 1). Thus, the cloned protein is a 
mouse homolog of N-cadherin, 

Our studies on the tissue distribution of 
this protein support this conclusion. RNA 
blot analyses showed that a nick-translated 
probe of mouse N-cadherin cDNA gave a 
strong 4.3-kb band with heart and brain 
RNA, a weak band with liver RNA, but no 
band in placenta RNA (Fig. 3A). The size 
and the tissue distribution of this band are 
the same as those of the chicken N-cadherin. 
We also detected two minor bands, 5.2 and 
3.5 kb, hybridized with brain and heart 
RNA, the identity of these bands, however, 
remains to be daermined. 

Specific antibodies to a h i o n  protein of 
mouse N-cadherin (15) were used fbr im- 
munoblot analysis to determine the tissue 
distribution of this molecule. The antibodies 
mogniz4 a single band (130 kD) in heart 
and brain, and the antibodies also reacted 
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Table 1. Similarities in the amino acid sequences 
of different cadherins. Sequences from these mol- 
ecules are divided into three regions, the extracel- 
lular (EC), the transmembrane (TM), and the 
cytoplasmic (CP) regions. Percent similarity was 
calculated for each region as well as for the entire 
region of the mature proteins (MP). N, N-cad- 
herin; E, E-cadherin; P, P-cadherin; L, L-CAM. 

Cadherin Similarity (%) 
types EC TM CP MP 

weakly with liver but not with placenta. The 
molecular sii and the tissue distribution 
pattern of these bands are consistent with 
the results of RNA blot analysis and are the 
same as those of chicken N-cadherin (16). 
N-cadherin in liver is probably derived from 
fibroblasts of this tissue, as deduced from 
the chicken data (17). 

Sequence similarity of the cloned mouse 
N-cadherin to E- and P-cadherin of the same 
species is 49 and 43%, respectively, and that 
of E- to P-cadherin is 58%; thus, the simi- 
larity among different cadherin types in a 
single species resides in a range of 43 to 58% 
(Table 1). Mouse E-cadherin shows 65% 
similarity to chicken L-CAM; this finding 
contrasts with the high similarity (92%) 
between the N-cadherin homologs of these 
species. 

In order to verify the proposed interspe- 
cies relations among these cadherins, we 
performed DNA blot analyses. A cDNA 
probe of mouse N-cadherin gave several 
bands in mouse DNA and also in chicken 
DNA digested with Eco RI or Bam HI, 
under washing conditions with 2 ~  saline 
sodium citrate (SSC), revealing DNA frag- 
ments with 65% sequence similarity (Fig. 
3B, the third panel). This probe also gave 
positive bands in chicken DNA when 
washed at higher stringency with 0.1 x SSC 
to detect 90% similarity (Fig. 3B, the fourth 
panel). A cDNA probe of mouse E-cadherin 
gave positive bands in chicken DNA under 
washing conditions for detecting 60% se- 
quence similarity in which 5 x  SSC was used 
(Fig. 3B, the first panel), but the chicken 
bands became faint under washing condi- 
tions with 2X SSC (Fig. 3B, the second 
panel). These results suggest that E-cadherin 
is not as highly conserved as N-cadherin in 
the mouse and as in the chicken, supporting 
the notion that L-CAM is the closest relative 

to mouse E-cadherin in the chicken cadherin 
family. 

For determining the binding specificity of 
mouse N-cadherin, we transfected L cells 
with cDNA encoding the entire length of 
thii molecule, which was inserted into an 
expression vector containing the @-actin 
promoter (18). As with the other cadherin 
cDNAs, the transfected L cells expressed 
functional N-cadherin molecules, as judged 
by the cell aggregation assay and imrnuno- 
blot analysis. We then mixed a single-cell 
suspension of the transfectants of mouse N- 
cadherin with that of the L cell limes trans- 
fected with mouse E-cadherin or P-cadherin 
cDNA and examined these cells for adher- 
ence to each other. The N-cadherin-trans- 
fected L cells tended to aggregate separately 
from the P-cadherin-or E-cadherin-trans- 
fected L cells (Fig. 4), as found previously in 
the combination of E- and P-cadherin- 
positive cells (10). Therefore, al l  three cad- 
herins, N-, E-, and P-type, have indepen- 
dent specificities and thus preferentially in- 
teract with their own types through the 
homophilic mechanism in cell-cell binding 
reactions. 

