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Abstract 

The geometrical properties of zinc binding sites in a dataset of high quality protein crystal structures deposited in the 
Protein Data Bank have been examined to identify important differences between zinc sites that are directly involved 
in catalysis and those that play a structural role. Coordination angles in the zinc primary coordination sphere are 
compared with ideal values for each coordination geometry, and zinc coordination distances are compared with those 
in small zinc complexes from the Cambridge Structural Database as  a  guide of expected trends. We find that distances 
and angles in the primary coordination sphere are in general close to the expected (or ideal) values. Deviations occur 
primarily for oxygen coordinating atoms and are found to be mainly due to H-bonding of the oxygen coordinating ligand 
to protein residues, bidentate binding arrangements, and multi-zinc sites. We find that H-bonding of oxygen containing 
residues (or water) to zinc bound histidines is almost universal in our dataset and defines the elec-His-Zn motif. Analysis 
of the stereochemistry shows that carboxyl elec-His-Zn motifs are geometrically rigid, while water elec-His-Zn motifs 
show the most geometrical variation. As catalytic motifs have a higher proportion of carboxyl elec atoms than structural 
motifs, they provide a more rigid framework for zinc binding. This  is understood biologically, as a small distortion in 
the zinc position in an enzyme can have serious consequences on the enzymatic reaction. We also analyze the sequence 
pattern of the zinc ligands and residues that provide elecs, and identify conserved hydrophobic residues in the endo- 
peptidases that also appear to contribute to stabilizing the catalytic zinc site. A zinc binding template in protein crystal 
structures is derived from these observations. 
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Zinc is an important metal in biological systems as it is a strong 
Lewis acid, forms  a stable Zn2+ ion, and can exist in several 
coordination geometries. In proteins, zinc ions play valuable roles 
in both enzyme catalysis and maintaining structure. 

The catalytic role of zinc involves its electrophilic character. 
The Zn2+ ion can stabilize the negative charges in the reaction 
intermediate, as in both carboxypeptidase (Christianson zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Lip- 
scomb, 1989; Coleman, 1992; Lipscomb & Strater, 1996) and 
alcohol dehydrogenase (Ramaswamy et al., 1996; Cho et al., 1997). 
Catalytic zinc ions can also ionize bound solvent to nucleophilic 
hydroxyl, as in carbonic anhydrase (Eriksson et al., 1986, 1988; 
Silverman & Lindskog, 1988; Silverman, 1991; Linskog & Lilsjas, 
1993; Lilsjas et al., 1994). In catalytic sites, the zinc ion is usually 
exposed and bound to a solvent molecule. Its most common ligand 
is His, followed by Glu, Asp, and Cys (Vallee & Auld, 1990), and 
the prevailing geometry is tetrahedral. 

Reprint requests to: Shoshana J. Wodak, EMBL Outstation,  European 

bridge  CB 10 ISD, England;  e-mail:  shosh@ebi.ac.uk. 
Bioinformatics  Institute,  Wellcome Trust Genome  Campus,  Hinxton,  Cam- 

The structural roles of zinc in proteins have been recently re- 
viewed (Coleman, 1992; Berg & Shi, 1996). In “Zn-finger” DNA 
binding domains, the zinc ion stabilizes the folded conformation of 
the protein required for interactions with the nucleic acid (Vallee & 
Auld, 1990; Harrison, 1991; Berg zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI% Godwin, 1997). Zinc ions are 
also required for the assembly of polymeric species, for example, 
the hexameric insulins (Derewenda et al., 1989) or can be involved 
in stabilizing the active site structure in enzymes, such as super- 
oxide dismutase (Lippard et al., 1977). Bound zinc ions playing 
the latter role do not participate directly in the catalytic reaction 
and are hence categorized as structural. In general, structural zinc 
sites adopt a tetrahedral arrangement formed by groups from side 
chains of Cys, His, and occasionally Asp or Glu. 

From analyses of the crystal structures of small molecules in the 
Cambridge Structural Database (CSD) (Allen et al., 1979) and 
protein crystal structures in the Protein Data Bank (PDB) (Bern- 
stein et al., 1977), very useful information has been derived about 
zinc coordination (for reviews, see Christianson, 1991; Glusker, 
1991) and the geometry and stereochemistry of zinc ion-ligand 
interactions (Armstrong, 1988; Christianson & Alexander, 1989, 
1990; Chakrabarti, 1990:  Vedani & Huhta, 1990; Carrel1 et al., 
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1993). For example, coordination numbers of 4, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5,  and  6 were 
observed for zinc ions in the CSD (Bock et al., 1995; Katz et al., 
1996). Higher coordination numbers were also observed, albeit 
more rarely. Geometric studies of zinc binding to specific ligands 
include, for example, analyses of zinc-imidazole interactions, in 
which the metal is usually found to be within 10” of the hetero- 
cyclic ring plane in the direction of the coordinating nitrogen lone 
pair (Chakrabarti, 1990; Vedani & Huhta, 1990; Carrel1 et  al., 
1993). 

The increase by nearly 10-fold of the number of protein struc- 
tures in the PDB since the last surveys on metal binding in proteins 
were performed, and the improved quality of these structures, make 
it worthwhile to repeat and extend the surveys of zinc binding sites 
using this expanded sample. In this study, we report such an un- 
dertaking. All highly resolved and zinc binding protein crystal 
structures available in the July 1997 release of the PDB are sur- 
veyed to investigate the trends in geometrical and stereochemical 
parameters of the zinc binding sites. 

Although the electron density at the zinc positions in proteins is 
usually rather well defined, the zinc ligation geometry may still be 
influenced by the restraints used during the refinement procedure. 
As the parameters for these restraints are often derived from small 
molecule data, we also survey the different zinc coordination ge- 
ometries in zinc complexes in the CSD, comparing, whenever 
relevant, the observed trends with those of the corresponding co- 
ordination types in protein structures. 

The trends in these various geometrical and stereochemical prop- 
erties  are surveyed separately for zinc ions involved in catalysis 
(catalytic zincs), and those playing a structural role (structural 
zincs), and the observations are related to zinc’s biological roles. 
The reported observations should be helpful in improving the atomic 
models for zinc-protein complexes obtained from X-ray diffraction 
data, and provide valuable guidelines for de novo engineering of 
zinc binding sites in proteins. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Results 

1 .  Zinc  containing  protein  structures in the PDB 

Searching the PDB for “HET zinc” gave 387 entries. Of these, 339 
are X-ray structures, and the rest are NMR (44) and theoretical (4) 
structures. Our analysis was restricted to high quality X-ray struc- 
tures, defined as the subset of well-refined structures with resolu- 
tion better than 2 8, and R factors better than 0.2. This led to 146 
structures. Out of these, a further 35 were removed based on sev- 
eral criteria, leading to 11 1 structures analyzed in our dataset 
(Tables 1A and 1B list the proteins containing catalytic and struc- 
tural zincs, respectively; the 35 excluded proteins are listed in 
Table 1C). Seventy-eight of the analyzed proteins are enzymes 
which only contain catalytic zinc sites, 27 are proteins (including 
enzymes) in which the zinc plays only a structural role, and six are 
enzymes that contain both a catalytic and structural zinc and so 
appear in both categories. The dataset consists of native structures, 
enzyme-inhibitor complexes with zinc bound inhibitors, and mu- 
tated species. In cases where the PDB  file contains more than one 
identical chain, only the first chain was used. In 13 cases (7 ins- 
ulins, 3 thermolysins, pancreatic hormone, drosophila TBP, and 
myrosinase) where the asymmetric unit of the crystal structure 
does not include the complete oligomer, the coordinate files gen- 
erated at the EBI  (Henrick,  1997) were used, in which crystallo- 

graphic symmetry operations have been applied to obtain the 
oligomer. 

The zinc-containing proteins analyzed in this work are divided 
into families and subfamilies according to sequence homology and 
function, as shown in Tables 1A and 1B for proteins containing 
catalytic and structural zincs, respectively. Members from different 
families are nonhomologous (525% sequence identity), while mem- 
bers from different subfamilies show some sequence homology 
(30-72% sequence identity) and within subfamilies, the sequences 
are almost identical (>90%). This classification follows closely 
that of SCOP (Murzin et al., 1995). For further details of the 
dataset of catalytic  and  structural  zincs, see the legends of 
Tables IA and 1B. 

2. Properties of ligands in the zinc  primary 

coordination  shell 

The zinc ligands and coordination number of each zinc binding site 
are given in Tables 1A and 1B for each family of catalytic and 
structural zinc-containing proteins, respectively. The frequency of 
protein residues acting as zinc ligands is given in the histogram in 
Figure 1. Of the 90 catalytic zinc sites, 39% contain zinc bound 
water and 53% contain a zinc bound inhibitor, in which the inhib- 
itor has replaced the water in the primary coordination sphere. The 
remaining 8% are carbonic anhydrases in which the zinc bound 
inhibitor does not replace the coordinated water (OH), but in- 
creases the coordination number by one. 

In 22 of the 34 structural zinc sites, the zinc ion is liganded to 
protein residues only. Of the remaining 12 sites, of which nine are 
in the insulin family, nine contain zinc bound water, and three 
contain zinc bound to a negatively charged ion, CI- or SCN-, 
from the crystallization procedure. 

The propensity of zinc bound His, Asp, Glu, and Cys residues to 
occur in secondary structural elements versus other types of local 
structure was computed from the representative protein of each 
family of catalytic and structural zinc-containing proteins in our 
dataset. This propensity (65%) was found to be very similar to that 
previously computed by McGregor et al. (1987) (58%) for the 
same residues, irrespective of their functional or structural roles, in 
a set of 61 proteins. The individual propensity of His ligands to 
occur in a-helices (46%), @-strands (21%), and other structural 
elements (33%) is also similar to that previously computed by 
McGregor et al. (1987) (40, 21, and 39% for a-helices, @-strands, 
and other structural elements, respectively). This agreement sug- 
gests that zinc ligation does not impose any extra constraints on 
secondary structure. The number of observations of the other zinc 
bound residues in the representative proteins is too small to war- 
rant further comment on their secondary structure properties. 

