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The crystal structure of human neutrophil cathepsin
G, complexed with the peptidyl phosphonate inhibitor
Suc-Val-Pro-Phe?-(OPh),, has been determined to a
resolution of 1.8 A using Patterson search techniques.
The cathepsin G structure shows the polypeptide fold
characteristic of trypsin-like serine proteinases and is
especially similar to rat mast cell proteinase II. Unique
to cathepsin G, however, is the presence of Glu226
(chymotrypsinogen numbering), which is situated at
the bottom of the S1 specificity pocket, dividing it into
two compartments. For this reason, the benzyl side
chain of the inhibitor Phe? residue does not fully
occupy the pocket but is, instead, located at its entrance.
Its positively charged equatorial edge is involved in a
favourable electrostatic interaction with the negatively
charged carboxylate group of Glu226. Arrangement of
this Glu226 carboxylate would also allow accommoda-
tion of a Lys side chain in this S1 pocket, in agreement
with the recently observed cathepsin G preference for
Lys and Phe at P1. The cathepsin G complex with
the covalently bound phosphonate inhibitor mimics a
tetrahedral substrate intermediate. A comparison of
the Arg surface distributions of cathepsin G, leukocyte
elastase and rat mast cell protease II shows no simple
common recognition pattern for a mannose-6-phos-
phate receptor-independent targeting mechanism for
sorting of these granular proteinases.
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Introduction

Human neutrophil elastase (hne), cathepsin G (catg) and
proteinase 3 represent a major class of proteins found in
the azurophilic granules of polymorphonuclear leukocytes
(neutrophils), but also in monocytes (Campbell et al.,
1989) and in mast cells (Schechter ez al., 1994). These
three serine proteinases are utilized by the phagocytic
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cells to degrade foreign organisms or dead tissues during
inflammatory responses. These enzymes are unique in that
they have, in addition to the ability to digest denatured
proteins and polypeptides, the capacity also to degrade
most constituents of the extracellular matrix (Baggiolini
et al., 1979; Caughey, 1994; Gabay, 1994). Indeed, it has
recently been shown that both hne and catg activities can
also be located on the surface of neutrophils, suggesting
alternative functions for these proteinases in cellular
processes such as egress from the vasculature and penetra-
tion of tissue barriers during chemotactic responses (Owen
and Campbell, 1995).

During the process of phagocytosis there is substantial
release of these three proteinases from azurophilic
granules, both intracellularly into vacuoles containing
materials to be degraded, and extracellularly as a result
of cell leakage and/or neutrophil death. Usually, there are
significant levels of plasma-derived proteinase inhibitors
such as o1-proteinase inhibitor and ol-antichymotrypsin
to inhibit extracellular proteinases. However, at inflam-
matory sites, genetic or acquired deficiencies of host tissue
inhibitors can result in the uncontrolled digestion of
healthy tissues and, ultimately, in the development of
connective tissue diseases, such as emphysema and
periodontitis. Hereditary deficiency of al-antichymotryp-
sin, the major physiological inhibitor of catg (Beatty et al.,
1980), has been shown to be a risk factor for lung disease
(Faber et al., 1993). It has been suggested that the
rapid and dramatic increase in al-antichymotrypsin, after
inflammatory episodes and the subsequent extracellular
release of catg, is needed to control its rapid angiotensin
I-converting activity (Reilly et al., 1982; Snyder et al.,
1985; Travis, 1988; Bangalore and Travis, 1994).

The physical and chemical properties of catg are now
well understood. According to its sequence and occurrence,
human catg is a typical member of the haematopoietic
serine proteinase superfamily, with particularly close
sequence relationships to human granzyme H (Haddad
et al., 1991), granzyme B (also known under other
designations such as Cytotoxic Cell Protease 1; see for
example Jenne et al., 1989; Chandrasekharan et al., 1996)
and rat mast cell protease II (rmcp; Salvesen et al., 1987).
Human catg is synthesized as a 255 amino acid residue
protein including an 18-residue signal peptide and a two-
residue activation peptide at the N-terminus (Salvesen
et al., 1987). Removal of the Gly Glu propeptide upon
proteolytic activation of catg, probably brought about by
the thiol proteinase dipeptidyl peptidase I (McGuire et al.,
1993), gives rise to the characteristic Ile16 N-terminus of
the mature enzyme. Further slow proteolytic processing
of the C-terminal peptide extension of catg, presumably
occurring at Ser244-Phe245 or shortly behind, has been
reported (Salvesen and Enghild, 1990; Gullberg et al.,
1994). Human catg can be isolated in multiple isoforms,
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which seem to differ mainly in type and content of the
sugar linked to its single N-glycosylation site.

