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Crystal structures available for four metalloendopeptidases have revealed zinc ligands for these enzymes. New sequence information has made it
possible 1o compare the primary structures of the zinc-binding site in metalloendopeptidases, A scheme based on the zinc-binding site is proposed
1o classify melalloendopeptidases into five distinet families: thermolysin, astacin, serratia, matrixin, and snake venom metalloproteinases. Two
histidines and one glutamate are zinc-ligands in the thermolysin family. Three histidines and one tyrosine are zinc ligands in the other four families,
which are further distinguished by the identity of the residue [ollowing the third histidine and by the environment surrounding the tyrosine.

Metalloendopeptidase; Zinc ligand; Astacin family; Bacterial neutral protease; Collagenase; Snake venom metalloproteinase

1. INTRODUCTION

Most metalloendopeptidases contain zinc as an essen-
tia} 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 fluviatitis
[1-4]. The three bacterial enzymes are closely related
and contain three amino acid residues and one water
molecule which bind zine, The first iwo ligands are iwo
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 histidine resi-
dues, a remote tyrosine residue, and one water molecule
which bind zine. The three histidine residues are located
within the signature sequence for the astacin family,
HE(L,DXHXXGFXHE(Q,H)XRXDRDX(Y,H)(V,i)-
X(L,V) [5]. By analogy to thermolysin, the first glutamic
acid is probably a catalytic base. The remote tyrosine
residue is 50 a:nino acids toward the C-terminus from
the third histidine residue in the signature.

The HEXXH motif has been used to identify zinc-
binding sites in metalloendopeptidases when new amino
acid sequences are obtained. Although this motif is well
conserved in these enzymes, the third zinc ligand (the
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remote glutamic acid) is present only in a few closely
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 mietalloprotcinases [7-9].
The information on the crystal structure of astacin has
greatly facilitated identification of additional zine li-
gands in these cnzymes [4]. A comparison is presented
herein for the sequences of metalloendopeptidascs-sur-
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 motil, and the second region is
GAXNEAFSD (bold letters herein represent strictly
conserved residues in consensus sequences), which con-
tains the third zine ligand (E25). The nuimbering scheme
used in this and following figures is arbitrary, and #1
is placed on the first histidine residue in the HEXXH
motif. In addition to active site residues (two histidines
and two glutamic acids), seve:1 amino acids in the 29
amino acid sequence are strictly conserved, which may
be important for either structure or function. For exam-
ple, the aspartic acid (D29) forms a salt bridge in ther-
melysin {11]. .

The astacin family consists of several proteins fro
diverse sources, including Drosuphila, Xenopus, cray-
fish, sea urchin, mouse, rat, and human [8,12—18]. There
are three regions in the proteins of this family with high

Published by Elsevier Sclence Publishers B.V.
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Fig. |. Comparison of the zinc-binding 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 half of the sequences. X represents a variable amino acid. B., Baciflus; sl., stearother-
mophtlus; ¢., cereus, su., subtilis; a., amyloliquefaciens; NP, neutral protease; P.a., Pseudontonas aeruginosa; and L.p., Legionella pneumophila.

homology in a 60 amino acid sequence (Fig,. 2). The first
region, HEIGHAIGFXHE, contains three histidines
for zine binding, and one glutamic acid (E2) for cataly-
sis. In astacin, Gly-8 is important for the secondary
structure and the second glutamic acid (E12) forms a
salt bridge with the N-terminus of the mature enzyme
[4]. The second region, RXDRD, is extremely hydro-
philic. The third region, YDYXSIMHY, contains the
fourth amino acid zine 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 2 closer
relationship to each other than to members of the ther-
molysin family (Fig. 3). Besides (he HEXXH motif,
there are two glutamic acids (E19 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 thermoly-
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 of the serratia family show a streng similar-
ity to members of the astacin family. The three histidine
residues in the consensus sequence have exactly the
same spacing as those in astacin. Furthermore, the
glycine rcsidue (G8), 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 than the glutamic or aspartic acid as
discussed above) is the third zine ligand in members of
the serratia family. Instead of the glutamic acid (E12)
in the astacin family, a proline (P12) is present and
distinguishes this family from the astacin family. In ad-

dition, there is a region, QFSIMSY, which is very sim-
ilar to the region including the fourth zinc ligand (Y61)
in astacin. Tyr-42 in this region is located 31 amino
acids from His-11 in the serratia family. Great variabil-
ity in the longer spacer region (50 amino acids) between
H11 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 for
zinc. This prediction is further supported by the conser-
vation of Gly-8 in the motif. 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
sequenices; this tyrosine could be involved in binding
zine.

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, They con-
tain a region of HELGHNLGMEHD, which is similar
to the region of HEIGHAIGFXHE 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 astacin family. The tyrosine residue at

11t
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Fig. 2. Comparison of the zinc-binding site in members of the astacin family. Gaps are created for oplimal alignment. mMEP, mouse nieprin; rMEP,
rat meprin; PPH, N-benzoyl-L-tyrosyl-p-amino-benzoic acid hydrolase; BMP-1, bone morphogenetic protein-1. BP 10 and SpAN are sea urchin
proteins. Tolloid and UVS.2 are proteins from Drasophila and Xenapus, respectively,

position of 46, located within FSDCSKXYY, is proba-
bly another zinc ligand, as compared to that in the
astacin family.