The catalytic zincs are exposed to solvent and have a bound 
water molecule in the native form of the enzyme. The protein 
residues in the first coordination shell in catalytic sites have buried 
backbones as they are usually part of secondary structural ele- 
ments. Side chains may be exposed depending on the shape of the 
active site. In carbonic anhydrase, for example, the zinc is at the 
bottom of a narrow channel and only one of the three zinc bound 
histidines has an exposed side chain. In carboxypeptidase, on the 
other hand, the active site is more open near the protein surface and 
zinc bound residues’ side chains are more solvent accessible. 

Structural zincs are buried, except in insulin where the two zinc 
ions stabilize the hexameric unit and are solvent bound. The ac- 
cessibility of zinc bound protein residues varies according to the 



1702 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI.L. Alberts et al. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Table 1A. Proteins containing catalytic zinc sites analyzed in this worka 

PDB code  R 
for  Rep (A) R-value 

Number 
of members 

Coordinate PDB codes of 
number Zinc ligands other members Name of protein family 

Carboxypeptidase 2CTB 

I LBU 

1 AMP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 LAM 

1.5 

1.8 

1.8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1.6 

0.151 

0.164 

0.161 

0.172 

9 

1 

1 

3 

12 

3 

1 
2 

5 

1 
37 

3 

1 

1 
I 
1 
1 
1 

2H-E-W 
2H-E-Inh 
2H-E-Inh 
2H-D-W 

1 H-D-E-W 
IH-2D-W 
2D-E-W 
2D-K-E-W 
2D-K-E-Inh 
2D-E-Inh 

2H-E-W 
2H-E-Inh 
2H-E-Inh 
2H-E-W 
2H-E-W 
2H-E-2W 
2H-E-N-Inh 

3H-W 
3H-lnh 
3H-Y-W 
3H-InH 
3H-Inh 

3H-Inh 
3H-Inh 
3H-Inh 
3H-C 
2H-D-W 
3H-W 

3H-Inh 

3H 
3H-W-Inh 
3H-W-Inh 
3H-lnh 
1H-2C-INH 
I H-2C-W 
2H-D-Inh 
1H-2D-S-Inh 
2H-D-W 
2D-E-2W 
2H-Q-E-W 
3H-E 
3H-W 
1H-C-D-2W 

2CTC SCPA  lBAV 
3CPA 
6CPA  7CPA  8CPA lCBX 

Muramoyl-pentapeptide 

Bacterial leucyl aminopeptidase 
carboxypeptidase 

Leucine aminopeptidase 

ILAN  ILCP 

3TMN 
1 THL 
2TMN 5TMN IHYT  ITMN 
1 EZM 
lNPC  ILND 
1 LNF 
4TMN 

1 SRP 
1 KAP 

1 DTH 

1 JAP 
1 CGE 
1 MMQ 
1 SLM 

ICNG  lCNI ICNJ lHEA 
IHEB  lHEC  IHED  IHUG 
(CAI)  IYDC IZSC 
2CBD 3CA2 IAZM (CA I )  
IBZM (CAI) IBCD  lCAl 
ICAK ICAO ICIL ICNW 
ICNX lCRA  ICZM IRAY 
IRA2  lYDB  IZSB  IUGB 
2CAB IUGE 
ICAM  ICAZ  IHCB 2CBC 
2CA2 
1 BIC 
1 BTO 
1 CDO 

Thermolysin-like 
Thermolysin 8TLN 1.6 0.176 

Elastase 
Neutral protease 

Metallo proteases 
Serratia protease 
Alkaline protease 

Astacin 
Atrolysin 

1 SAT 1.75 0.188 

1 AST 
1 ATL 

1.8 
1.8 

0.158 
0.16 

Matrix metalloproteases 
Collagenase 1 HFC I .56 0.174 

Matrilysin 
Srromelysin 

Neutral protease 
Carbonic anhydrase I1 

1 KUH 
2CBA 

1.6 
1.54 

0.164 
0.151 

Alcohol dehydrogenase 3BT0 1.66 0.185 

Alkaline phosphatase 1 ALK 2.0 0.177 

Sonic hedgehog 
Enolase 
Phosphomannose isomerase 
Phosphate aldolase 
Metallo-beta-lactamase 

lVHH 
4ENL 
1 PMI 
1 FUA 
IZNB 

1.7 
1.9 
I .7 
1.92 
1.85 

0.191 
0.149 
0.184 
0.186 
0.167 

Note: Tables IA, IB, and 1C list the datasets of zinc containing proteins used in our analysis as well as those excluded from the study. Each dataset is 
divided into protein families whose names are given in column 1. The 4-letter PDB code, resolution and R-factor of the representative protein of each family 
are given in columns 2-4. In columns 5-8, we give the number of members in each family, the coordination number and zinc ligands in the zinc primary 
coordination sphere  and the PDB codes of the family members. Protein residues are represented by their one-letter code, while water is denoted by W and 
inhibitor by Inh. Coordination numbers 4, 5, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 are denoted T4,  Tg, and Tg, respectively. TZ represents tetrahedral coordination lacking a zinc-bound 
water. All Ts sites are trigonal bipyramidal except the ones marked with SP, which are square-based pyramidal. 

(Footnotes continue on next page.) 
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(Table / A  footnotes  continued) 
"The dataset of catalytic zinc containing enzymes. Many of the enzymes are zinc peptidases, which can be subdivided into two main categories, the exo- 

and endo-peptidases, each containing a number of enzyme families that are detailed below. The exo-peptidases are represented in our dataset by nine 
examples of Carboxypeptidase A,  corresponding to the native structure ( R e s  et  al., 1983) and its complexes with different inhibitors, one Muramoyl- 
pentapeptide carboxypeptidase (Ghuysen et al., 1994) and four Aminopeptidases, comprising three Leucine aminopeptidases (Strater zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Lipscomb, 1995a. 
1995b) and one Bacterial zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAleucyl uminopepridase (Chewier et al., 1994). Our dataset includes I O  examples of Thermolysins corresponding to the native 
structure (Holmes & Matthews, 1982) and  a series of enzyme-inhibitor complexes and two Thermotysin-like structures-the neutral protease (INPC) (Stark 
et  al., 1992) and elastase (IEZM)  (Thayer  et al., 1991). We include three Metalloproteases, namely alkaline protease zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(IKAP) (Baumann et al.. 1993) and 
two Serratia proteases (ISAT,lSRP)  (Baumann,  1994; Hamada et al., 1993), one Astacin (Bode et al., 1992), two Atrolysins (Zhang  et al., 1994; Botos et  al., 
1996) and five Matrix metalloproteases, consisting of two fibroblast collagenases (IHFC,  ICGE) (Lovejoy et al., 1994: Spurlino et al., 1994: Grams et al., 
1995), one neutrophil collagenase (IJAP) (Bode et al., 1994). matrilysin (IMMQ) (Browner et al., 1995). and stromelysin (ISLM)  (Cooky, 1994). We also 
include one Neufralprotease (IKUH) (Kurisu et al., 1997) in a separate family as it shows only 12.9% sequence identity with the neutral protease (INPC), 
which has been included in the thermolysin-like category. Furthermore, our dataset contains 37 Carbonic  Anhydrases, corresponding to the native structure 
(Hakansson et al., 1992). complexes with inhibitors, and mutants. The majority of these examples (33) belong to the type II (form B) carbonic anhydrase, 
while the other four enzymes are examples of type I (form A) carbonic anhydrase. Three Alcohol Dehydrogenases are considered in our dataset 
(Ramaswamy et al., 1996; Cho  et  al., 1997) and one enzyme from the following families: Alkaline phosphatase (Kim & Wyckoff, 1991), Sonic Hedgehog 
(Hall  et al., 1995), Enolase (Lebioda & Stec, 1989), Phosphomannose Isomerase (Cleasby et  al., 1996), Phosphate Aldolase (Dreyer & Schulz, 1996), and 
Metallo-beta-Lactamme (Concha et al., 1996). 