Catg has been found to hydrolyse synthetic substrates
much more slowly than comparable proteinases such as
hne. Catg was thought to possess a strict chymotrypsin-
like specificity, with a substantial preference for peptide
substrate cleavage C-terminal of P1-Phe (Powers et al.,
1985; Tanaka et al., 1985). It was recognized only after
the crystal structure determination of hne (Bode et al.,
1986) that the presence of an acidic residue in the S1
pocket might result in the hydrolysis of substrates with
basic Pl residues. Indeed, more recent kinetic studies
verified that Phe can be substituted by Lys, giving rise to
similar k., /K, values (Powers et al., 1989). Physiologic-
ally, the proteolytic activity of catg seems to be mainly
controlled by the serpin ol-antichymotrypsin (Beatty
et al., 1980), but also the endogenous inhibitors ol-
proteinase inhibitor and mucus proteinase inhibitor form
stable complexes with catg (Schiessler et al., 1976). It
has been shown that catg and low-molecular weight
heparin form a 1:1 complex, which is inhibited only
extremely slowly by oal-antichymotrypsin and ol-pro-
teinase inhibitor and which resists inhibition by eglin ¢
(Ermolieff et al., 1994). In vitro, catg has also been
inactivated by a number of different classes of synthetic
serine proteinase inhibitors (for reference, see Powers and
Harper, 1986). A particularly useful class of inhibitors
in X-ray crystallography are o-aminoalkylphosphonate
diphenyl esters since they are stable for many days under
most conditions (Oleksyszyn and Powers, 1994). These
transition-state analogue inhibitors irreversibly inhibit
serine proteinases by phosphonylation of the active-site
serine to form a phosphonated Ser195 derivative which
again is stable for days.

Although catg is apparently less active endoproteolytic-
ally than hne or proteinase 3, it can degrade connective
tissue components such as cartilage proteoglycans, colla-
gen type I and II, laminin and fibronectin. Catg also has
other unusual physiological characteristics, however. In
particular, it has significant broad-spectrum antimicrobial
activity, which is independent of its function as a pro-
teinase. A catg digestion peptide mixture, obtained by
clostripain treatment, retained part of that bactericidal
activity (Bangalore et al., 1990). In addition, the enzyme
has been suggested to be involved in IL-8 processing
(Padrines et al., 1994), in generation of amyloidogenic
fragments from the B-amyloid precursor protein (Savage
et al., 1994), in strong interactions with the V3 loop of
HIV-1 gpl120 (Avril et al., 1994, 1995), in proteolytic
activation of complement C3 (Maison et al., 1991), in
cellular effects on platelets via degradation and/or activa-
tion of a thrombin receptor or another homologous receptor
(Selak, 1994; Molino et al., 1995), in activation of human
factor V (Allen and Tracy, 1995) and in stimulation of
human lymphocytes (Hase-Yamazaki and Aoki, 1995).
In most of these examples catg seems to cleave after
Phe residues.

In an attempt to understand the physiological and
chemical properties of catg at atomic resolution, we
have solved its crystal structure in complex with the
phosphonate inhibitor Suc-Val-Pro-PheP-(OPh),. Here, we
give a detailed description of the structure, emphasizing
especially its peculiar specificity and relevance to possible

5482

structure-based drug design. Furthermore, this structure
will be an excellent template for modelling structures of
the homologous granzymes.

Results

Overall structure

Catg resembles an oblate ellipsoid with diameters of ~35
and ~50 A. It is folded into two six-stranded B-barrels
strapped together by three frans domain segments. The
surface is made up of various turn structures, two short
a-helical single turns from residues 56 to 58 and 165 to
168, and the C-terminal helix from residue 231 to 243
(see Figure 1). As in the other trypsin-like serine pro-
teinases (Bode and Huber, 1986), the active-site cleft and
the catalytic residues are located along the junction of
both barrels.

