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The crystal structure of the zinc-protease, H,-proteinase, isolated from the venom of
Trimeresurus flavoviridis has been determined. The crystallographic R factor is 0.176 for
10,635 reflections with F,,. >20(F,.;) in the 8.0 to 2.2 A resolution range. The enzyme has
two domains with a cleft in which a catalytic zinc atom is located. The N-terminal domain
is composed of four helices around a central five-stranded 2-sheet. The irregularly folded
C-terminal domain contains one helix and two disulfide bridges. These two domains are
linked by a disulfide bridge. In the zinc environment, the catalytic zinc atom forms a
distorted tetrahedral coordination with three histidines and one catalytic water molecule,
and the methionine-containing turn is structurally conserved. These are distinctive
features of the metzincins, one of the zinc metalloprotease superfamilies. The entire
structure shows good agreement with that of two Crotalus snake venom proteases,
adamalysin II and atrolysin C. The H,-proteinase, however, contains no structural calcium
ions, and differences of disulfide configurations and the coordination of the catalytic water

molecule exist as compared with the other two proteases.
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Metzincins comprise a zinc metalloprotease superfamily
named after two distinct characteristics: a zinc-binding
consensus sequence HExxHxxGxxH and a structurally
conserved methionine-containing turn (the Met-turn) (I-
3). The metzincins are further divided into four families,
the astacin, serratia, matrixin, and reprolysin families.
Astacin from Astacus fluviatilis was the first metzincin of
which the crystal structure was determined (4). Subse-
quently, three-dimensional structures of seven metzincins
in all four families were determined (5-14).
Metalloproteases contained in Crotalidae and Viperidae
snake venoms are classified into the reprolysin family
together with mammalian reproductive tract proteins (I).
The snake venom proteases hydrolyze pericellular base-
ment membrane proteins which are involved in adhesion
among capillary endothelial cells, leading to local hemor-
rhage (15). These snake venom proteases are divided into
four classes in terms of the number of domains (16). The
highest molecular mass proteases have four domains, the
metalloprotease, disintegrin-like, Cys-rich, and lectin-like
domains. The metalloprotease domain located in the N-
terminal region of their amino acid sequences is equivalent
to an entire sequence of the lowest molecular mass pro-
teases. In the reprolysin family, crystal structures of two
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protease from rattlesnake venoms, adamalysin II from
Crotalus adamanteus venom (5, 6) and atrolysin C from
Crotalus atrox venom (7), have been determined. These
proteases are similar in terms of crystal structure to
mammalian collagenases which belong to the matrixin
family.

H,-proteinase [EC 3.4.24.53] isolated from the venom
of Trimeresurus flavoviridis (Habu snake) (17) consists of
201 amino acid residues and three disulfide bridges (18).
H,-proteinase cleaves oxidized insulin B chains, fibrinogen
A.-chains and some synthetic peptides (17, 19). These
peptides, which are more than five amino acid residues in
length, are cleaved at a peptide bond adjacent to a Leu or
Met residue. The shorter peptides show competitive inhibi-
tion which varies in degree according to their length. The
proteolytic activity is inhibited by the antihemorrhagic
factor in the serum of the Habu snake (20) and by metal-
chelators such as EDTA.

In the Habu venom, four hemorrhagic proteins, HR1A,
HR1B, HR2a, and HR2b were also found (19, 21-23).
H,-proteinase and HR2a belong to the lowest molecular
mass class. They are similar in terms of amino acid
sequence and enzymatic properties, although HR2a only
possesses the hemorrhagic activity and requires calcium
1ons for its activity (17, 22).

We report here the molecular structure of H,-proteinase
refined with data up to 2.2 A resolution. The crystal
structures of various snake venom proteins are being
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determined in order to examine the structural features
which control the substrate recognition by snake venom
proteases.

MATERIALS AND METHODS

Purification and Crystallization—H,-proteinase was
purified from Habu venom and crystallized as described
previously (24). The protein solution was concentrated to
18 mg/ml in 50 mM Tris-HCl buffer (pH 8.0) containing
100 mM NaCl. Crystallization was carried out by the
hanging drop vapor diffusion method. A drop formed from
equal volumes of the protein solution and reservoir solution
consisting of 2.2 M ammonium sulfate and Tris buffer was
equilibrated against the reservoir solution at 20°C. Trun-
cated bipyramidal crystals with approximate dimensions of
0.3x0.3x0.2 mm?, which were suitable for X-ray studies,
were obtained in several weeks. The crystals belong to the
space group P4,2,2 with cell dimensions a=b=77.8 A, c=
82.3 A. (The correct enantiomorph was selected based on
anomalous dispersion data.)