Table 1B. Proteins containing structural zinc sites analyzed in this work" 

PDB code for Number Coordinate PDB codes of 
Name of protein family representative (i) R-value of members number Zinc ligands other members 

Insulin 41NS 1.5 

Superoxide dismutases 
Matrix metalloproteases 
Alpha-lactalbumin 
Rubredoxin 
Protein kinase C 
Pancreatic hormone 
Enterotoxin 
Plant lectin 
Zif268 zinc finger-DNA 
Alcohol dehydrogenase 
Drosophila TBP 

IXSO 
IHFC 
IHML 
1  IRN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 PTQ 
I PPT 
1 STE 
1 ENR 
I AAY 
3BT0 
1 TAF 

1.49 
1.56 
I .7 
1.2 
1.95 
1.37 
2.0 
1.8 
1.60 
1.66 
2.0 

Myrosinase 2MYR 1.60 
tRNA-guanine transgiycosylase I PUD I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.85 
Adenylate kinase 1 ZIN 1.60 

0.153  7 

0.104 5 
0.174 3 
0.165 1 
0.107 1 
0.196 I 

1 
0.20 I 
0.176 1 
0.195 I 
0.185 3 
0.198 I 

0. I40 I 
0.190 I 
0.173 1 

3H-W 2TCI 6INS 
3H-Ion IBEN 3MTH 2TCI 71NS 
3H 1 IZB 
3H-3W IBEN IIZB 4INS 
3H-D lJCV  ISRD  lSXA 2SOD 
3H-D IMMQ IJAP 
3E-2W 
4 c  
IH-3C 
I H-N-G 
2H-2D 
IH-2D-E-2W 
2H-2C 
4 c  IBTO  lCDO 
2H-D-W 
ID-IE-K 
2H-2D 
lH-3C 
4 c  

"The dataset of structural zinc containing proteins. This dataset consists of 16 families, of which only four have more than one member. There are seven 
hexameric Insulins (Smith et al., 1984; Baker et  al., 1988) each of which contain two zinc ions, five Superoxide Dismurases: (Tainer et al., 1982; Carugo 
et al., 1996), three Matrix Metalloproteases (Bode  et al., 1994; Spurlino et  al., 1994; Browner et al., 1995) and three Alcohol Dehydrogenases (Ramaswamy 
et al., 1996; Cho  et al., 1997). Only one member is included in our dataset of structural zincs for the following 12 families; Alpha-Lactalbumin (Ren  et al., 
1994). Rubredoxin (Dauter  et al., 1996), Protein Kinease C (Zhang  et al., 1995), Pancreatic Hormone (Blundell et al., 1981), Enterotoxin (Papageorgiou 
et al., 1995), Leucine Aminopeptidase (Strater & Lipscomb, 1995a, 1995b), Planr lectin (Bouckaert, 1995), Zip68 zincfinger-DNA (Elrod-Erickson, 1996), 
Drosophila TBP (Xie et al., 1996), Myrosinuse (Burmeister et al., 1997), tRNA-Guanine Glycosylase (Romier  et al., 1996), and Adenylate Kinase (Berry 
et al., 1997). 

Matrix metalloprotease, alcohol dehydrogenase, and leucine aminopeptidase contain both catalytic and structural zinc sites and so appear in both 
Tables 1A and  1B. Only three of the matrix metalloproteases and one of the three leucine aminopeptidases were included in the structural zinc section as 
the structural zincs in the other examples have temperature factors above our cut-off (20.0). Similarly, six of the seven zinc ions in the asymmetric unit 
of the Drosophila TBPcrystal structure are completely excluded from our geometrical analysis due to the high temperature factors (420.0) associated with 
the zinc ions. 

functional role zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the zinc. In insulin, for  example, the backbones NE2 or ND1. Tautomer E is defined as  His NE2 interacting with 
of the zinc bound histidines are buried, while the side  chains  are metal and  tautomer zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 is a His ND I-metal interaction. Chakrabarti 
exposed in the region between the monomers. In the DNA binding (1990) suggested that NE2 coordinates to the metal ion, giving the 
proteins, the backbone and side chain of zinc bound residues tend E tautomer. In our analysis with a larger dataset of high quality 
to be solvent exposed. protein crystal structures, approximately 70% of the zinc bound 

There  are two possible tautomeric forms of zinc bound histidine histidines are E tautomers and 30% are 6 tautomers. These per- 
depending  on which His nitrogen atom interacts with the metal: centages are not dependent on the role ofthe zinc ion. Our analysis 
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Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1C. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP I M  c.ot10.v zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof s t r w t w o s  thut w r e  c ~ . \ - c ~ l ~ r d c ~ d ~ i . r ~ r ? l  rllr cltrttrsrt:' 

- ~ ~ " ~ _  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Mutatctl species o f  

R > 20.0 on  Zn Identical structures cnrhonid  anhydrase  Crystallization factor 
~~ - - " ~ "  

C;lt;dytic 
"" 

I AKL I LAC I PCA 
IBME IDOS IFRP OTMN I UGD I UGE 

~ ~~~~ 

ICA2 2CBB IYMF.  IMUA  IUCA  IUGC 

Structtml 2EBN 2FBJ IDVF 31NS IJCW ISXB 
4KMB ICLC ISXC IZIO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIYSO 
IHXI' ITYM ITYI. 
I TKZ 

Not dclinctl ITON XRNT IBKN 
IBRK  IBRJ 

"~ ~~ ~ ~~~~~~ ~~~ ~ ~ ~- - 

.'Lists  thc 3.5 protcin structures t h a t  were  exclutlcd  from our analysis with the  reasons  for  their cxclusion. The tcmpcrature kctor of the  zinc at0111 in the 
proteins  listed i n  column 2 is grcater than 20.0. Thc crystal structurcs of the proteins  listed i n  column 3 involve the  slnnc sequence ;Ind source a s  current 
mcmhcrs of the tlatasct and differ only in rclincmcnt prtxcdurc and rcsolution. Column 4 lists  mutated carhonic anhydrascs i n  which the  mutated  residues 
arc well separated f rom the linc hintling site. The  proteins  listed in column 5 contain :I zinc ion which is only part of the crystallization  process (function 
of linc is not tlclinctl). 

did  not  identify  any  signilicant  difference in the  coordination  dis- zinc-containing  proteins  used in this  analysis.  However. searchin: 
tances  and  angles  between  the  two  tautomers  and.  therefore,  we  do the CSD for all examples of the  different  zinc  coordination  num- 
not comment  on  them  further. hers.  also  shows  the  tetrahedral  coordination (T,) tn  be  the  most 

abundant (50%). but with  the T5 and T(, coordination  numbers 

3 .  Grr)r~letric~rl p ~ r r ~ r r ~ l r t ~ ~ r s  of tho  5 r l c  primrt? 
occurring  with  similar  frequencies of  26 and  24%.  respectively. 

c.oordirltrtiorl s p l r c w  
Zinc  coordination  geometries  are  governed by electrostatics. 

particularly  repulsions  between  the  zinc-coordinating  atom  bonded 
The  zinc  coordination  geometries in the  surveyed  proteins  are  electron  pairs.  Therefore. a l l  TJ zinc  sites  are  found t o  have  tetra- 
classified  according  to  the  zinc  coordination  number in the  primary  hedral  coordination  geometries.  Amon?  the TS sites  for  catalytic 
coordination  shell  (Table  IA.IR). For the  zinc  coordination  num-  zincs.  the  majority  (74%)  have  trigonal  bipyramid  geometries.  and 
hers 4. 5. and 6.  we  use  the  usual  notation T,, T5, and  T6.  These 26% have  square-based  pyramid  geometries.  There  are  only  twoT5 
coordination  numbers  are  observed  with  frequencies o f48 ,  44, and  sites  for  structural  zincs in our  dataset  and  both  are  trigonal bi- 
6%. respectively.  for  catalytic  sites  and  79. 6, and 12%. respec-  pyramidal. All the T(, sites  are  octahedral.  These  coordination  ge- 
tively. for  stnlctllral  sites. In addition  we  define Tf to represent  the  ometries  with  their  associated ideal coordination  angles  are  depicted 

TJ coordination  case  lacking  the  zinc  bound  water  molecule.  This  schematically in Figure 2. 
incomplete  coordination  arrangement is observed in 2 and 3% of  Applying  the  simple  electron  pair  repulsion  model,  expected 
catalytic  and  structural sites. rcspectivcly:  the  tetrahedral  coordi-  deviations  from  the  ideal  angles in Figure 2 are  due  to  repulsions 
nation  peometry  dominates for structural  zincs.  Clearly  these  fre- 
quencies  reflect  the  biases of thc  available  structural  data  on 
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Fig. 1. Frequency ( 7 4 )  of  protein residues acting as zinc  ligands i n  catalytic I'orT1  trigonal  hipyramitl;tl  geometry arc: Ax-Zn-Ax. 1x0': Ax-Zn-Eq. 0 0 :  
and structural zinc sites in our dat:lsct. Eg-7.n-Et!. I 20". 
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A X 

copplNlcl 

His Glu ASP 56- T, Trigonal Bipvramdal T, Oclnhrdral 
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involving lone pairs on the coordinating atoms. Further deviations 
that are not described by this simple model are caused by the 
following: 

H-bonding involving zinc ligands. 

Bidentate binding arrangements. Thirty-two cases are observed 
of which 23 involve carboxylate groups and two involve phos- 
phate groups in which two oxygens are coordinated to the zinc 
giving rise to four-membered chelate rings. Five-membered che- 
late rings are formed by mainchain NC,CO (3 cases) and NCPO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(1 case) groups through the nitrogen and oxygen atoms and by 
ONCO (3 cases) through the two oxygens binding bidentately 
to zinc. 

Multi-zinc catalytic sites in which the zinc ions are directly 
bridged by one or more oxygen atoms. Asp is the most common 
ligand in multi-zinc sites followed by His and Glu (Vallee & 
Auld, 1993), while in mono-zinc sites, His predominates. 

These deviations will be discussed in detail later in this section. 
Meaningful comparisons with the coordination angles in the CSD 
could not be made due to the lack of resemblance between the zinc 
binding environments found in small zinc complexes and proteins. 
Such comparisons are made for coordination distances, however, 
as they are much less dependent on coordination geometry than 
the angles. The CSD distances provide a guide for expected trends. 
For the zinc coordination distances and angles considered in this 
section,  only cases with more than five observations warrant 
comment. 

3.1. Distances between the zinc and coordinating atom 

In Tables zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2A and 2B, we report the distances between the zinc 
ion and the coordinating atoms for the analyzed catalytic and struc- 
tural zinc sites, respectively. Geometrical parameters are only in- 
cluded if the atoms involved have temperature factors less than 
20.0. In the protein structure data, Zn-N distances have been sub- 
divided into two categories, one labeled Zn-N(h) when histidine is 
the coordinating nitrogen ligand which is the majority (92%) and 
the other labeled Zn-N(x) when the coordinating nitrogen ligand is 
anything other than histidine zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(8%). The Zn-0 distances have been 
subdivided into three categories depending on the type of oxygen 
coordinating ligand; water, protein residue or inhibitor, labeled 
henceforth as Zn-O(w) (2.5%), Zn-O(p) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(56%), and Zn-O(i) (19%), 
respectively. 