Optimal superposition of the catg structure with rmcp
(Remington et al., 1988), hne (Bode et al., 1986), bovine
chymotrypsin (chymo; Blevins and Tulinsky, 1985) and
bovine B-trypsin (trypsin; Bode and Schwager, 1975)
results in 204, 173, 178 and 182 topologically equivalent
o-carbon atoms with r.m.s. deviations of 0.55, 0.66, 0.77
and 0.67 A, respectively, if only a-carbon atom pairs
within 1.5 A are included. These data show the ranking
with respect to topological homology to catg: rmcp is
most similar, followed by trypsin and hne. This order
is strengthened if identical residues are compared: 109
topologically equivalent catg residues are identical with
rmcp, compared with 77, 73 and 75, respectively, for the
three other proteinases. The topological equivalence forms
the basis for the alignment of the five serine proteinases
shown in Table I; the numbering of catg is based on the
equivalence with chymotrypsinogen (Hartley and Shotton,
1971). A proper alignment with chymo requires single-
residue insertions at positions 184A, 187A and 220A, and
deletions of one, two, three and four residues at chymo
positions 62, 149-150, 221-223 and 203-206, respect-
ively. Compared with rmcp, only one single-residue dele-
tion and one single-residue insertion have to be applied.
The optimal superposition with hne, in contrast, requires
several longer deletions and insertions (see Table I).

Like all active chymotrypsin-like serine proteinases, the
catg sequence starts with Ilel6, with its ammonium
group forming an internal salt bridge with the side chain
carboxylate group of Aspl194. A pentapeptide comprising
the first five N-terminal residues of catg (Ile-Ile-Gly-
Gly-Arg) was found to possess antimicrobial activity
(Bangalore et al., 1990). In the intact catg molecule these
first two residues are buried and the peptide chain is
accessible to the solvent only from Gly18 onwards. The
last residue of the catg polypeptide chain, which is
(partially) defined in the electron density, is Ser244.
Although this is consistent with possible disorder of the
C-terminal peptide extension, the crystal packing does not
appear to allow space for the additional 11 residues. We
therefore assume that the crystallized catg is C-terminally
truncated, ending either at Ser244 (in agreement with
Salvesen and Enghild, 1990) or at Phe245 (which repre-
sents an autocatalytic cleavage site).

With its 34 arginine and four lysine residues opposed
by only 11 glutamates and nine aspartates, catg is an
extremely basic molecule. Apart from Aspl02, Asp194
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Fig. 1. (A) Stereo ribbon plot of human cathepsin G. The view (referred to as standard orientation) is towards the active-site cleft, which runs from
left to right across the molecular surface. The Suc-Val-Pro-Pho® inhibitor and the disulfide bridges are depicted as ball-and-stick models. Figure
made with MOLSCRIPT (Kraulis, 1991) and rendered with RASTER3D (Merritt and Murphy, 1994). (B) Superposition of the Ca stereo plots of
chymo (red), rmcp (yellow) and catg (green). The view is the standard view as in (A). The phosphonate inhibitor has been added (blue) as bound to

catg. The figure was prepared employing MAIN (Turk, 1992).

and Glu226, involved in the catalytic triad, in internal salt
bridge formation, and buried in the S1 pocket (see below),
respectively, all charged side chains are at least partially
exposed to the bulk solvent. The juxtaposition of Glu226,
Aspl02 and Asp194 produces together a rather negative
electrostatic potential in the specificity pocket (see Figure
2). In the immediate vicinity of the active site, three
arginine residues reside (Arg97 to the north, and Arg4l
and Argl43 to the south), while in its more distant
neighbourhood Argl78, Argl79 and Argl87A (to the
west) and Argl47, Argl48 (to the south) can be located
(see Figure 2). Only two of the Arg side chains (Arg27
and Arg48) are involved in surface-located, intramolecular
salt bridges with carboxylate groups (Glul57 and Asp50).
None of the other guanidino groups is compensated by
neighbouring counter charges of the protein. Most of the
arginines are arranged in a U-shape around the front side
of the molecule (as shown in Figure 2) and on the surface
site opposite to the active-site cleft (figure not shown).
Several of these arginines are clustered in surface patches
consisting of two to six closely packed guanidino groups
(such as Argl64, 166, 170, 185 and 186 arranged around
the intermediate helix located to the west in Figure 2, and
Argll10, 111, 48, 113, 114 and 116 positioned on the
backside of the molecule).