Data Collection and MIR Phasing—The crystals were
harvested into 3.0 M ammonium sulfate solution buffered
with 50 mM Tris-HCI (pH 8.0). Heavy-atom derivatives
were prepared by soaking crystals in the appropriate
solutions (Table I).

Diffraction data of three heavy-atom derivative crystals
were collected on a Rigaku RAXIS-IIC (25). Ni-filtered
CuK, X-rays (A =1.5418 A) were generated from a rotat-
ing anode generator, Rigaku RU-200, operated at 50 kV and
80 mA, and focused by a triangular double mirror system.
The oscillation images were indexed and integrated using
the program Rigaku-PROCESS (26).

Native anomalous diffraction data were collected to
obtain anomalous dispersion phasing from the native zinc
atom. To determine the wavelength for maximum Bijvoet
differences, the X-ray absorption near edge structure
(XANES) of the crystal was measured at stations BL-6A
and BL-18B at the Photon Factory, Tsukuba. The wave-
length A =1.2825 A was selected, where the absorption
component of anomalous scattering (Af”) takes a maximum
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value. The anomalous diffraction data and higher resolution
data (Native-2) for model refinement at 1 =1.07 A were
obtained using the Weissenberg cameras of the above
stations (27). The Weissenberg images were processed by
the program WEIS (28), and scaled and averaged by the
programs ROTAVATA and AGROVATA in the CCP4
program suite (29). A summary of data collection is
presented in Table L.

A difference Patterson map for each derivative was
calculated at 4 A resolution. Possible heavy atom positions
approximated from the Harker sections were assessed
using cross-phased difference-Fourier maps, where minor
sites of each derivative were found. The Bijvoet difference
Patterson map calculated using the native anomalous data
showed clear peaks derived from the zinc atom. Also, the
Bijvoet difference Fourier map calculated using the native
anomalous data and the phases from three derivative data
set showed only one peak in an asymmetric unit. This result
is consistent with the finding that the asymmetric unit
contains a monomer of the protein at a optimal V), value, as
determined in the preliminary X-ray study. The absolute
configuration of the crystals was determined to be P4,2,2
from the anomalous effect. The initial phase set was
calculated at 2.5 A resolution with the overall figure of
merit of 0.59 for 5,854 reflections (Table I). The solvent
flattened map was helpful in the model building. The phase
determination by means of multiple isomorphous replace-
ment was performed using the program package PHASES
(30).

Model Building and Refinement—The polypeptide chain
was traced on minimaps calculated using the initial phases
and the phases modified by means of the solvent flattening.
In the electron density maps, the zinc atom was located near
helical density distributions considered to be an “active site
helix.” Model building to electron density maps was carried
out using the program Turbo-FRODO (31). Initially, 84% of
the residues was built, excluding the amino- and carboxy-
terminal and a loop region (residue 155-175).

The model was refined using the program X-PLOR (32)
with the force-field parameters derived from the Cam-
bridge database (33). The restraints with the initial phases

TABLE 1. Statistics for data collection and phase determination.
Derivatives KAu(CN), EMTS* Er,(S0.), Native-anomalous® Native-1 Native-2°
Concentration (mM) 1.0 1.0 5.0
Soak time (days) 2 1 4
Instrument RAXIS-Ic RAXIS-IIc RAXIS-Ilc PF/1.2825 A RAXIS.Ilc PF/1.0700 A
Resolution limit (A) 2.6 2.5 2.5 2.6 2.5 2.2
Observations 35,117 44,158 24,144 49,673 39,954 53,846
Unique reflections 7,401 8,363 5,676 7,295 7,722 14,262
Completeness (%) 80.0 90.3 61.4 79.1 83.6 86.2
Raerge(I)€ 0.088 0.071 0.086 0.079 0.080 0.069
R,." 0.090 0.088 0.088 -
Rewns® 0.64 0.65 0.54 —
Reraw! 0.049 0.040 0.052 0.085
Number of sites 1 1 2 1
Phasing power® 1.40 1.26 2.03 1.72
Mean overall figure of merit 0.59

