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Crystal structures available for four metalloendopeptidascs have revealed zinc ligands for these enzymes. New sequence information has made it 
possible to compare the primary structures of the zinc-binding site in metalloendapeptidases. A scheme based on the zinc-bindin8 sit~ is proposed 
to classify metalloendopeptidases into five distinct families: thermolysin, astacin, serratia, matrixin, and snake venom metalloproteinases. Two 
histidlnes and one 81utamate are zinc-ligands in the thermolysin family. Three histiciincs and one tyrosine are zinc ligands in the other four families, 

which are further distinguished by the identity of the residue following the third histidine and by the environment surrounding the tyro~iae. 

Metallocndopeptidase; Zinc ligand; Astacin family; Bacterial neutral protease; Collagenase; Snake venom metalloprotcinase 

1. INTRODUCTION 

Most metalloendopeptidases contain zinc as an essen- 
tial metal ion for their catalytic activity. The coordina- 
tion of  the zinc atom in the active site has been resolved 
in four metalloproteases so far, including thermolysin 
from Bacillus thermoproteolytics, a neutral protease 
from B. cereus, an elastase from Pseudomonas aerugi- 
nosa, and astacin from the crayfish, Astacus fluviatflis 
[1-4]. The three bacterial enzymes are closely related 
and contain three amino acid residues and one water 
molecule which bind zinc. Th~ first two lit~aiads are two 
histidine residues located within the HEXXH motif, in 
which the glutamic acid acts as a catalytic base. The 
third ligand is a remote glutamic acid, which is located 
20 amino acids toward the C-terminus from the second 
histidine residue. Astacin contains three histidinc resi- 
dues, a remote tyrosine residue, and one water molecule 
which bind zinc. The three histidine residues are located 
within the signature sequence for the astacin family, 
I-iE(L,I)XHXXGFXHE(Q,H)XRXDRDX(Y,H)(V,i)- 
X(I,V) [5]. By analogy to thermolysin, the first glutamic 
acid is probably a catalytic base. The remote tyrosine 
residue is 50 amino acids toward the C-terminus from 
the third histidine residtte in the signature. 

The HEXXH motif has been used to identify zinc- 
bi~.di~'.E ~ites in metalloendopeptidases when new amino 
acid sequences are obtained. Although this motif is well 
conserved in these en~mes,  the third zinc ligand (the 
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remote glutamic acid) is present only in a few clo;,ely 
related bacterial metalloendopeptidases [6]. However, 
high homologies in the sequences following the 
HEXXH motif have been noticed in several groups of 
metalloproteases, including collagenases, astacin family 
proteins, and snake venom metalloprotclnases [7-9]. 
The information on the crystal structure of  astacin has 
greatly facilitated identification of additional zinc li- 
gands in thez~ enzymes [4]. A comparison is presented 
herein for the sequences of  metalloendopeptidascs-~ur- 
rounding the zinc-binding site. 

2. FAMILIES 

Thermolysin and several related bacterial metal- 
loproteases [6,10] are well conserved in the two regions 
containing the zinc-binding site (Fig. 1). The first region 
is the HEXXH motif, and the second region is 
GAXNEAFSD (bold letters herein represent strictly 
conserved residues in consensus sequences), which con- 
talns the third zinc ligand (E25). The numbering scheme 
used in this and following figures is arbitrary, and #1 
is placed on the first histidine residue in the HEXXH 
motif. Ia addition to active site residues (two histidines 
and two glutamie acids)° seve:a amino acids in the 29 
amino acid .sequence are strictly conserved, which may 
be important for either structure or function. For exam- 
ple, the aspartie acid (D29) forms a salt bridge in ther- 
mclysin [11]. 

The astacin family consists of several proteins from 
diverse sources, includir.,g Drosophila, Xenopus, cray- 
fish, sea urchin, mouse, rat, and human [8,12-18]. There 
are three regions in the proteins of this family with high 
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Fig. 1. Comparison of the zinc.bindlng site in members of the thermolysin family. Sequences are aligned starting from the HEXXH motif. The 
zinc,binding residues are numbered. Absolutely conserved residues are in bold. A consensus sequence is generated, which includes absolutely 
conserved residues and common residues present in at least lmlf of the sequences. X represents a variable amino acid. B., Bacillus; st., stearother- 
mophilus; c., cereus; su., s~btllia'; a., amyloliquefaciens; NP, neutral protease; P.a., Pseudomonas aeruginosa; and L.p., L~,gionella pneumophila. 

homology in a 60 amino acid sequence (Fig. 2). The first 
region, HEIGI-IAIGFXHE, contains three histidines 
for zinc binding, and one glutamic acid (E2) for cataly- 
sis. In astacin, Gly-8 is important for the secondary 
structure and the second giutamic acid (El2) forms a 
salt bridge with the N-terminus of the mature enzyme 
[4]. The second region, RXDRD, is extremely hydro- 
philic. The ~hird region, YDYXSIMHY, contains the 
fourth amino acid zinc ligand, Y61. Great variability is 
present in the more than 30 amino acids between the 
second and third conserved regions. 