In compiling distances from the CSD, we chose structures that 
resembled the zinc binding sites in our dataset as closely as pos- 
sible. Zn-N(h) distances surveyed in the CSD represent zinc bound 
to imidazole nitrogen, and Zn-N(x) is compiled from structures 
with zinc bound to other nitrogen-coordinating ligands. Zn-O(w) 
distances are compiled from structures with zinc bound to water; 
however, Zn-O(p) and Zn-O(i) could not  be distinguished in the 
CSD and so we give the same values for these distances. Further 
details on the compilation of CSD distances are given in the legend 
of Table 2. 

In general, we find that in small molecule crystal structures, 
Zn-N( h) and Zn-0 distances increase with coordination number, as 
expected, due  to the effect of electrostatic repulsions between the 
coordinating atoms and steric hindrance between other atoms be- 
longing to the zinc binding residues. For all coordination types, the 
Zn-0 distances  are slightly smaller than Zn-N(h) in agreement 
with the size of the atomic radii. The standard deviations for Zn- 
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O(p) are larger than for Zn-N(h) and Zn-O(w) due to the greater 
variation in the type of oxygen-coordinating ligands used in com- 
piling the distances. In the analyzed proteins, departures from these 
trends are mainly due to H-bonding, bidentate arrangements, and 
multi-zinc sites as described in the following. 

3.1A. Catalytic zinc sites. From the values in Table 2A, the 
main observation is that, in general, zinc-coordinating atom dis- 
tances and their standard deviations are larger than those obtained 
in the CSD, particularly for the various Zn-0 distances. The larger 
standard deviations are probably due to the lower accuracy of 
atomic coordinates for protein structures. Furthermore, in contrast 
to the result from the CSD, average Zn-0 distances are in general 
larger than Zn-N(h). For Zn-O(w) this may  be because, in 8.5% of 
the cases analyzed, the coordinated water forms  at least one H-bond 
to a protein group that is not in the zinc primary coordination 
sphere. This hydrogen bonding may pull the zinc bound water 
away from the ion, resulting in longer than expected Zn-O(w) 
distances, particularly in T4. as illustrated in Figure 3 for the cat- 
alytic site in thermolysin. In T5. the effect of the small 0-Zn-0 
angle in bidentate carboxylate arrangements (see section 4 below) 
is to provide more room around the zinc for the other ligands. This 
allows the water oxygen to get closer to the zinc ion, leading to a 
slightly smaller Zn-O(w) in T5 than in T4. 

Average Zn-O(p) distances are compiled mainly from structures 
containing zinc bound carboxylate groups from Asp and Glu res- 
idues. In T4, the carboxylate groups bind to the zinc in a mono- 
dentate arrangement, leading to a relatively small Zn-O(p) distance, 
while in T5. bidentate  connections lead to a relatively large 
Zn-O(p) distance. 

Interestingly, when an inhibitor replaces the zinc bound water, 
the coordinated atom occupies a similar position to the water ox- 
ygen. The average T4 Zn-O(i) and Zn-N(x) distances are, therefore, 
close to Zn-O(w) (although there are only five observations of 
Zn-O(i) distances in our dataset). In T5. bidentate arrangements 
and multi-zinc sites lead to a larger Zn-O(p) distance. As a result 
of these features, standard deviations for the various Zn-0 dis- 
tances are larger than for Zn-N(h). Finally, the average Zn-S dis- 
tance in T4 is similar to that obtained in the CSD. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

3.1B. Structural zinc sites. The three distances in Table 2B that 
satisfy our criterion of more than five observations are  Zn-N(h), 
Zn-O(p), and Zn-S. The average Zn-N(h) distance and its standard 
deviation are larger than that obtained from the CSD, but close to 
that found in catalytic zinc sites. The other two distances are close 
to those obtained in the CSD. 

3.2. Angles between zinc and the coordinating atoms 

The angles between the zinc ion and the coordinating atoms in 
catalytic and structural sites are reported in Tables 3A and 3B, 
respectively. In the simple electron pair repulsion model, expected 
deviations are  due to repulsions involving lone pairs. Further de- 
viations, not described by this simple model, are due  to H-bonding, 
bidentate binding arrangements, and multi-zinc sites. These effects 
lead to large standard deviations in most of the angles listed. The 
most salient observations are discussed below. 

3.2A. Catalytic zinc sites. TZ and T4 Coordination: From the 
values in Table 3A, we see that the four-coordinate zinc sites are 
all distorted tetrahedra. On the basis of the simple electron pair 
repulsion model, the ordering of angles involving N and 0 atoms 
is expected to be; 0-Zn-0 > N-Zn-0 > N-Zn-N. This trend is 
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Table 2A. Distances between zinc and  the  coordinating atoms in catalytic zinc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsites according to coordination number" 

Coordination 
number Zn-N (h) Zn-0 (w) Zn-0 (PI Zn-O(i)  Zn-N(x) Zn-S 

T: 1.97(0.06), 6 

T4 2.07 (0.09), 116  2.12 (0.15), 17  2.04 (0.17), 6 2.15(0.11), 5 2.08(0.13), 12  2.21 (0.13), 7 

TS 2.11 (0.10), 80 2.09(0.21), 16 2.16(0.16), 53 2.13(0.20), 21  2.09 (0.13), 4  2.30,  1 

Th 2.04 (0.07), 4 2.08(0.06), 12  2.24  (0.151, 5 2.07 (0.24), 3 

2.01  (0.031,  27 

2.01 (0.03), 27  2.01 (0.03), 24 1.97(0.06), 61 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.97(0.06), 61 2.02(0.04), 186 2.25(0.08), 10 

2.07 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(0.081, 30 2.05(0.07), 12 2.06(0.12), 106 2.06(0.12), 106 2.11 (0.09), 131  2.31 (0.01), 2 

2.16(0.08), 12 2.12(0.11). 23 2.12(0.11), 23 2.16(0.07), 254 

Note: Distances are given in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA, standard deviations are given in parentheses followed by the number of observations of the geometrical parameters in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
our dataset. All distances  and standard deviations are listed with two decimal places to allow the computation of statistical significance tests. The Student 
t-test performed on all  the listed values with more than 10 observations, showed that with very few exceptions these values correspond to non-overlapping 
distributions with significance level well below 5%. 

Values in bold type are  for catalytic zinc sites in protein crystal structures from the PDB and values in italics are from small molecule crystal structures 
in the CSD. In the protein structure data, the Zn-N distances have been subdivided into two categories, one labeled Zn-N(h) when histidine is the 
coordinating nitrogen ligand, and the other denoted Zn-N(x) when the coordinating nitrogen ligand is anything other than histidine. The  Zn-0 distances 
have been subdivided into three categories depending on the type of oxygen coordinating ligand; water, protein residue or inhibitor, labeled as Zn-O(w), 
Zn-O(p), and Zn-O(i), respectively. The number of observations of these geometrical parameters that are included in the analysis has been reduced due to 
our atomic zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE factor cut-off of 20.0. For this reason no Tg Zn-O(w) distances are reported in Table 2A. 

In compiling the CSD distances, we chose structures that resemble the zinc binding sites in our dataset of proteins as closely as possible. Zn-N(h) and 
Zn-O(w) distances were compiled from structures that contain zinc bound to imidazole nitrogen and water oxygen, respectively, in the appropriate 
coordination number. Zn-O(p) and Zn-O(i) could not be distinguished in the CSD and we give the same values for these distances. They were compiled 
by considering structures involving the  same type of oxygen-coordinating groups (carbonyl, monodentate and bidentate carboxylate, and zinc-bridging 
oxygens) that are found in our dataset of protein structures, in the appropriate coordination number. We restricted the compilation so that bidentate 
carboxylate arrangements and zinc-bridging oxygens were included in TS and Tbr but not in Tq, as was observed in the zinc-binding sites in our dataset 
of protein structures. 

Nitrogen and sulfur-coordinating zinc ligands in the CSD (except for imidazole) showed little similarity with those in the zinc binding sites in our protein 
dataset. Zn-N(x) and Zn-S distances in the CSD were, therefore, compiled by consideration of structures with the same atom-coordination types (which 
describe the number and type of atoms coordinated to the zinc ion) that are found in the zinc sites in our protein dataset. A11 structures that contain the correct 
atom coordination type were included in the compilation. For example, in compiling the Zn-N(x) distance in T4, we considered structures with the 
atom-coordination type 4N (meaning four nitrogen atoms coordinated to zinc), in TS. we considered 4N10,  3N20, and 1N40 structures and in  Th, 2N40 
and 3N30. 

"Distances between the zinc and its coordinating atoms in catalytic zinc  sites. Average Zn-N(h) distances compiled for the 6 and E His-Zn tautomers in 
the catalytic zinc sites in our dataset are 2.09 f 0.10 8, for E and 2.06 * 0.10 A for 6. In compiling the Zn-S distance in the CSD, we considered 3NIS 
and lN102S structures in T4 and lN301S in  Tg. 