We tested mouse N-cadherin for its ability 
to cross-react with chicken N-cadherin by 
mixing the L cells transfected with cDNA- 
encoding N-cadherin from each species. In 

this combination, the two cell lines random- 
ly intermixed, forming chimeric aggregates 
(Fig. 4) and indicating that they share the 
same adhesive specificity. 

The above findings suggest that the mem- 
bers of the cadherin family participate in 
selective cell adhesion and explain how cells 
of one tissue segregate from those of others 
when mixed in vitro. For example, the segre- 
gation of cells observed in such cell mixtures 
as liver and neural retina (19), liver and limb 
bud (20), or liver and heart ventricle (20) 
can be ascribed to the expression of different 
cadherins in the different cell types that were 
combined. Nevertheless, some observations 
appear incompatible. For example, heart 
ventricle was sorted out from neural retina 
(21), although they both expressed N-cad- 
herin. This kind of phenomenon could be 
explained by assuming the presence of other 
unidentified cadherins; actually, neural reti- 
na has some of the activity of unidentified 
cadherins (17). 

In embryos, the expression pattern of 
cadherins always correlates with the pattern 
of segregation of different cell populations 
(8). Together with these observations, the 
present findings suggest that the cadherin- 
mediated adhesive specificities play a signifi- 
cant role in cell sorting processes not only in 
vitro but also in vivo. These findings also 

A (D * 8 Ecadherln Ncadherin 
5 5  5 8 
Z m z  M C M C M C M C -- -- -- -- 
m z a  h E B E B  E B E B  E B E  B  E B E B  

5x ssc 2x SSC 2 x  ssc 0.1x SSC 

Fig. 3. RNA and DNA blot analysis. (A) RNA blot analysis. Total RNA extracted from brain, heart, 
and liver of 14day-old mouse embryos and from placental cones of pregnant mice was subjected to 
electrophoresis on a 1% agarose-6% formaldehyde gel and transferred directly in 20x SSC to a 
nitrocellulose filter. The transferred nitrocellulose filter was kept at 80°C at reduced pressure for 3 hours 
and hybridized with a nick-translated probe of mouse N-cadherin cDNA (mn-1 in Fig. 1). Each lane 
contains 10 pg of total RNA. The positions of 28s and 18s ribosomal RNA are shown. (B) DNA blot 
analysis. DNA isolated from mouse (M) and chicken (C) embryos was digested completely with Eco RI 
(E) or Bam HI (B), separated by electrophoresis on a 0.7% agarose gel, and blotted. To adjust the 
genome copy number of each species, the amount of DNA on the gels was 10 pg of DNA per lane for 
the mouse and 3 pg of DNA per lane for the chicken. For hybridization, nick-translated probes of 
mouse 980-bp N-cadherin cDNA (mn-2 in Fig. 1) and mouse 619-bp E-cadherin cDNA (me-1 in Fig. 
l), each corresponding to the NHa-terminal region of the mature protein, were used. Hybridization 
was done for 24 hours at 42°C in a solution consisting of 6x  SSC, 50 mM NaH2P04 (pH 6.5), 5x 
Denhardt's solution, 1% SDS, 10% dextran sulfate, denatured salmon sperm DNA at 10 pg/ml, and 
30% formamide. Afier hybridization, the filters were washed at 60°C in the indicated SSC solution, 
which contained 0.1% SDS. When washed with 5 x SSC, 2x  SSC, and 0.1 x SSC, it is assumed that 
hybridized DNA fragments detected as bands have sequence similarities of about 60, 65, and 90%, 
respectively (26). 
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support the idea that N-cadherin might positive binding interactions between two 
p&cipate in the selective attachment-of 
neurites to particular cell types and in guid- 
ing the growth cone to specific targets (13). 

What differences among different cad- 
herin molecules generat; their binding 
specificities? Our data showed that the 
cross-reactivity among different cadherins 
appears to de-pend on-the extent that their 
amino acid sequences are similar; that is, 
only the molecules with a high degree of 
similaritv can cross-react with each other. 
The amko-terminal region of the cadherins 
must be particularly important in their spe- 
cific binding interactions, since some mono- 
clonal antibodies that can interfere with the 
cadherin-mediated adhesion recognize this 
region. Monodonal antibody NCD-2 to 
chicken N-cadherin shows such activity and 
recognizes a portion of this molecule, which 
is located between the amino tenninus and 
the amino acid residue at position 272 (7) 
(Fig. 2), suggesting that this region may 
contain the cell bindine: sites. The amino 

V 

acid sequence in this region of N-cadherin 
is highly conserved between the chicken and 
the mouse, whereby only four amino acid 
residues out of 108 total residues are differ- 
ent. Therefore, this degree of similarity in 
the cell binding sites might be necessary for 

idherin moledes. Whether mouse E-cad- 
herin and chicken L-CAM with only 58% 
similarity in their extracellular domain (Ta- 
ble 1) can bind to each other remains to be 
determined. 