3. RELATIONSHIPS BETWEEN FAMILIES

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

No. 1 5 11

Serratia Prot HEIGHALGLSHPGDYNAGE

Prot BE(B374) HEIGHALGLSHPAEYNAGE

Prot C(B374) HEIGHALGLAHPGEYNAGE

Prot C(ECl6y BHEIGHALGLNHPGDYNAGE

Consensus HEITGHRALGLSHPGDYNAGE
E

No. 133

Serratia Prot NQRINLNEGSFSDVGG

Prot B(B374) NQRINLNEGSFSDVGGS

Prot C(B374) NQRINLNECKSFSDVGG

Prot C(ECL16) NQRINLNDGSLSDVGS

Consensus NQRINLNEGSFSDVGG

Thermolysin NESGAINR-AISPRIFG

B.,e.NP NESGALNE~-AISDIFG

P.a.Elascuse S Q BEEGMHEEBE-AFPSCHMAGS

rounding the zinc-binding site. A scheme to classify
metalloendopeptidases is proposed in Fig. 6. On the
basis of the first two zinc ligands, metalioendopepti-
dases can be divided into two major categories, one
containing the HEXXH motif and the other containing
the HXXEH. The HXXEH endopeptidases include bac-
terial protease 111 and the human and Prosophila insu-
lin-degrading enzymes [26]. Based on the third zinc li-
gand, the HEXXH endopeptidases can be divided into

42
GNPTYRD-VTYAEDTRQFS3LHMSY
GDISYKNSAAYAEDSRQFSIMSESY
GDPSYND-AVYARDSYQFSIMSBY
GNPSYSD-VTYAEDTRQFSIMSY
GDPSY¥XDXATYAZDSRQFBIMSEX

N v T

Fig. 3. Comparison of the potential zing-binding site in members of the serratia family. In addition, the bottom three lines show hemologous regions
in thermolysin, B.c. NP, and P.a. elastase (their crystal structures are known) in which the conserved residues are highlighted. Prot, protease; other
abbreviations as in Fig. 1.
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Fig. 4. Comparison of the potential zinc-binding sile in members ol the matrixin family. For names and references of Lthe matrix metalloproteinases
(MMP), see [7]. Sources are from human (a), rabbit (b), rat (¢}, and mouse (d). In addition, MMP-3d encodes for the mouse transin [23}, MME,
macrophage melalloelastase [24]; Consen, consensus. HE-6 is a ¢cDNA clone ceding for a hatching enzyme from sea urchin [25].

two groups which contain either a glutamic 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. Neprilysin (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 GTHVERDFV and
RTGGEAPED, that show weak homology to both
thermolysin (GAINEAISD) and neprilysin (NTL-
GENIAD). The HEXXH metalloendopeptidases of the
second group contain a histidine (H11) 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-

Ne. 1 5 11

Ht=d HELGHNLGMEHRHDGKD~-CLRG
HT-2 HELGHNLGMEYDGKD~CLREC
H2 BELGHNLGMEHDDRKDEKC CKCE
HR2a HEIGHNLGMEHADDHKDKCKCE
ORE HEMGHRLGMHHBRDE-DKCNCN
LHFIX HELGHEHNLGMKHEHDE-NHCHCS
HR1B HEMGHNLGIPHDG-NSCTCG
Consen BHELGHNLGMEHRDXKDIXCXCA

[YIE -

A

X

X

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-
tamic acid (E12) right after the histidine (H11) and the
sequence, SIMHY, which includes the tyrosine. The
families of serratia, matrixin, and snake venom metal-
loproteinases contain the proline (P12) and the se-
quence, SIMSY, the serine (512) and the sequence,
IQSLY, and the aspartic acid (D12) 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
described in this paper. In the thermolysin family, B.
cereus neutral protease and P. aeruginosa elastase, for
example, are 73% and 49% identical to thermolysin,
respectively [6]. In the astacin family, all members are

46
CIMRPG TKGRSYEFPSDDSMHYTY
CIMRPG TPGRSYEFSDASMPYYX
CIMSDVISDRPSKLFSDCSESKNDY
CAIMSAVISDKPSRLFSDCSKDYYX
CIMSKVLSRQPSKYFSECSKDYY
CIMPPSISEGPSYEFSDCSKDYYX
CINMNS?PMISDPPSELFSESNCSKAYY
CIMSPAXISXXPSXXFSDCSEK X;Y x

Fig. 5. Comparison of the polential zinc-binding site in members of the snake venom family. For more information, see [9).
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GAXNEAFSD
thermolysin l___P:] 5
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] [+
6l]aa G2l aa 46 |aa 46| aa
ISIMHXI ISIMSX| Iicx‘iﬂ !IQSLYI
astacin serratia snake matrizin
venom

Fig. 6. Families of metalloendopeptidases bused on the zinc-binding

site, The residues in bold are zine-ligands. The numbers of amino acids

(aa) indicated below either E or Y represent the distances between
these residues and the first H residue in the HEXXH molil.

approximately 30% identical to astacin. The identities
in the serratia family are 80% between proteases B and
C, and 57% between protease B and the serratia pro-
tease [20,21]. The homology of MME-d with other
members in the matrixin family ranges from 33%
(MMP-7) to 48% (MMP-3a and MMP-3d) [24]. Snake
venom metalloproteinases all share approximate 50%
identity {30]. By contrast, there is no significant homol-
ogy present in the overall sequences for the members
from different familics.

This classification scheme will be useful for identity-
ing zinc ligands in metalloendopeptidases and the struc-
tural relationships of these enzymes. Site-directed mut-
agenesis and X-ray analysis of the crystal structures for
some of these enzymes will provide further experimental
tests for this scheme. In addition, this classification
scheme may be expanded to include metalloexopepti-
dases such as carboxypeptidases and aminopeptidases
{6], and angiotensin-converting enzyme, a carboxyl ter-
minal dipeptidase [31]. 1t will be of interest to see
whether the two fundamental mmodes of binding zinc are
conserved in all metallopeptidases.
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