Loops surrounding the active site
Since many of the distinct properties of serine proteinases
arise from the loops making up the active site, these
deserve particular attention; in the following they will be
addressed in an anticlockwise manner using the ‘front’
view of catg given in Figure 1 as a standard orientation.
To the east of the active site (quarters denoted according
to the standard orientation) the 37 insertion loop apparently
projects out of the molecular surface near the active-site
cleft (see Figure 2); no electron density is observed,
however, for five residues from 36 to 38 (they are
nevertheless included in Figures 1 and 2 to preserve chain
continuity). Segment 3941 narrows the active-site cleft
much more than observed in most other serine proteinases,
but is similar to the equivalent segment of rmcp. Residue
32 is Tyr and residue 40 is Ser; thus, catg lacks a specific
‘zymogen triad’, Asp194-His40-Ser32, as present in
trypsin or chymo, to stabilize the zymogen form. From
residue 41 on, all the proteinases compared here take the
same path; only in rmcp and catg do the side chains of
residue 41 project towards the active site, however. From
Cy on, the side chain of Arg41 in catg is flexible, allowing
some adaptation to bound ‘primed’ substrate residues.
This backbone path alters the primed subsites in catg
compared with most other trypsin-like serine proteinases;
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Table 1. Sequence alignments

catg MOPLLL L

rmep

hne MTLGRRLACLFLACVLP
c

chymo
trypsin

GV

catg
rmep
hne
chymo
trypsin

catg
rmep
hne
chymo
trypsin

catg

rmep
hne

chymo
trypsin

catg
rmep
hne
chymo
trypsin

catg
rmep
hne
chymo
trypsin

catg
rmep
hne
chymo
trypsin

catg
rmep
hne
chymo
trypsin

4
FKCOLDQMETPL
EDNPCPHPRDPDPASRTH

Human cathepsin G (catg; Salvesen et al., 1987), rat mast cell protease II (rmcp; Woodbury et al., 1978), human leukocyte elastase (hne; Sinha
et al., 1987), bovine chymotrypsinogen (chymo; Hartley and Shotton, 1971) and bovine P trypsin (trypsin; Mikes et al., 1966), made according to
their topological equivalence. The numbers refer to chymotrypsinogen. The table was prepared with ALSCRIPT (Barton, 1993).

the third domain of turkey ovomucoid inhibitor bound to
catg in its binding configuration with hne would clash
with this catg segment.

North of and adjacent to the 37 loop resides the 60
loop, which extends along the molecular body in similar
manner to that observed in rmcp and trypsin. The indole
moiety of Trp59 extends toward the bulk water, but makes
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plane-to-plane stacking interactions with the guanidino
group of the adjacent Arg90. The side chain of Asn65,
which represents the single carbohydrate linkage site of
catg, is distant from the active-site cleft, and points away
from it. An oligosaccharide should therefore not interfere
with productively bound macromolecular substrates, in
agreement with the negligible effects of glycosylation on
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Fig. 2. Solid surface stereo representation of the electrostatic potential of the ‘front’ side of catg shown in standard orientation. Colouring is made
according to the calculated electrostatic potential contoured from —20 kT/e (intense red) to 20 kT/e (intense blue). The inhibitor is depicted as a stick
model. Visible is the clustering of positive charges (mainly originating from Arg residues) to the south of the active site and in a U-shape around the

‘front’ side. Figure made with GRASP (Nicholls et al., 1993).

catg activity. Some broken electron density might indicate
glycosylation at Asn65; however, because this density
lacks any characteristic sugar-like shape, it has been
interpreted by water molecules.

As in other serine proteinases, the B-hairpin loop of
catg (His91-11e99) protrudes from the north rim into the
active site (Figure 2). Its N-terminal part (His91-Arg97)
contains a peptide segment for which antimicrobial activity
has been shown. Further to the west, the Cys168—Cys182
loop is linked to the 99 loop through the most exposed
Ser174. Contrary to its general designation as a ‘methio-
nine’ loop, the usual position for Met, 180, is occupied
in catg by a Gln.