The cross-binding capability between 
mouse and chicken N-cadherin is consistent 
with the early observations that some em- 
bryonic cells derived from different animal 
species can intermix with each other (22). 
We can now ascribe at least in part the 
nonselective adhesion between cells of dif- 
ferent animal species to the presence of the 
conserved N-cadherin molecules. In fact, the 
cells used to confirm the occurrence of non- 
selective adhesion of mouse and chicken 
cells (23) were brain cells that express N- 
cadherin. 

It was, however, reported that cells of 
some tissues exhibit species-dependent ad- 
hesive specificities (24). For example, mam- 
malian liver cells do not adhere to avian liver 
cells in aggregation experiments (23, 25). 
The major cadherin in liver parenchymal 
cells is E-cadherin in the mouse and L-CAM 
in the chicken. The lower degree of similar- 
ity between mouse E-cadherin and chicken 
L-CAM than between mouse and chicken 
N-cadherin suggests the possibility that 

Fig. 4. Selective aggre tion 5o of expressing &rent 
cadherins. Adhesive selectiv- 40 
ity among L cells expressing - N- (mNLBl), 30 - & d h a i n  (CNLBl), 20 
mouse E-cadhcrin (ELs8) 
(3), and mouse P-cadherin 10 
(PLs5) (10) was assayed as 
below. Monolayers of each 
cell line were completcly dis- 50. mN + mE' 
sociated into single cells by - 
treatment with 0.01% ayp- % 40 
sin in the presence of 1 m~ 
C d 2  and the subsequent 
washing with Caz+-free sa- 'ii 20 
line, preserving cadherins ' 
(8).  When nccesmy, the ' l o  

monolavcrs of these cells S 
were lakled with a fluores- 
cent dye, 5- (and 6-) carbox- mN' + CN 

cinirnyl ester (CFSE) &re 
the aypsin treatment (10). 
The dispersed cells, labeled 
with CFSE, were then 20 
mixed with the unlabeled 10 
cells expressing ditferent 
cadherins in a ratio of ap- 

mximatcly 1: 1, and al- 29 40 60 80 100 

&wed to aggregate la 45 Labeled cellslaggregate (%) 

min as described previously 
(10). Aggregates that wcrc composed of 20 to 60 ceh  were randomly selected, and the percentage of 
labeled cells in each aggregate was determined for 100 aggregates in each set of expehcnts. mN, 
mNLpl cells; cN, cNLpl cells; rnP, PLs5 cdls; mE, ELs8 cells. Asterisks show the cells labeled with 
CFSE. Fluorrxence photomicrographs of cell aggregates are shown for each set of experiments. Arrows 
indicate cell aggregates, which are composed mainly of unlabeled cdls. Note that dK labeled and 
unlabeled cells were segregated from each other in the upper two combinations but not in thc bottom 
combination. Bar, 100 pm. 

those heterologous cadherins might have a 
weaker binding allinity for each other than 
the others. DNA blot analysis suggests the 
absence of E-cadherin homologs with a high 
degree of similarity, which is comparable to 
the case for the N-cadherin homologs in the 
chicken. It thus seems that the present find- 
ings explain, at least in parc, the molecular 
basis for the mechanism of the species speci- 
ficity as well as of the tissue specificity of 
intercellular adhesion. Subsequently, it 
should be interesting to know the biological 
signi6cance of the differential diversification 
of different cadherin types. 
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Three-Dimensional Solution Structure of a Single 
Zinc Finger DNA-Binding Domain 

The three-dimensional solution structure of a zinc finger nucleic acid binding motif 
has been determined by nuclear magnetic resonance (NMR) spectroscopy. Spectra of a 
synthetic peptide corresponding to a single zinc finger fiom the Xenopus protein Xjn 
yielded distance and dihedral angle constraints that were used to generate structures 
fiom distance geometry and restrained molecular dynamics calculations. The zinc 
finger is an independently folded domain with a compact globular structure in which 
the zinc atom is bound by two cysteine and two histidine ligands. The polypeptide 
backbone fold consists of a well-defined helix, starting as ol and ending as Sl0 helix, 
packed against two f3 strands that are arranged in a hairpin structure. A high density of 
basic and polar amino acid side chains on the exposed face of the helix are probably 
involved in DNA binding. 