Several bacterial extracellular metalloproteases, in- 
cluding a protease from Serratia sp., and protease B 
and C from Erwinia chrysanthemi [19-22], show a closer 
relationship to each other than to members of  the ther- 
molysin family (Fig. 3). Besides the HEXXH motif, 
there are two glutamic acids (El9 and E32) conserved 
in these enzymes. It seems unlikely that either of these 
two glutamic acids is involved in zinc binding because 
the regions containing these two glutamic acids show no 
homology with that containing E25 in thermolysin. 
There is, however, a region similar to that in thennoly- 
sin that  has been recognized previously [19]. This region 
is located 120 amino acids away from the second histid- 
ine in the motif  (Fig. 3). It was suggested that the glu- 
tamic acid (or aspartic acid) in this region functions as 
the third zinc ligand because of sequence similarity to 
that in thermolysin. 

Members o f  the serratia family show a strong similar. 
ity to members of the ast,~,cin family. The three histidine 
residues in the consensus sequence have exactly the 
same spacing as those in astacin. Furthermore, the 
glycine residue (Gg), that is important for astacin sec- 
ondary structure, is also conserved. Therefore, by ho- 
mology with astacin, it is more likely that the third 
histidine (rather thaa the glutamic or aspartic acid as 
discussed abo,,e) is the third zinc ligand in members of 
the serratia family. Instead of the glutamic acid (El2) 
in the astacin family, a proline (PI2) is present and 
distinguishes this family from the astacin family. In ad- 

dition, there is a region, QI~IMSY,  which is very sim- 
ilar to the region including the fourth zinc li-,~nd (Y61) 
in astacin. Tyr.42 in this region is located 31 amino 
acids from His-I 1 in the serratia family. Great variabil- 
ity in the longer spacer region (50 amino acids) between 
Hl l and Y61 in the astacin family may explain the 
shorter spacer region (31 amino acids) present in the 
serratia family. Therefore, Y42 in the serratia family is 
likely to bind zinc. 

The matrixin family consists of collagenases, gelati- 
nases, and stromelysins [7]. They all contain the 
HELGHSLGLXHS motif, in which the first two histid- 
ine residues are proposed to bind zinc from compari- 
sons with thermolysin (Fig. 4). By analogy to astacin, 
the third histidine residue may be the third ligand tbr 
zinc. This prediction is further supported by the conser- 
vation of Gly-8 in the motit: A serine residue at position 
12 distinguishes members of  this family from members 
of the astacin family, which contain a glutamic acid 
residue at this position. There is no region containing 
either the glutamic acid similar to that in thermolysin 
or the tyrosine similar to that in astacin. However, there 
is a tyrosine at position 46, which is conserved in all the 
sequences; this tyrosine could be involved in binding 
zinc. 

The amino acid sequences of several snake venom 
metalloproteinases, including hemorrhagic toxin (Ht) 
and non-hemorrhagic proteins, have been determined. 
The primary structures indicated that the venom en- 
zymes belong to a distinct metalloproteinase Family, all 
of which contain the HEXXH motif, but which have no 
significant sequence similarity with any other known 
metalloproteinases except for this region [9]. However, 
as can be seen from Fig. 5, members of this family show 
a significant homology to the astacin family. Theycon-  
tain a region of HELGHNLGMEHD, which is similar 
to the region of HEIGHAIGIrXHE in the astacin fam- 
ily. Therefore, the third histidine is probably a zinc 
ligand. An aspartic acid at position 12 distinguishes this 
family from the astaein family. The tyrosine residue at 
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Fig. 2. Comparison of the zinc-binding ~i tc in members of the astacln family. Gaps are created for optimal alignment, mMEI ), mouse mepfin; rMEP, 
rat meprin; PPH, N-bermoyl-t--tyrosyl-p-amino.benzoic acid hydrolase; BMP-I, bone morphogcnetie protein-l, BP 10 and SpAN are sea urchin 

proteins. Tolloid and UVS.2 are proteins from Drosophila and Xenopu.% respectively. 

position o f  46, located within F S D C S K X Y ¥ ,  is proba- 
bly another zinc ligand, as compared to that in the 
astacin family. 