South of this loop is segment 217-225, which appears
from the molecular structure from Lys217 to Gly220 to
be similar to rmcp and chymo. Like most other granula-
associated chymases, including rmcep, catg lacks cysteine
residues at positions 191 and 220, which in most other
chymotrypsin-like serine proteinases form a disulfide
bridge. Instead, catg has characteristic Gly220 and Phe191,
with the phenyl ring of the latter approximately occupying
the site of the disulfide bridge. The conformation and
position of segment 189-192 remain largely unaffected
by this important structural difference. The following
segment Val221-Pro224-Pro225 is two residues shorter
compared with chymo. Similar to rmcp, the peptide group
between Pro224 and Pro225 is in a cis conformation; the
other three proteinases compared have a longer loop, lack
a proline at position 224 and possess a trans-proline at
position 225.

The southern boundary of the active-site cleft of catg
is mainly formed by the fully defined ‘autolysis’ loop.
This loop, which in catg is two residues shorter than in
chymo and seems to be resistant to cleavage, packs against
the molecular body by looping around the side chain of
Argl43. Adjacent to this ‘autolysis’ loop and behind the
37 loop resides the 70-80 loop. In catg this loop is
topologically similar to the calcium-binding loops of
trypsin and of related proteinases (Bode and Schwager,
1975). In contrast to the digestive enzymes and the
clotting factors IXa (Brandstetter et al, 1995) and Xa
(Padmanabhan et al., 1993), however, the calcium site is

occupied in catg by the carboxamide nitrogen of GIn80,
which is in hydrogen bond distance to the carbonyl oxygen
of Asn72 and to one of the carboxylate oxygen atoms of
Glu77. This is reminiscent of the equivalent loops in rmcp
(Remington et al., 1988) and hne (Bode et al., 1986),
where likewise position 80 is occupied by a Gln and an
Arg residue, respectively, with the distal polar groups
replacing the calcium ion. Replacement of the calcium by
protein side-chain groups confers on these enzymes a
stability which is independent of the calcium level.

Active-site cleft

The active-site cleft is bordered on the north by four
exposed loops, namely a bulge in the 174 loop, the
protruding loop segment 94-99, the N-terminal part of
the 60 loop and segment 3941 of the 37 loop (Figure 3).
The south edge of the cleft is formed by the bulged loop
217-220, the extended side chain of Lys192, the side
chains of the flat ‘autolysis’ loop and the ‘calcium-
binding’ loop.

The residues of the active-site triad, Ser195, His57,
Asp102 and other catalytic structures such as the oxyanion
hole are arranged at the centre of the cleft exactly as in
trypsin and chymo. The specificity pocket (S1) to the west
of Ser195 is bordered by segments Val213-Gly220 (the
entrance frame), Gly189-Ser195 (the basement), Pro225-
Tyr228 (the back of the pocket) and the Phel91 side chain
(closing the pocket towards the south) (see Figure 3). At
its bottom this S1 pocket is subdivided by the side
chain of Glu226 into two separate subcompartments. The
carboxylate group of this Glu226 is fixed via two hydrogen
bonds to the carbonyl oxygen and the amide nitrogen of
Alal90 (2.7 and 2.9 A, respectively). In this catg structure
this geometry suggests protonation of this carboxylate
group, which therefore might have a pK value shifted to
considerably higher values.

To the north of this pocket, a shallow hydrophobic
surface depression extends along the side chains of Phel172
and Tyr215, demarcated to the north by the amide nitrogens
of residues 173 and 174 and the carbonyl groups of
residues 97 and 98. The eastern side of this depression
(S4 subsite) is constricted and bordered by the side chains

5485



P.Hof et al.

\
Phel72
)

hel91

Fig. 3. Stereo stick model of the catg-inhibitor complex around the active-site cleft. The colours used are yellow for the carbon atoms of the protein,
orange for those of the inhibitor, red for oxygen atoms, blue for nitrogen atoms and green for the phosphorus. A Connolly dot surface around the
protein part is represented by blue dots. Water molecules are drawn as white balls. The phosphorus atom is covalently bound to the Oy of Ser195.
To the west of Ser195 opens the specificity pocket, which is divided at its bottom into two subcompartments by the side chain of Glu226. Its
carboxylate group is in edge-to-edge contact with the benzyl side chain of Phol4. The figure was prepared employing MAIN (Turk, 1992).

of I1e99 and the plane of the His57 imidazole ring forming
the S2 pocket.