*Ethylmercurithiosalicyclic acid sodium salt. *Each of the data sets collected at Photon Factory was scaled and merged using the programs of
the CCP4 suite, while the others were done using the program Rigaku-PROCESS and only included amplitudes of I > 10(I). “Ruerge(I) =Z4Z;
| Ins/ Gy— LI )/ ZAZaKI> s, where (I}, is the averaged intensity of reflection, h, derived from the measurements, I;, and G is the inverse scale
factor for the jth plate. “Ri;, =23\ Fou— Fol/Zal Fou+ Fo|. °Reains = a|Fout Fo— Fyl/Sa}Foy — Fp| for centric reflections. 'Rxraut= = a| Foovn —
Frcaso|/Zn| Fru| for acentric reflections. *Phasing power is the root-mean-square (r.m.s.) value of the heavy atom structure factor amplitude

divided by the r.m.s. residual lack of closure errors.
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were applied until the loop region could be assigned. Water
molecules were added to residual peaks on 2F, — F; or F, —
F. maps to match the stereochemical conditions. Tempera-
ture factors of non-hydrogen atoms were refined under
isotropic individual restraints. The accuracy of the model
was assessed by calculating the omit maps. The structural
parameters for 1,646 non-hydrogen atoms were converged
with a crystallographic K factor of 17.6% for 10,635
reflections (Native-2) with F>2¢(F) in the 8.0 to 2.2 A
resolution range (Table II}.

RESULTS AND DISCUSSION

Overall Structure—The H,-proteinase is a flat ellipsoid
with dimensions of 50X 45 30 A (Fig. 1a). It is composed
of two domains separated by a cleft. Each domain is
composed of segments from both the N-terminal 150
residues and the C-terminal 50 residues. The N-terminal
domain has a central core of a five-stranded fS-sheet with
four « helices. The central B-sheet is parallel except for
strand IV, which faces the cleft. The secondary structure
arrangement of £ axasfuacfnfivBvap is similar to that of
other metzincins except for a large insertion of loop II-C
and the helix C (Fig. 1b). The C-terminal domain has one
helix (a¢) and an irregularly folded region, which is
presumably important in substrate recognition. The region
contains the Met-turn and is stabilized by two disulfide
bridges. The bottom of the cleft is occupied by a catalytic
center consisting of the zinc atom and its chelators.

For the model having 198 residues and lacking the two
amino-terminal and one carboxy-terminal residues, the
Ramachandran plot (34) shows that most residues are in
the allowed main chain conformation except Cys117 and
Asn193 (Fig. 2). The two residues are not taken in a regular
secondary structure, and are located in the C-terminal
portion, which includes a disulfide, Cys117-Cys196, and
contacts with a symmetrically related molecule. The
Luzzati plot (35) suggests a mean coordinate error of 0.28
A. The F,—F, omit map (Fig. 3) shows good agreement
with the refined model. Electron densities corresponding to
Aspl54-Lys155 and Ser170-Lys172 are relatively weak.

Zinc Environment and Substrate Recognition—The zinc
atom is located at the bottom of the cleft and is coordinated
in a distorted tetrahedral manner to Hisl42, His146,
His152 and the putative catalytic water molecule (Fig. 4).
This water molecule is anchored to the catalytic base
residue, Glul143. The imidazole rings of the three histidine
residues are arranged in the vicinity of Met165 of the

TABLE II. Refinement statistics (8.0-2.2 A).
Crystallographic R factor (%) 17.6
Number of reflection {#>20(F}] 10,635
Completeness in this range (%) 76.0
r.m.s.d. bond lengthes (A) 0.014
r.m.s.d. bond angles () 1.734
Number of non-hydrogen atoms 1,646

Protein 1,582
Water 63
Zinc 1
Average temperature factors {A?) 28.2
Protein atoms 27.9
Main-chain atoms 26.0
Water molecules 37.0
Zinc atom 26.9
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Met-turn, which provides a hydrophobic environment and
stabilizes the zinc coordination. These hydrogen bond
networks in the zinc environment are summarized in Table
II1. The successive residue to the third histidine chelator is
conserved in each metzincin subfamily (I). Asn153, con-
served in the reprolysin family, is located within possible
hydrogen bonding distance from the highly conserved
Serl78.