Table 2B. Distances between zinc and the coordinating atoms in structural zinc sites according to coordination number" 

Coordination 
number Zn-N (h) Zn-0 (w) Zn-0 (PI Zn-N zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(x) Zn-S Zn-CI 

T4* 2.29, 1 
2.01 (0.03), 27 

T4 2.09(0.12), 42  2.15 (0.30), 4  1.95 (O.OS), 15 1.94(0.36), 2  2.35 (0.09), 30 2.20 (0.09), 2 
2.02(0.03), 27 2.01 (0.03), 24 1.97(0.06), 61 2.02(0.04), 186 2.30(0.05), 147  2.18(0.041, 6 

Ts 2.23,  1  2.28 (0.33), 3 

Th 2.09 (0.03), 4  2.26 (0.05), 3  2.18 (0.06), 3 
2.05(0.07), 12 2.06(0.12), 106 

2. I6 (0.081, I2 2.11 (0.07), 59 2.12(0.11), 23 

in the structural zinc sites in our dataset are 2.05 f 0.12 A for E and 2.14 * 0.09 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8, for 6.  In compiling the Zn-S distance in the CSD, we considered the 
"Distances between the  zinc and its coordinating atoms in structural zinc sites. Average Zn-N(h) distances compiled for the 6 and t His-Zn tautomers 

atom-coordination types 2N2S, 1N3S, and 4s.  The  CSD Zn-C1 distance in T4 was compiled from structures with three imidazole nitrogens and one chlorine 
atom coordinated to the zinc. 

observed in Table 3A, although the differences between the aver- significantly lower than the ideal value of 90" with a large asso- 
age values of these angles are small compared to the standard ciated standard deviation (19"). This  is due to the contribution of 
deviations. the bidentate coordination of carboxylate groups, which includes 

T5 Coordination: Trigonal bipyramid geometry: The main ob- values as low as 55", as illustrated in Figure 4A. In contrast, the 
served feature is that the average eq-Zn-ax angle for 0-Zn-0 is corresponding  distribution of the eq-Zn-ax  angle  for N-Zn-0 
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Table 3A. Angles hemeen zinc and the coordinating atoms zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin catalytic zinc sites 

according to coordination geometn zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Ideal angles N-Zn-N N-Zn-0 0-Zn-0 N-Zn-S S-Zn-S 0-ZN-S 

Tj* Tetrahedral-water 
T1 Tetrahedral 
TS Trigonal hipyrimidal 

Eq-Zn-Ax 
Eq-Zn-Eq 
Ax-Zn-Ax 

T? Square-hase pyrimid 
Ap-Zn-Ba 
Ba-Zn-Ba (opposite) 
Ba-Zn-Ba (adjacent) 

Th Octahedral 
Adjacent 
Opposite 

109.5 

90 
120 
I 80 

90 
I 80 
90 

90 
I80 

94(20). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA31 101 (12). 57 
109(9), 10 I l7(12). 40 

154(8), 13 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
103(5). 13 IOO(9). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA18 

ISS(8). I I 
loo(5). s 92(6). 14 

84(38). 5 97(13). 10 
152(19).  4 

80(19).  46 107. I 99 (3 ) .  2 
121 (13). 14 11s. 1 
157(18), 6 

155 (8). 2 
81 (19).  9 

90 ( I  0). 26 
161 (12). 6 

Note: Angles hetween the zinc ion and its coordinating atoms  for tetrahedral. trigonal hipyramidal. square-based pyramidal. and 
octahedral geometries observed in our dataset of protein crystal structures. In column I we label the coordination angles for each 
coordination numher and geometry, in accordance with Figure I .  The ideal value for each angle is given in column 2, and in columns 
3-8 we give the values for these angles. 

Angles are given in degrees. standard deviations are given in parentheses followed by the numher of observations of the geometrical 
parameters in our dataset. TT represents T4 coordination lacking the zinc-hound water molecule. 

Table 3R. Angles hemeen zinc and the coordinating atoms in structural zinc sites 

according to coordination zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgeometry 

Ideal angles N-Zn-N N-Zn-0 0-Zn-0 N-Zn-CI N-Zn-S S-Zn-S 

TT Tetrahedral-water 107. I 
TJ Tetrehedral 109.5 112(7), 35 107(12). 43 101 ( 8 ) .  7 I14(1), 2 107(7),  7 I IO(6). 36 

T5 Trigonal hipyrimidal 
Eq-Zn-Ax 90  87 (23). 4 
Eq-Zn-Eq I20 104, 1 
Ax-Zn-Ax 180 148. 1 

Adjacent 90  99 (2). 3 93 ( 3 ) .  6 86(10). 9 

Opposite I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA80 lhS(16), 2 171 (8). 2 

Th Octahedral 

Fig. 3. Zinc hinding site of thermolysin taken from PDB file 8TLN (Hol- 
land et al.. 1992). This figure shows hydrogen bonding interactions that 
pull the zinc hound water away from the ion, resulting in a relatively large 
Zn-O(w)  distance (2.10 A). 

(Fig. 4B) clearly shows that, although there is considerable vari- 
ation of the values around the mean, there is no contribution from 
the low values associated with bidentate carboxylate arrangements. 

Square based pyramid geometry: Here, the main observations 
are that the ap-Zn-ba angles  are larger than the ideal value of 90" 
and the ba-Zn-ba (opposite) angles are about 2.5" below the ideal 
value of 180" (Fig. 2). This is a common feature that results from 
skewing of the basal atoms away from the apical atom due to 
electrostatic repulsions and, therefore, the zinc is not coplanar with 
the four basal atoms (Cotton & Wilkinson, 1988). 

T6 Coordination: The  average angles for T6 are reasonably close 
to ideal. The standard deviation for the N-Zn-N (adjacent) angle is, 
however, particularly large, 37.5", due  to the contribution from a T6 
site in a dimeric themolysin (Holden et al., 1987). which has  an 
N-Zn-N (adjacent) angle of 18", as a result of close van der Waals 
contact between coordinating nitrogens from different monomers, 
possibly indicating an inaccuracy in the atomic model. 
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4. The h i d c w r c ~ r c ~  trrrerr~,qc~mc~r~t 

Many  of the deviations from the expected coordination distances 
and angles are due to the bidentate arrangement of ligands. Here 
we give the specific geometrical details of this arrangement. The 
distances and angles associated with bidentate carboxylate hinding 
are depicted in Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASA. One of the connections in thc hidentate 
case is nccessarily longer than the other. The two distances for 
bidentate carboxylate are 2.16 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf 0.10 A and 2.40 f 0.14 A. which 
are significantly longer than the Zn-0 distance of 2.01 f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.1 I i\ 
for monodentate carboxylate. The 0-Zn-0 angle for the bidentate 
carboxylate connection is SS.9 f 2.6". 

Bidentate angles. as well as distances. are not too dependent on 
coordination geometry and. therefore. meaningful comparisons can 
be madc with bidentate arrangements in small zinc complexes in 
the CSD. As we can see from the geometrical parameters in Fig- 
ure 5. bidentate distances and angles in zinc binding sites in pro- 
teins and small zinc complexes are rather similar. The standard 
deviations of the corresponding distances and angles are, however. 
consistently larger in the protein sample than in the CSD. 

5. Mltlti-zillc .SitcJ.S 

Figure 6 schematically summarizes the Zn-Zn and Zn-0 (bridging) 
distances in multi-zinc sitcs involving closely separated zinc ions 
and bridging oxygen atoms in alkaline phosphatase. leucine and 

8 8  #,, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
N-Zn-0 (cq-zn-an) 

Angle\ I I 

Fig. 4. Distrihution of coordination  angles in the zinc  primary  coordina- 
tion sphere. A: Distrihution of 0-Zn-0 (eq-Zn-ax)  angles in Irigonal hi- 
pyramidal catalytic zinc sires in the analyzed  proteins. B: Distrihution of 
N-Zn-0 (eq-Zn-ax) angles in trigonal hipyramidal  catalytic  zinc  sites in the 
analyzed  protcins. 

A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3.28. Stnrc~twcrl 5rlc sites. Structural zinc sites exhibit tetra- 

hedral. trigonal bipyramid. square-based pyramid. and octahedral 
coordination geometries with trends in angles similar to those for 
catalytic sites. 

TT and T4 Coordination: T,* and T., structural sites are close to 
tetrahedral. In the T, sites. the observed ordering of angles involv- 
ing nitrogen and oxygen atoms is N-Zn-N > N-Zn-0 > 0-Zn-0. 
which is the reverse of the expected ordering. In  particular. the 
average 0-Zn-0 angle is very low (101 k X"). probably because, 
in  each of the four sites that include this angle. the oxygen coor- 
dinated atoms are part of H-bonded networks involving protein 
residues and water (Papageorgiou et a l . .  1995; Burmeister et al.. 
1997). The S-N-S angle is close to the ideal tetrahedral angle of 
109.5". in contrast to that in catalytic sites, for which we only have 
three observations (Table 3A). probably because five of the eight 
structural sites i n  which this angle is observed contain zinc li- 
ganded to four cysteines which give, on average. a tetrahedral 
angle that is close to the ideal value. 

Ts and T6 Coordination: Trigonal bipyramidal T5 involves a 
relatively low eq-Zn-ax angle for 0-Zn-0 with a large standard 
deviation (X7 k 23") due to bidentate carboxylate coordination. 
whereas the ohserved angles for T(, coordination are reasonably 
close to the ideal values. 