In contrast to most other serine proteinases, where the
side chain of residue 41 (often Phe) is buried in the
interior of the molecule, the Arg4l side chain of catg is
exposed toward the active-site cleft. Together with the
presence of the similarly exposed Ser40, a narrow crevice
(S1') is formed east of Ser195. The S3' subsite is flattened
because of the peculiar backbone path 3941 of catg
mentioned above.

Inhibitor binding

Figure 4 presents our residue notation for the o-amino-
alkylphosphonate diphenyl ester inhibitor Suc-Val-Pro-
PheP-(OPh), covalently bound to catg. The continuous
electron density between the phosphorus atom and Ser195
Oy and the distance of 1.6 A between both atoms un-
equivocally indicate formation of a covalent bond. There
is absolutely no density accounting for the phenyl rings
of the two phenoxy groups; thus, both phenyl groups seem
to be lost in the catg—inhibitor complex during or after
the reaction with Ser195; both phosphonate oxygens and
the Ser195 Oy are well defined by electron density (see
Figure 5), however. The clear electron density indicates
unambiguously a tetrahedral geometry of the phosphorus
atom. One of the phosphonate oxygens is inserted into
the oxyanion hole and forms hydrogen bonds to the amide
nitrogen atoms of Gly193 and Serl195, while the second
one is directed towards the bulk water.

The inhibitor backbone juxtaposes catg segment
Ser214-Lys217 in an antiparallel, slightly twisted manner;
Vall2 N and O form favourable hydrogen bonds with
Gly216 O and N (3.3 A and 2.8 A), and a third hydrogen
bond is formed between the Phol4 amide nitrogen and
the carbonyl oxygen of Ser214 (3.0 A). As clearly shown
by the electron density (Figure 5), only the L stereoisomer
of the Pho residue is bound to catg. Its benzyl side chain
is sandwiched between the peptide groups of Tyr215-
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Fig. 4. Chemical structure of the inhibitor Suc-Val-Pro-PheP-(OPh),.
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Gly216 and Ala190-Lys192; due to the partial fill of the
bottom of the S1 pocket by Glu226, however, the benzyl
moiety does not project towards the back of this pocket,
but stays in its outer compartment, so that it is not fully
sandwiched by the pocket (see Figure 3). The phenyl ring
is in edge-to-edge contact with the carboxylate group of
Glu226, thus allowing favourable electrostatic interactions
between the positive part of the multipole field of the
aromate and the partial negative charge of the carboxylic
acid group. The back of either subcompartment is occupied
by a fixed buried solvent molecule.

The P2 residue Prol3 of the inhibitor is kinked, which
allows an optimal adaptation to the course of the active-
site cleft of catg. The pentameric pyrrolidine ring of Prol3
nestles into the S2 pocket of catg and fills it completely.
The isopropyl side chain of the P3 residue Vall2 extends
away from the molecular surface, with its side chain atoms
in weak van der Waals contacts with the catg side chains
of Ser218 and Lys192. It is interesting to note that the
distal ammonium group of this surface-located Lys192
does not hydrogen bond to the carbonyl group of Prol3.
The Nou substituted succinyl group (Sucll) is extended
along catg segment 216-217, interacting via van der Waals
contacts with its bound catg molecule; its distal carboxylate
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Fig. 5. Stereo section of the model around the Phol4 residue including the final 2F,—F . electron density contoured at 1 ¢. The atom colours are
the same as in Figure 3. The phosphorus atom of the inhibitor exhibits a tetrahedral geometry. Figure made with MAIN (Turk, 1992).

group forms a central 20-2N salt bridge with the guanidyl
group of Argl78 of a symmetry-related molecule. This
intermolecular salt bridge might be important for crystal
contacts and could be the reason for the successful
crystallization of this catg—inhibitor complex.