Substrates may interact with the cleft between the two
domains in an anti-parallel arrangement against strand IV
(6). The protease recognizes the P3-P2-P1-P1'-P2'-P3’
sequence of a substrate in the S3, 82, S1, S1°, 82, 83’
subsites, respectively, and cleaves it at the peptide bond
between P1 and P1’. The S1’, 82’, and S3’ subsites (36), are
located at the deep valley mainly consisting of the protu-

o

N-tsrminal main,

Collagenase, Astacin, Serralysin

Fig. 1. (a) Schematic drawing of H,-proteinase structure. Zinc
atom (solid circle), its chelators and disulfide bridges (ball and stick)
are also shown. Figs. 1a, 4, 6a, 7, and 8 were made using the program
MOLSCRIPT (40). (b) Metzincins topology. Topological packing
diagrams for snake venom proteinases and other metzincins.
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berant loop III-IV and C-terminal loop D-E. The S1, §2,
and S3 subsites are relatively flat.

The S1’ subsite, which recognizes the C-terminal side
residue of the scissored peptide bond, is located adjacent to
the zinc atom and plays the dominant role in substrate

=

I

Ps1 (degrees)

Fig. 2 Ramachandran plot of main-chain torsion angles.
Non-glycine residues are indicated with a box and glycines are
indicated with a trniangle. The allowed regions are indicated by solid
boundaries The plot was made using PROCHECK (29)

T. Kumasaka et al.

recognition. The wall of the S1’ pocket consists of Vall38,
Ile169, and Serl166, and recognizes hydrophobic bulky
residues such as L.eu and Met. The enzyme cleaves peptides
longer than pentamers, and thus has a complex substrate
recognition system involving several sites.

Configurations of Disulfide Bridges—Snake venom pro-
teases contain various numbers of disulfide bridges, ranging
from two to four. A highly conserved disulfide, Cys117 and
Cys196, connects two domains. The variation of the num-
ber of disulfide bridges occurs in the C-terminal domain.
H,-proteinase has two disulfide bridges in this domain. One
disulfide bridge connects Cys158 on loop D-E and Cys180 in
helix E and stabilizes the C-terminal domain The other
disulfide between Cys160 and Cysl63 serves to direct
Met165 to the zinc atom and stabilize its position. In the
snake venom proteases possessing three disulfide bridges,
various numbers of amino acid residues (three to six) are
ingerted between the latter cysteine residues (Fig. 5). Since
the residues between the cysteines project to a solvent area,
these variations do not cause loss of structural integrity.

Comparisons with Adamalysin II—The sequence align-
ments of H,-proteinase with adamalysin II and atrolysin C

TABLE III Geometry of the zinc environment.
Distances A) Angles ()

ZN-H142 N** 239 H142 N**-ZN-H146 N** 881
ZN-H146 N** 226 H142 N**-ZN-H152 N*? 93 0
ZN-H152 N« 219 H146 N**-ZN-H152 N** 94 9

ZN-WAT 244 H142 N“-ZN-WAT 106 4
WAT-E143 0 3.27 H146 N“-ZN-WAT 138 8
ZN-M165 C*! 4 90 H152 N*-ZN-WAT 1217

Fig 3. F,—F. omit map for residues 55-64 (RLQIWSKKDL), contoured at 3.00. Refined atomic coordinates are superposed.

J. Biochem
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150

160

170

180

1
H2 MTHELGHNLGMEHDDKDKCKC . . . EACIMSDVISDKPSKLFSDCSK
HR2a: MTHEIGHNLGMEHDDKDKCKC . . . EACIMSAVISDKPSKLFSDCSK
HR1B: MTHEMGANLGIPHDGNS . CTC . GGFPCIMSPMISDPPSELFSNCSK

RHOD:  MAHEMGHNLGVRHDGEY .CTCYGSSECIMSSHISDPPSKYFSNCSY
RSN,

e
AtxC: MAHET.GHANLGMEHDGKD . CLR . GASLCIMRPGLTKGRSYEFSDDSM
Ad MAHELGHNLGMEHDGKD . CLR . GASLCIMRPGLTPGRSYEFSDDSM

O

Positional Difference (A)
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(157) (164)

ﬁésidue Number

53

Fig 4. The 2inc environment.
The catalytic zinc atom (ZN) and
the catalytic water molecule
(WAT) are indicated with gray
arcles The S1’ pocket, which 13
located beside the zinc-chelator, 18
mapped with a Connolly surface
obtained by the program Turbo-
FRODO. Black arcles indicate
water molecules which were found
n the pocket