T HE ZINC FINGER MOTIF, WHICH 

recognizes specific DNA sequences 
(1-3), was first identified as a repeat- 

ed motif in transcription factor IIIA from 
Xenopus oocytes and was proposed to be an 
independently folded DNA-binding domain 
(4). The zinc is either coordinated by two 
Cys and two His ligands (TFIIIA-type) or 
by four Cys ligands (steroid receptors and 
yeast transcriptional factors) (2, 3, 5, 6). 
Zinc is required for correct folding and is 
essential for specific DNA recognition (6- 
10). Circular dichroism and NMR spectros- 
copy have been used to demonstrate zinc- 
dependent folding of synthetic single fingers 
with sequences from TFIIIA and ADRl 
(1 1, 12). These isolated single fingers bind in 
a nonspecific but zinc-dependent manner to 
DNA. A previous NMR study of a synthetic 
zinc finger from ADRl (12) indicated the 
presence of a helix in the zinc complex and 
led to a qualitative model for the finger 
structure. In this report, we describe com- 
plete three-dimensional (3-D) solution 
structure determination for a synthetic pep- 
tide corresponding to the 31st zinc finger 
from the Xenopus protein Xjn (13) [denoted 
Xjn-311 based on an extensive set of experi- 
mental NMR constraints and the use of 
distance geometry and molecular dynamics 
(MD) calculations for structural analysis. 

We selected Xjn-31 for structural analysis 

since it corresponds closely to a consensus 
sequence derived from 148 zinc finger do- 
mains (14). A synthetic 25-residue peptide 
(Fig. 1) spanning the putative zinc-binding 
residues was shown to be more than 90% 
bound to zinc at pH 5.5 (15). Substantial 
changes occurred in the one-dimensional 'H 
NMR spectrum upon zinc binding; two 
dimensional (2-D) NMR spectra indicate 
the formation of a single folded conforma- 
tion in aqueous solution (pH 5.5, 5" to 
25°C). Gel mobility assays show that the 
Xjn-31 peptide binds nonspecifically to 

Fig. 1. Amino acid sequence of finger 31 from 
Xjn (13) drawn to illustrate the finger motif (4). 
Invariant and highly conserved residues are cir- 
cled. The amino and carboxyl termini of the 
peptide used for the present studies are blocked 
by acetyl (Ac) and amide groups, respectively. 

DNA in the presence of zinc. No detectable 
binding occurs if zinc is absent. 

Complete sequence-specific assignments for 
all backbone and side chain protons were 
obtained with the use of 2-D double-quan- 
tum filtered correlated spectroscopy (COSY), 
double-quantum spectroscopy, total corre- 
lated spectroscopy (TOCSY), and 2-D nu- 
clear Overhauser effect spectroscopy 
(NOESY) (16). A total of 120 interresidue 
and 24 intraresidue distance constraints de- 
rived from NOES (17) was used for struc- 
ture determination. Backbone dihedral an- 
gle restraints were obtained from 3 ~ H N f f  

coupling constants measured from a high- 
resolution double-quantum filtered COSY 
spectrum recorded at 25°C. The backbone 
torsion angle + was constrained to 
- 160" 5 + 5 -80" for five residues with 
3 J H ~ f f  > 8 HZ and to -90'5 $ 5 -20" for 
seven residues with 3 ~ H N ,  < 6 HZ. NO ex- 
plicit hydrogen-bond constraints were used 
in the structure calculations. 

The zinc was constrained to be tetrahe- 
drally coordinated by Cys3, Cys6,  is'^, and 
  is^^ (6, 11), and Zn-S and Zn-N bond 
distances were constrained to 2.30 + 0.05 
and 2.0 + 0.05 A, respectively (5). These 
distance and angle (109 2 10") constraints 
agree with those observed in x-ray structures 
of zinc amino acid complexes (18). Because 
it is not known a priori whether zinc coordi- 
nates to the imidazole N6 or NE of the His 
ligands, distance geometry calculations were 
performed with a combination of distance 
and chirality constraints that allow coordi- 
nation to either NE or N6 and keep the zinc 
within the plane of the imidazole ring. 
These calculations showed unambiguously 
that both His residues coordinate through 
their NE atoms. 

A family of structures was calculated with 
the distance geometry program DISGEO 
(19). Pseudoatoms (20) were used wherever 
necessary and interproton distances were 
corrected accordingly. A total of 50 struc- 
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