B 

C D 
Fig. 5. Geometry  of  hidentate  arrangements in zinc hinding sites. Geomet- 
rical parameters  associated with rhe hitlcntatc ;Irrangement in zinc hinding 
sites in protein crystal structurcs from the PDB and in small moleculc 
crystal structures from the CSD  are  summarinxl. Mean Zn-0 distances ( A )  
and 0-Zn-0 angles I") are  given. St;mdnrd deviations  are  given in paren- 
theses  and the numher of ohservations of the parameters is given after the 
comma.  The valuec compiled from proteins  are  given in hold. Values 
compiled from the CSD  are given helow thosc frnm proteins in italics. 
A: Bidcntatc  arrangement of carhoxylatc  groups  giving rise to n four- 
memhered chelate ring. They  are from Tc and Th zinc sircs and involve 
carhoxylate  oxygens from Asp and Glu residues and inhihitors such its 
henzyl succinate (BZS). I-earhoxy-3-phenylpropyl (CLT).  hicarhonate 
(BCT). and the tetrapeptide inhihitor, G-S-N-S. B: Bidcntatc arrangement 
of phosphate  oxygens from phosphonaminated and phosphonaled peptide 
inhihitors  giving a 4-memhcred  chelate ring. C: Bidentate wrangernent of 
mainchain NC,,CO groups from leucine and glycine residue5 giving a 
5-membered  chelate ring. D: Bidentate arrangement  of an ONCO  group 
from hydroxyaminated  peptide  inhihitors  giving a S-mernhered chelate 
ring. 
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Fig. 6. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAZinc-zinc  and  zinc-oxygen  distances in multi-zinc  binding  sites. 
This  figure  summarizes the Zn-Zn and Zn-0 distances in multi-zinc  sites. 
These  sites have T5 and T6  coordination  and  involve  bridging  oxygens  from 
water, Asp, and the bound  inhibitors  I-leucinal and I-leucine  phosphonic 
acid. In all cases,  intermetal  distances  are  given,  together with bridging 
Zn-0 distances.  Values from the CSD are  given  below  those  from  proteins 
in italics. A: Multi-zinc site in alkaline  phosphatase, which has no zinc- 
bridging  oxygen  atoms. B: Multi-zinc  site in leucyl  aminopeptidase  and 
p-lactamase showing one  zinc-bridging  oxygen  atom. C: Multi-zinc site in 
leucine  aminopeptidase showing two  zinc-bridging  oxygen  atoms. 

leucyl bacterial aminopeptidase, and metallo-P-lactamase. We see 
that, in general, the Zn-Zn distance decreases as the number of 
bridging oxygen atoms increases. This is due to attractive Zn-0 
(bridging) electrostatic interactions that screen the Zn-Zn repulsions. 

Figure 6 summarizes the distances for multi-zinc sites with 0, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 ,  
and 2 bridging oxygen atoms, respectively. In alkaline phospha- 
tase, which is a dimer where each monomer carries three closely 
spaced metal ions, two Zn'+ ions and one Mg2+ (Fig.  6A), there 
are no bridging oxygen atoms between the zinc ions, and the 
Zn-Zn distance is 3.94 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA. In the dizinc catalytic sites of leucyl 
bacterial aminopeptidase and metallo-P-lactamase, the zinc ions 
are bridged by a single water oxygen, and the Zn-Zn distance is 
reduced to 3.46 A (Fig. 6B). The three leucine aminopeptidases in 
our dataset contain a dizinc site with two bridging oxygens, yield- 
ing the ZnOOZn dibridging unit (Fig. 6C), and an average Zn-Zn 
distance, which is reduced further to 3.18 k 0.18 A. 

6. The elec-His-zinc mot$ 

The existence of H-bonds between zinc ligands and protein resi- 
dues that are not part of the zinc primary coordination shell has 
been studied by a number of workers (Christianson, 1991; Kiefer 
et al., 1995;  Lesburg & Christianson, 1995). For  example, a 
carboxylate-His H-bond is believed to increase the basicity and 
ligand strength of the His and arrange it correctly for interaction 
with the metal (Argos et al., 1978; Carver & Bradbury, 1984; 
Perutz et al., 1985). 

Here, we searched for the existence of a general motif  in which 
zinc bound histidine makes an H-bond to an oxygen atom from a 
protein residue or water, denoted as an elec atom, to give the 
elec-His-Zn motif (Wallace, 1996). We find the presence of this 
motif to be nearly universal in both structural and catalytic zinc 
sites. In this section, we consider in detail the geometrical param- 
eters associated with this motif. 

6.1. General trends 

We define three types of oxygen elec atom in the motif car- 
boxyl, carbonyl, and water oxygen. For each coordination number 
and elec atom type, average elec-N(h) and Zn-N(h) distances and 
two angles to describe the orientation of the elec atom and zinc ion 
relative to the histidine ring are defined (Fig. 7). The average 
values, standard deviations, and the number of observations of 
these parameters are given in Tables 4A and 4B for catalytic and 
structural zinc sites, respectively. Of the 206 zinc bound histidines 
in the catalytic sites analyzed, 97% (200) have an elec H-bonded 
to give the catalytic elec-His-Zn motif. In the structural zinc sites, 
75% (35) of zinc bound histidine residues have an elec atom as- 
sociated with them to give structural elec-His-Zn motifs. 

6.2. Specific trends in geometrical parameters 

6.2A. Elec-N(h) and Zn-N(h) distances.. From the values in 
Tables 4A and 4B we see that in both catalytic and structural 
elec-His-Zn motifs, the ordering of elec-N(h) distances is carboxyl 
elec-N(h) < carbonyl elec-N(h) < water elec-N(h).  The major 
contribution to elec-N(h) H-bonding is electrostatic interactions. 
Not surprisingly, therefore, carboxyl oxygen gives the shortest 
elec-N(h) distance, since the carboxylate group has a formal neg- 
ative charge. Water oxygen gives the longest distance, since sp3 
hybridization of the water oxygen leads to a lower partial charge 
than the sp2 hybridized carbonyl oxygen. The Zn-N(h) distances in 
these motifs show little variation with elec atom type. 

Elec  atom 
Zinc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 e zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Catalylic a 
COO- 180(20),63 8 (6) , 6 3  Catalytic 179 (81, 210 7 ( 6 ) .  210 

HOH 182(16), 16 12 (14), I6 
CO 185 (14), 121 7 (7) , 121 Structural 182 (61, 48 X (61.48 

Struclural 
COO- 183 (81.5 8 (4) , 5  
co 181 (16), I I  12 ( 7 )  , I I  
HOH 184(12), 19 II (131, 19 

Fig. 7. Geometric  parameters of the  zinc-His-elec  triad.  This  figure sum- 
marizes  the  observed  trends in the  geometric  parameters that define  the 
position  of  the  elec  atom and zinc relative  to  the  imidazole  ring  of  the his- 
tidine  residue in the  elec-His-Zn  motif. @ is the  angle  between  the elec-N(h) 
vector  projected  into  the  ring  plane  and  the  line  joining  the  centroid of the 
imidazole ring to the  hydrogen  bonded  nitrogen  atom,  termed  the  in-plane 
angle  for  the  elec  atom. 6' is the  angle  between  the elec-N(h) vector and the 
imidazole ring plane,  termed  the  out-of-plane  angle  for  the  elec  atom. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa is 
the  angle  between  the Zn-N(h) vector  projected into the  ring  plane and the 
line  joining  the  centroid  of  the  imidazole  ring  to  the  zinc-coordinated 
nitrogen  atom,  termed the in-plane angle  for the zinc ion. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp is the angle 
between  the Zn-N(h) vector  and  the  imidazole  ring  plane,  termed  the 
out-of-plane  angle  for  the  zinc  ion.  Below  the  figure,  values  for  each of the 
angles (a, p. 8, and 4) in degrees for both catalytic and structural motifs, 
are  reported.  Standard  deviations  are  given in parentheses,  followed by the 
number  of  observations  of  the  parameter.  The  parameters  are  given  ac- 
cording  to  elec  atom  type in the  elec-His-zinc  motif.  Three  different  elec 
atom types  are  defined:  carboxyl, carbonyl and water, denoted COO-, CO, 
and  HOH,  respectively. 

P 
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Table 4A. Elec-N(h) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt m l  Zn-N(k)  distctrlces  trccortlirlg t o  coortlir~rrtiot~ t ~ r ~ t d w r  trrld rlec L I ~ O I H  vpe  
in Elw-His-ZtI rrlo(fs  it1 ctrtcrlytic 511c sites zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Oxygen-N(h)  Zn-N(h) 

Coordinate  numhcr  Carhoxyl  Carhonyl Water Carhoxyl  Carhonyl Water 

T:: 2.64(0.04). 2 2.79 (0.08). 4 1.96 (0.08). 2 I .97 (0.05). 4 

T4 2.67 (0.12). 36 2.73(0.10). 71 2.89(0.I3). 4 2.06 ( 0 .  I O ) .  3s 2.09 (0. 10). 69 2.03 (0.06). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 
T1 2.67 (0.10). 23 2.78 ( 0 .  I I ). 44 2.77 10. I I ). I2 2.09(0.09). 23 2.10(0.08). 44 2.IZ(O.I4). 12 
To 2.67 (0.00). 2 2.79 (0.07 ), 2 2.04(0.08), 2 2.0s (0.08). 2 

Total 2.67 (0. I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1, 63 2.7.5 (0. I O ) .  12 I 2.8010.12). 1 6  2.07 10.09). 62 2.09 (0.09). I I O  2.10(0.13). I6 

~- 

Note: Distances  are  given in A: stand:lrd deviations  arc  given in parentheses Ihllowcd hy thc numhcr  of  ohscrvations of the geometrical  parameters in 
o u r  dataset. Elec-N(h) is the distance  between  the clcc and the H-bonded nitrogen of the His ligand. Thcsc  parameters  arc given according to coordination 
numher and elec atom  type in the clec-His-zinc motif. The  values lahelcd Total give ovcrall averages of these  parameters for each clcc ;Itom type. Three 
diffcrcnt elec atom  types  arc  defined:  carhoxyl.  carhonyl. and water. %n-N(h)  indicates the distance from the  zinc t o  the  coordinating nitrogen of the His 
ligand. Zn-N(h) distances :Ire given  for the carhoxyl.  carhonyl. and water clccs in the carboxyl-His-Zn,  cerhonyl-His-Zn. and watcr-His-7.n motifs. 
re\pcctivcly. T: represents  T4  coordination lacking the zinc-hound  water  molecule. 