Fig 5. Sequence alignment of H,-pro-
teinase with other snake venom prote-
ases in the loop D-E. Itahicized letters
indicate the zinc-binding motif and the
Met-turn. Bold letters mean three histidine
chelators and the methiomine of the Met-
turn. The upper four proteins contain two
digulfides (thick lines) m this region, while
the lower two proteins have only one. The
sequences were aligned with the aid of the
disulfide configurations. {H2- H,-proteinase
(18), HR2a (23), HR1B (21) from the Habu
venom, RHOD rhodostomin (41) from the
venom of Calloselasma rhodostoma, Ad:
adamalysin I (6), AtrC- atrolysin C (39)].

Fig. 6 (a) Stereo figures of the C,
atoms of H,-proteinase (solid line) and
adamalysin II (hollow line). The coor-
dinates of the adamalysin Il structure
were from the Protein Data Bank (Code:
1IAG). Each 10 residues are numbered
(b) Positional differences between cor-
responding C, atoms of H,-proteinase
and adamalysin II. Residue numbers
reflect alignment of the sequence of ad-
amalysin 1T onto that of H,-proteinase
with the gap between Alal62-Cys163.
Above lines and boxes show regions of
secondary structures.
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show 53 and 52% homologies, with one gap at Alal62-
Cys163 in the sequence of H,-proteinase, respectively. The
level of sequence homology between adamalysin II and
atrolysin C is 80%. Although the overall topology of the
H,-proteinase structure is similar to that of adamalysin II
and atrolysin C (Fig. 6a), there are significant differences
caused by differences in the configuration of the disulfide
bridges in the C-terminal domain (Fig. 5). The positional
differences of C, atom positions are shown in Fig. 6b. The
average of the values only in the N-terminal domain
(residues 3-152) is 0.50 A. The differences in phi-psi angles
of Arg89 in loop C-III and the positional shift of helix E
were caused by differences in the crystal packing, because
each of the conformations is reasonable complementally.
Adamalysin IT has only one disulfide, Cys157-Cys164, in
the C-terminal domain (Fig. 7a). These cysteine residues
correspond to Cysl58 and Cys163 of H,-proteinase in the
alignment of the amino acid sequences (Fig. 5). In H,-pro-
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teinase, the region from Asp154 to Cys163 is located closer
than in adamalysin II to helix E, due to the introduction of
two cysteines (Cys160 and Cys180). The largest positional
difference of 8.79 A is between Lys157 of H,-proteinase
and Cys157 of adamalysin II (Fig. 6b).

Residues from Ser170 to Pro173 of H,-proteinase form
the turn of the loop connecting the Met-turn with helix E.
Prol73, which is conserved in snake venom proteases
possessing three disulfide bridges, distorts a g-conforma-
tional loop and faces the bottom of the S1’ pocket. In
adamalysin II, this depression is complemented by orient-
ing a Tyr176 side chain toward the inside of the correspond-
ing loop.

The zinc environment 1n H,-proteinase is different from
that of the adamalysin II molecule in terms of the positions
of the catalytic water molecule and the side chain of the
catalytic base glutamate residue, Glu143 (Fig. 7b). An O’
atom of Glu143 in H,-proteinase is located within possible

A N ;:;"\
N P —
\l /“'\3
B //"

41
<
A\ /
Y 4
P
Y/ P

Fig 7. Stereo flgures of super-
position of H,-proteinase and
adamalysin II. (a) Disulfide

~ bridges 1n the C-terminal domain,

|y (b) zinc coordination, (¢) calcium

4 binding site. The calcium ion is

only mcluded in adamalysin II

L N Gray lines and white lines indicate

\ H,-proteinase and adamalysin II,
respectively

. Biochem.
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hydrogen bonding distance (3.42 A) from the water mole-
cule, while the glutamate residue of adamalysin II is far
from the water molecule (4.11 A). Most zinc-proteases
show optimal activity under neutral or weakly alkaline
conditions. The crystals of H,-proteinase were obtained at
pH 8.0, near the optimum pH for the proteolytic activity,

55

while those of adamalysin II were obtained at pH 5.0 (6).
The pH dependency of the activity may be related to the
pK, of the y-carboxyl groups of the glutamates. This
conformation is required for deprotonating the water
molecule and cleaving substrates.