3. R E L A T I O N S H I P S  B E T W E E N  FAMILIES 

From the comparisons presented above, it seems ap- 
parent that each family has its o w n  identity and can be 
related to one another based on  the sequences sur- 

rounding the zinc-binding site. A scheme to classify 
metalloendopeptidases is proposed in Fig. 6. On the 
basis o f  the first two zinc ligands, metalloendopepti-  
dases can be divided into two major categories, one 
containing the H E X X H  mot i f  and the other containing 
the H X X E H .  The H X X E H  endopeptidases include bac- 
terial protease III and the human and Drosophila insu- 
lin-degrading enzymes [26]. Based on  the third zinc li- 
gand, the H E X X H  endopeptidases can be divided into 
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Fig. 3. Comparison of the potential zinc-bi~ding silo in members of the scrratia family, In addition, the bottom three lines show homologo~ regions 
in thermolysin, B.c. NP, and P.a. elastase (their er~stal structures are known) in which the conserved residues are highlighted. Prot, protgasc; other 

abbreviations as in Fig. I. 
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Fig. 4. Comparison of the potential ~n¢-binding site in mem~rs of the matrixin ~mily. For names and ~ n ~ s  of tho ~ t f i x  memlloprot¢ina~z 
(MMP), s ~  [7]. S o u ~  are ~om human (a), rabbit (b), mt ~), and mou~ (d), In addition, MM~3d en~den ~r  the mouse tr~sin ~3]. MME, 

macrophage metalloelast~e [2~; Consen, consensus. HE.6 is a eDNA clone ~ding ~ r  a hatching ¢~yme ~om ~ a  u~hin [25]. 

two groups which contain either a glutamie acid or a 
histidine. The thermolysin family, as described above, 
is a typical example of those enzymes containing the 
gluatmic acid as the third zinc ligand. Nepfilysin (NEP, 
or endopeptidase 24.11), a mammalian neutral pepti- 
dase, is another example of this group. The glutamic 
acid of neprilysin, located 59 amino acids away toward 
the C-terminus, has been shown by site-directed mut- 
agenesis to be involved in binding of zinc [27,28]. 
Thimet oligopeptidase (endopeptidase 24.15), another 
mammalian neutral peptidase [29], contains two glu- 
tamic acids in regions of GTHVlgRDFV end 
RTGGEAPED, that show weak homology to both 
thermolysin (GAINEAISD) and neprilysin CNTL- 
GENIAD). The HEXXH metalloendopeptidases of the 
second group contain a histidine (HI i) as the third zinc 
ligand, which is located in the HEXXHXXGXXH 
motif. These enzymes contain an additional zinc ligand, 
tyrosine. On the basis of the residue present immedi- 

ately after the third histidine in the motif and, to a lesser 
extent, homology present in the sequences containing 
the tyrosine, these enzymes can be further divided into 
several families. The astacin family contains the glu. 
tamie acid (El2) right after the histidine (HI 1) and the 
sequence, SIMHY, which includes the tyrosine. The 
families of serratia, matrixin, and snake venom metal- 
loproteinases contain the proline (PI2) and the se- 
quence, SIMSY, the serine (S12) and the sequence, 
IQSLY, and the aspartic acid (DI2) and the sequence, 
SKXYY, respectively. 

The classification scheme presented here is further 
supported by the overall sequence homologies between 
and within the proposed families. There are significant 
homologies present in members from the same family 
deserlbed in this paper. In the thermolysin family, B. 
cereus neutral protease and P. aeruginosa elastasc, for 
example, are 739"0 and 49% identical to thermolysin, 
respectively [6]. In the asta¢in family, all members are 
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approx imate ly  30% identical to astacin, The  identities 
in the serrat ia  family are 80% between proteases B and 
C, and 57% between protease  B and  the serratia pro-  
tease [20,21]. The  hom ol ogy  o f  M M E - d  with other 
members  in the matr ixin  family ranges f rom 33% 
(MMP-7)  to 48% ( M M P - 3 a  and MMP-3d)  [24]. Snake 
venom meta l loprote inases  all share approx imate  50% 
identity [30]. By contrast ,  there is no significant homol-  
ogy present  in the overall  sequences for the members  
from different families. 

This classification scheme will be useful for identify- 
ing zinc ligands in meta l loendopept idases  and the struc- 
tural relat ionships o f  these enzymes. Site-directed mut-  
agenesis and  X-ray  analysis o f  the crystal s tructures for 
some o f  these enzymes will provide  further experimental  
tests for  this scheme. In addit ion,  this classification 
scheme m a y  be e:~panded to include metal loexopepti-  
dases such as carboxypept idases  and aminopept idases  
[6], and  angiotensin-eonver t ing enzyme, a carboxyl  ter- 
minal d ipept idase  [31]. I t  will be o f  interest to see 
whether  the two fundamenta l  modes  o f  binding zinc are 
conserved in all metal lopeptidases,  
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