Table 4H. Elec-N(h) c o l d  Ztl-N(h)  d i s t e m c v s  crccortlirl,q t o  coorclir~cctiorl 11r11~11wr trrltl ( 4 ~  r r t o t n  I ~ I J ~  

it1 EIvc-His-Zn I I I O I ~ & S  in .strrccrurtrl ;in(.  sites 

Oxygen-N(h) 
~~~~ ~. " "  ~~ 

Zn-Hlh) 

Coordinate  numher  Carhoxyl  Carhonyl Water Carhoxyl  Carhonyl Water 

TJ 2.65 (0.17). 5 2.84 (0.1 I 1. 9 2.86 (0.16). I7 2. I4 (0.07). 5 2. I2 ( 0 .  IS). 9 2.04 (0.09). 16 
Tr, 2.90 (0.14). 2 3.04 (0.07). 2 2.10(0.01). 2 2.08 (0.04). 2 

Total 2.65 (0.17). 5 2.85(0.1 I ) .  1 I 2.88(0.16). 19 2.14 (0.07). 5 2.12(0.13). 1 I 2.05 (0.09). 18 

6.2R. Out-of-plrrrw und in-plme rrngles of elt>c-N(h) rrnd Zn- 

N ( h )  vectors  relrtive to rhe histidine ring. From the values of the 
out-of-plane angles in Figure 7, carboxyl and carbonyl oxygen elec 
atoms in both catalytic and structural elec-His-Zn motifs are closer 
to planarity with the imidazole rings of the histidine residues than 
the water elec atoms. The planarity of carboxyl elec atoms with the 
ring is probably due to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr electron delocalization extending over 
the ring and the carboxylate group. Water  and carbonyl groups do 
not have such r systems. However. for carbonyl elec atoms, which 
are mostly from protein backbones. steric interactions between the 
backbone atoms and the imidazole ring tend to force the elec atom 
back to an almost coplanar arrangement with the ring. Water elec 
atoms show the largest out-of-plane angles with the largest stan- 
dard deviations. which may be due to high temperature factors 
generally associated with their positions in the analyzed crystal 
structures. Similarly, as can be seen in Figure 7, in-plane angle 
distortions for a l l  elec atom types are also small ( 0  close to I80"), 
although standard deviations are large (up to 20"). 

The distribution of oxygen elec atom types for all catalytic and 
structural sites in our dataset is presented in Figure 8. The results 
indicate that catalytic sites almost always include an elec-His-Zn 
motif that involves carbonyl or carboxyl oxygen atoms due to the 
electrostatic stabilizing role played by these groups. Structural 
sites still have a high proportion of elec-His-Zn motifs. but, in 
contrast to the catalytic zinc sites, the elec atoms involve a higher 
proportion of water oxygens. and a lower proportion of carbonyl 
and carboxyl oxygens. This suggests that the orientation of the elec 

atom with respect to the imidazole ring shows more variation in 
structural than catalytic zinc sites. This is confirmed by the super- 
imposed elec-His-Zn motifs for 3NIO (meaning three nitrogen 
atoms and one oxygen atom coordinated to the zinc ion) catalytic 
(Fig. 9)  and structural (Fig. IO)  zinc sites, which give total RMS 
deviations (RMSDs) of 1.1 and 2.8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA. respectively. for the elec 
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Fig. 8. Distribution ofoxygen elec types i n  catalytic and structural zinc sites. 
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1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASuperposition of  elec-His-Zn  motifs for the 3N10 atom-coordination  type in catalytic  zinc  sites zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin the  analyzed proteins. The 
superposition was  carried  out  using  the program superpose, which is part of the CCP4 suite. The  transformation  matrix for the 
superposition was  determined  by superimposing the  zinc ion and  the  coordinated  histidine  nitrogens.  The  following  color  scheme is 
used in the figure: Cyan,  zinc;  blue,  histidine;  yellow,  zinc-coordinated  solvent  oxygens; red, elec  atoms  hydrogen-bonded  to His; 
purple, zinc-coordinated  oxygens from inhibitors; green, zinc-coordinated  oxygens  from protein residues. 

atoms.  These  superpositions  also  indicate  that  the  imidazole  ring 
orientation is determined by the elec atom  and  serves to bring  the 
histidine into the  correct  orientation for zinc  binding  (Argos et al., 
1978;  Christianson,  1991;  Kiefer et al.,  1995;  Lesburg & Chris- 
tianson,  1995). 

The  values  in  Figure  7  also  show  that  the  orientation of the  zinc 
ion  with  respect  to  the  ring  is  even  more  stringent  in  terms of 
out-of-plane and in-plane deviations, since electrostatic inter- 
actions are stronger for the  cation, in agreement  with  previous 
results  (Chakrabarti,  1990;  Carrell et al., 1993). This is confi ied 
in  Figures  9  and  10,  which  show  that  there  is  a  small  deviation in 
the  position of the  zinc-coordinated  His  nitrogens  (total  RMSDs  of 
0.10 and  0.15 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8, in  catalytic  and  structural 3N10 elec-His-Zn 
motifs,  respectively). On the other  hand,  the  zinc-coordinated ox- 
ygen  atoms  show  larger  deviations  (total  RMSDs of 0.50 and 0.35 
8, for coordinated 0 atoms in catalytic  and  structural 3N10, re- 
spectively) in agreement  with  the  larger  standard  deviations for 
Zn-0 distances. 

From  the  above  results  concerning  the  orientation  and  properties 
of elec  atoms in the  elec-His-Zn  motifs, it is clear that  structural 
zinc  binding sites are  less  rigid  geometrically  than  catalytic  zinc 
sites.  Biologically, this is clearly  important, as a  small  deviation  in 
position of the  catalytic  zinc  could  have  significant  effects on 
catalysis. In structural  sites,  carboxyl  elec-His-Zn  motifs  only  oc- 
cur in  the superoxide  dismutase  family. In these  enzymes, the zinc 
is  only  about 6.3 8, away from the  catalytic  copper  ion  and  is 
believed  to  help  orient  the Cu site for the  catalytic  reaction;  thus, 
a  relatively  rigid  zinc  binding  framework  is  required. 

Superpositions of carbonic  anhydrase  zinc  binding sites in  Fig- 
ure 11  show  that,  within enzyme  families, the zinc  binding en- 

vironment is geometrically fixed, including the orientation of 
elec-His-Zn  motifs  and  the  position of  atoms from  residues  not 
directly  coordinated to the  zinc  but  involved  in the catalysis, e.g., 
ND1  of His64  and OEl of  Glu106. Thus,  differences  within this 
family, probably  caused  by  different  refinement  techniques/programs 
or  resolution, are small.  The  resulting  total RMSD is 0.33 8, be- 
tween  family  members for all  the  atoms  shown  in  Figure 1 l. 

6.3. Sequence patterns associated with zinc  binding sites 

Sequence  patterns  associated  with the zinc  ligands  and  residues 
that  provide  elecs  in  the  catalytic  and  structural  zinc sites in  our 
dataset  were  derived  and  compared  with  the  sequence  patterns 
from PROSITE (Bairoch et al.,  1997),  which  are  used to charac- 
terize  the  various  protein  families  from  the  sequence. We find  a 
number  of interesting  trends  associated with the  proteins  that  con- 
tain  catalytic  zincs,  but  much  less  for  structural  zincs.  The  ob- 
served  trends are described  in this section. 

The  sequence  pattern for the  zinc  ligands  and  elecs for each 
family  of catalytic-zinc  containing  enzymes is given  in  Table 5, 
which  shows  that  consistent  sequence  patterns for zinc  ligands 
and  residues  providing elms can  be  observed for the  thermoly- 
sin and  other  endo-peptidases. These proteins  are all members  of 
the  same  superfamily,  denoted  Metzincins  in  SCOP  (Murzin 
et al.,  1995)  and  a  divergent  evolutionary  relationship  has  been 
established  between  them  (Stocker et al.,  1995).  The  thermolysin 
and  thermolysin-like  enzymes  contain two domains,  one  is  mainly 
alpha-beta  (roll),  the  other is alpha  (nonbundle). The zinc  bind- 
ing  domain in the  other  endopeptidases  belongs to the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa-P class 
(aba  sandwich). 



1712 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI.L. Alberts et al. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
e zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Fig. 10. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASuperposition  of  elec-His-Zn  motifs  for  the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3N10 atom-coordination  type in structural  zinc  sites  in  the analyzed proteins.  The 
superposition  was  carried  out  using  the program superpose,  which  is  part  of  the CeP4 suite. The  transformation  matrix  for  the 
superposition  was  determined by superimposing  the  zinc ion and the  coordinated  histidine  nitrogens.  The  following  color  scheme  is 
used in the  figure:  cyan,  zinc;  blue,  histidine;  yellow,  zinc-coordinated  solvent  oxygens;  red,  elec  atoms  hydrogen-bonded to His; 
purple,  zinc-coordinated  oxygens from inhibitors;  green,  zinc-coordinated  oxygens  from  protein  residues. 

The consistent  sequence  pattern for the  zinc  binding site in the 
endo-peptidases  includes  two  elec-His  H-bonded  pairs.  The f ist 
His  is  H-bonded  to an elec  that is far removed  in  sequence  (outer 
pair). This  interaction  brackets the second  His-elec  pair  (inner  pair) 
in  sequence  as  shown  in  Table 5. The His  and  elec of the  inner  pair 
are  separated  by  three  residues  in  the  endo-peptidases,  except  in 
the  thermolysin  and  thermolysin-like  enzymes in which  the  gap  is 
larger (18 residues)  because  the  His  and its elec  belong  to  different 
domains. This bracketed  arrangement of  His-elec  H-bonded  pairs 
is  also  observed in carbonic  anhydrase,  alkaline  phosphatase,  sonic 
hedgehog,  and  phosphomannose  isomerase. 

In  the  thermolysin  and themolysin-like enzymes,  the  two  elec 
atoms  belong  to  polar  residues,  which are in a-helices, as are the 
two histidines. In the  other  endo-peptidases,  the  His  ligands  are 
in a-helices, while  both  elecs  are  backbone  carbonyl  oxygens 