The arrangement of the zinc atom and the three histidine
residues corresponds well with that in the adamalysin II
molecule, although the water coordination is different and
there is a large positional differences of loop D-E located
near the zinc environment.

A structural calcium ion in adamalysin II binds tetrahe-
drally to three residues (Glu9, Asp93, and Asn200 in
adamalysin II) and a water molecule (Fig. 7¢). Despite the
conservation of these residues in H,-proteinase, no areas
representing calcium ions could be found in the electron
density map. In H,-proteinase, Glu9 contacts Ser52, and

Asnl99 (Asn200 in adamalysin II) is linked to a water

molecule and Lys21 of a symmetrically related molecule
through hydrogen bonding. Although H,-proteinase can be

readily inactivated by the addition of some divalent cations
to the calcium-free solution, HR2a from Habu venom,
which also possesses these binding residues, requires
calcium ions for its proteolytic activity and is not inhibited
by these cations in the presence of calcium ions. These
features suggest that structural calcium ions affect the

Vol. 119, No. 1, 1996

stability of the zinc coordination in HR2a, because the

Fig. 8. Putative residues deter-
mining hemorrhagic activity. (a)
Residues not conserved in four snake
venom proteinases, (b) stereo figures
of superposition of H,-proteinase
(hollow line) and human fibroblast
collagenase (solid line) with the C,
atoms, (c) the active site. The struc-
tural zinc (ZN2) and calcium (CA)
atoms are only included in the col-
lagenase. Hollow circles indicate the
non-conserved residues. The coordi-
nates of human fibroblast collagen-
ase structure were from the Protein
Data Bank (Code: 1CGL).
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substitution of the zinc ion reduces the activity by changing
the coordination number around the substituted cation (37,
38).

Comparisons of Metzincins—Superpositions of the crys-
tal structure of H;-proteinase and metzincins whose struc-
ture have been determined were calculated with respect to
the C, atoms from Val138 on the active site helix D to the
third histidine ligand His152 (the region for the fitting was
extended along helix D). All of them show agreement in the
zinc environment, especially, human fibroblast collagenase
(8-10) and human neutrophil collagenase (11), belonging
to the matrixin family. The astacin and serratia families
have a tyrosine residue as a fifth zinc ligand while in the
reprolysin and matrixin families it is replaced by a proline
residue, which is not a zinc chelator. H,-Proteinase has a
chelatable aspartate residue (Aspl67) in that position.
However, this side chain in H,-proteinase is oriented away
from the cleft and cannot chelate the zinc atom.

H;-proteinase (18) and adamalysin IT (6) as non-hemor-
rhagic proteases were compared with hemorrhagic pro-
teases, HR2a (22) and atrolysin C (39), in terms of primary
structure. Different amino acid residues in each group may
take part in the recognition of matrix proteins. Most of
these residues lie on the surface of the cleft side of loop II-C
(Lys61, Ala70), helix C (Val73, Ser77), loop OI-IV
(Asnl04, Aspl05), strand IV (LeullQ), and loop IV-V
(Lys113, Lysl14) (Fig. 8a). Cleavage of the matrix pro-
teins by matrixins or snake venom hemorrhagic proteases
might be carried out via direct interaction of the cleft of the
enzyme with the matrix proteins. Because there are few
differences in the specificities for synthetic peptides be-
tween snake venom hemorrhagic and non-hemorrhagic
proteases, residues on the surface of the enzymes might
determine the affinities for the matrix proteins. Superposi-
tion of the crystal structure of a matrixin, human fibroblast
collagenase (8, 9), on that of H,-proteinagse shows posi-
tional agreements for residues 70, 73, 77, 104, and 105,
although the amino acid sequence of the collagenase is
different in the N-terminal domain, with large deletions
compared with that of H,-proteinase (Fig. 8, b and ¢). In
this region of the collagenase, two additional cations stabi-
lize the conformation. This supports the hypothesis that
these molecular surface regions are related to the enzyme
affinity for matrix proteins. However, these residues may
not be dominant in substrate recognition, because the
lowest molecular mass proteases show weaker proteolytic
activities than the higher molecular mass ones. Also,
crystal structures of matrixins were determined only at the
catalytic domain. The elucidation of the crystal structure of
the whole enzymes is required in order to understand the
mechanisms of enzyme affinity for substrates.
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