belonging  to  bulky  hydrophobic  residues  (Stocker et al.,  1995) in 
p-strands, which  are  highly  conserved  in  each  family as high- 
lighted in  Table 5. Conserved  hydrophobic  residues are thought  to 
stabilize  the  interior of globular  proteins.  Our  analysis  suggests 

that  the  backbones of these  conserved  residues  also  provide  elec 
atoms  to  stabilize  the  catalytic  site in the  correct  orientation. 

In the  PROSITE  database  (Bairoch et al.,  1997) one can  find 
a  general  sequence  pattern, H-E-X-X-H, that  describes  the  zinc 
proteases,  including  all  the  endopeptidases.  This  pattern  includes 
two  zinc  bound  histidine  ligands,  but  does  not  include  any of the 
residues  that  provide elecs as indicated in Table 5. Since  the 
endo-peptidases  all  display  the  bracketed  arrangement of His-elec 
pairs,  including  the  residues  that  provide  elecs may lead  to  a 
more  specific  pattern.  However,  due to the  variation in gap  sizes 
between  the  histidine  and  the  more  widely  spaced  elec  in  the 
different  subfamilies,  one  cannot  derive a consensus  sequence pat- 
tern for all the  endo-peptidases  that  includes  the  residues  providing 
elecs. 

The  sequence  patterns for the other  families  in  Table 5 are 
family  specific.  The PROSJTE  pattern for carbonic  anhydrase  in- 
cludes  only  one of the  zinc  bound  histidines  and its elec.  Our 
sequence  pattern  in  Table 5 includes  the three zinc  bound  histidines 
and  their  elecs. If we exclude  the  elec  belonging to Asn  as it is far 
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Fig. 11. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASuperposition of elec-His-Zn  motifs  and other catalytically  important residues in the  family of carbonic anhydrases  in OUT 

dataset.  The  superposition  was  carried out using  the  program  superpose,  which is part of the CCP4 suite. The  transformation  matrix 
for the  superposition  was  determined by superimposing  the  zinc  ion  and  the  coordinated  histidine  nitrogens.  The His64 N D I  and  Gln92 
OEl atoms that deviate  significantly from the rest are from carbonic  anhydrase I, whereas all others are from carbonic anhydrase II. 
The following color scheme  is  used in the figure: cyan,  zinc;  blue,  histidine;  yellow,  zinc-coordinated  solvent  oxygens;  red, elec atoms 
hydrogen-bonded to His; purple,  zinc-coordinated  oxygens from inhibitors; green, atoms from other catalytically  important  residues 
(His64, Qr7, Glu106)  that  are  not  zinc  bound. 

away from its His (148 residues)  and  search SWISS-PROT with Discussion and conclusions 
the  remaining  pattern, we  can identify zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA25 of the 30 hits  that  are 
picked  up  with the PROSITE pattern.  The  remaining  five  se- This study has extended  earlier  works  (Armstrong,  1988;  Chakra- 
quences,  which  are  carbonic  anhydrase  precursors,  have  a  16  res-  barti,  1990;  Christianson,  1991;  Glusker,  1991),  which  analyzed  the 
idue  gap  between zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa His ligand  and  a  Glu,  rather  the 20 residue  gap  ligation  geometries of  zinc  in  protein crystal  structures. It analyzed 
in our pattern  and,  therefore,  could not be picked  up.  trends  in  geometrical  and  stereochemical  parameters of zinc bind- 
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Table 5. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASequence patterns j o r  each family zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
of catalytic zinc-containing  enzymes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Name of protein  family  Sequence pattern 

Carboxypeptidase 

Myrarnoyl-pentapeptide carboxypeptidase 

Bacterial  leucyl aminopeptidase 

Leucine aminopeptidase 

Themolysin and thermolysin like 

Metalloproteases 

Astdcin 

Atrolysm 

Matrix metalloproteases 

Neutral  protease 

Carbnic anhydrase 

Alcohol dehydrogenase 

Alkaline phosphatase 

Sonic hedgehog 

Enolase 

Phosphomannose isomerase 

Phosphate aodolase 

Metallo 0-lactamase 

H X X X H X X X ~ X H X ~ ~  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
u 

\ U / 

Q X H X H X 2 0 E X H X I x N  
u U zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA n  

E X I B H X H X W H X L  

Note: This  table  shows  the  sequence pattern for  the  zinc  ligands and 
elecs for  each  family of enzymes  containing  catalytic zinc sites. The  name 
of each  enzyme  family is given in column 1 and  the  sequence pattern i n  
column 2. The  residues are represented by their  one-letter  code  and X de- 
notes any amino  acid  residue. In the four families that contain  enzymes with 
a  multi-zinc  site, a sequence  pattern  is  given  for  each zinc. In these  cases, 
the residue  number  of  the  appropriate  zinc ion is given in parentheses  after 
the pattern. The numbers in subscripts  indicate  the  gap  size in residues 
between  zinc  ligands  and/or  elecs.  The  symbol u denotes  the  elec-His 
hydrogen  bonded pairs. The  residues  present in the PROSITE pattern are 
indicated by  the  symbol ". Hydrophobic  residues that provide  the  elecs  and 
are  conserved in sequence in the endo-peptidases  are  boxed. 

ing  sites using the  increased  number of proteins  determined  to high 
resolution.  Our  main  conclusions  can  be  summarized as follows. 

1. From  analysis of the  geometry of the  zinc  primary  coordination 
shell,  we  see: (a) Average Zn-0  distances  and  their  standard 
deviations  are  larger  than  those  for  Zn-N  (h).  (b)  The  coordi- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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nation  geometries  are  those  expected  for  T4, Ts, and Tb. 
(c) Deviations  from ideal geometries are probably  due to im- 
precisions in atomic  coordinates  and also to  bidentate  arrange- 
ments  of, particularly, carboxylate  groups, H-bonding  between 
0 coordinating  ligands  and protein  residues and multi-zinc sites. 

2. We find a very  general elec-His-Zn motif  that is almost  uni- 
versally present in our  dataset with  the following  properties: 
(a) There  are  three  types of oxygen  elec  atom:  carboxyl, car- 
bonyl,  and water. (b)  Catalytic  zinc  motifs  include a high  pro- 
portion  of  carboxyl  and  carbonyl elec atoms and are  geometrically 
fixed  motifs,  thus  providing a rigid zinc  binding  framework. 
(c) Structural  zinc motifs include a much higher proportion of 
water  elec  atoms  that  show  more  geometrical variation;  there- 
fore, structural zincs  are not  held as rigidly. (d) In the  endo- 
peptidases, the sequence pattern in the zinc binding  site  includes 
two His-elec  pairs, in which  one pair brackets  the  other in 
sequence.  Except  for the thermolysin  and  thermolysin-like  en- 
zymes, the elecs  belong  to  the  backbones of  bulky hydrophobic 
residues  that  are highly conserved.  Our  study,  therefore,  sug- 
gests that these  residues play a role in stabilizing the zinc bind- 
ing  site and  maintaining its  geometry. 

Our  analysis  clearly  shows  some  bias  due  to the  large number of 
carbonic  anhydrases  included  which  have very rigid zinc  binding 
sites of 3  histidines + water  and/or  bound inhibitor. Nevertheless, 
sufficient proteins  from  other  families included in our  dataset  dis- 
play similar  trends  to  justify  our  conclusions. 

The  results  presented  here  are valuable for the following  two 
purposes. First,  they can  be used as an aid in the  validation  of zinc 
binding  site  structures  during model building.  The  geometrical 
parameters  in  the  primary  coordination  sphere  and  elec-His-Zn 
motifs  can  be used as a guide  to  validate  the  data  derived  from 
crystallographic  experiments  and  to  specify  improved  parameters 
for  structure  refinement  procedures. 

The  second  purpose  concerns the de  novo  design of zinc  binding 
sites in proteins. In general,  the  design of a metal binding site is an 
important  step toward the  engineering of proteins with specific 
properties  (Regan, 1995). To design a metal binding  site in a 
protein, a geometric  template of the  site  is  derived  from  the  analy- 
sis of sites in known protein structures.  The protein structure  at 
hand is then searched with the  template  to  find a suitable  anchoring 
site  for  this  template within  the structure  (Hellinga & Richards, 
1991;  Gregory  et al.,  1993). In designing a zinc  binding site. one 
should use a template  that  includes a set of elec-His-Zn motifs to 
stabilize  the  site.  Catalytic  zinc motifs require  carboxyl  oxygen 
elecs, which are  coplanar with the  rings  and point along the nitro- 
gen lone-pair direction,  for  greater rigidity. Water elec  atoms  are 
suitable  for structural motifs.  The  coordination  geometry of  the 
zinc  should  be  tetrahedral,  including  three  zinc bound  histidines, 
with  N-Zn-N angles  close  to  the  ideal tetrahedral angle  and  Zn- 
N(h)  distances, of about 2.0 A, close  to  those in small zinc  com- 
plexes. The  open fourth  site in the  tetrahedral  coordination  geometry 
is usually occupied by water  (or  hydroxide) in catalytic  zinc sites 
and  Asp  or  Cys in structural zinc sites. In  catalytic  sites, the zinc 
bound  water  forms  at least one H-bond  with a protein  residue, 
which is part of an extensive  H-bonding  network, essential for 
catalysis.  Structural sites, in contrast,  do not involve such exten- 
sive  H-bonded  residue  clusters.  The  template  should  be placed in 
regions of  the  protein such that the  zinc  ligands  and  residues that 
provide  elec  groups  are  part of appropriate  secondary structural 
elements with suitable  solvent accessibilities. 
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