Discussion

With the catg described in this paper the crystal structure
of a third member of the granula-associated proteinases
has been elucidated, after those of hne (Bode et al., 1986;
Wei et al., 1988; Navia et al., 1989; Bode, 1996) and
rmcp (Remington er al, 1988). In agreement with the
larger sequence homology, the overall topology of catg
turns out to be most similar to rmcp, so that an optimal
sequence alignment, based on topological equivalence,
requires only one single-residue insertion and one single-
residue deletion (see Table I). However, catg also
resembles rmcp most with respect to some characteristic
structural details, such as the lack of a disulfide bridge
between residues 191 and 220, the bulged segment 217-
220 which shields the S1 pocket against the bulk water
or segment 3941 which specifically shapes the primed
subsites. Consistent with its lower sequence similarity, the
hne structure deviates from catg to an extent similar to
trypsin and chymo. These topological similarities are
in good agreement with the evolutionary relationships,
reflected by the different locations of the genes coding
for these proteinases on either chromosome 14 (catg and
rmep) or chromosome 19 (hne and proteinase 3).
Maximum parsimony analyses of haematopoietic pro-
teinases revealed that human catg clusters particularly
with human granzyme H, human and mouse granzyme B,
and mouse granzyme C (see for example, Haddad et al.,
1991; Chandrasekharan et al., 1996). Due to its unique
cleavage specificity for peptide bonds C-terminal of acidic

side chains, granzyme B involved in cytotoxic T lympho-
cyte-mediated lysis of target cells has attracted particular
attention. Comparative model building based on the struc-
tures of chymo and trypsin, Streptomyces griseus trypsin
and rmcp led to a model which allowed the explanation
of its substrate specificity by the presence of an Arg
residue at position 226 (Murphy et al., 1988; Caputo
et al., 1994). Our catg structure would provide an even
better template for modelling granzyme B; such a model
would not give the detailed conformation of the side chain
of Arg226 in the S1 pocket, however, for which an
experimental structure would be required.

Indeed, shape and equipment of the S1 pocket of catg
and its interaction with the P1-Pho residue of the bound
phosphonate inhibitor are the most valuable results
obtained from this catg structure analysis. This pocket is
unique in that the Glu226 side chain extends into it and
subdivides its bottom part into two separate subcompart-
ments. Due to a considerable movement of the main chain
away from the pocket, the distal carboxylate group of
Glu226 almost exactly superimposes with the equivalent
group of the shorter Asp226 side chain of hne. In contrast
to hne, where the carboxylate group is fully shielded by
the bulky hydrophobic side chains of Val216 and Val190
(Bode et al., 1986; Bode, 1996), the Glu226 side chain
of catg is exposed in the S1 pocket. Its carboxylate group
is not directed towards an inserting side chain, however,
but towards Alal90 of the opposite strand and fixed to it
through two hydrogen bonds.

Due to this geometry of the bottom part of the catg
pocket, the phenyl group of Phol4 cannot insert to the
same extent as the phenyl group of the benzamidine
inhibitor does in trypsin (Bode and Schwanger, 1975);
therefore it does not seem to be sandwiched optimally by
the catg peptide segments forming the ceiling and the
floor of this pocket. The subsite mapping experiments
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show, however, that Phe residues at P1 render peptides
into good catg substrates, i.e. must help to fix them in an
appropriate position with respect to the catalytic residues
for effective cleavage. We explain this beneficial property
of Phe by the favourable electrostatic interactions between
the positively charged equatorial plane edge of the phenyl
group and the carboxylic acid group of Glu226.

According to Tanaka et al. (1985), catg cleaves synthetic
peptides also behind Leu, Met and Trp, with much-
reduced k., /K, values than observed for Phe, however.
The medium-sized hydrophobic side chains of Leu and
Met could be accommodated in the open part of the catg
pocket by using the hne-like ‘back’ subcompartment,
under unfavourable burying of polar/charged groups at
the bottom of the pocket. This capability of catg to
accommodate Leu and Met side chains would be in
agreement with the (tight and fast) interactions with ol-
antichymotrypsin and ol-proteinase inhibitor, respect-
ively, and with the low but significant catg affinity for a
BPTI variant with Leu at P1 and Phe or Tyr at P2’
(Brinkmann et al., 1991). The indole moiety of a Trp-P1
residue would not have enough room to be sandwiched
into the S1 pocket in the same geometry as observed for
the Phol4 side chain. This structure thus explains the poor
ability of catg compared with chymo to cleave behind
Trp residues.

The presence of Glu226 at the bottom of the pocket,
on the other hand, gives good structural ground for the
newly found ability of catg to cleave effectively after Lys
residues. A surprise, in particular when considering the
reasonable affinity of the BPTI-variant with Leu at P1
and Phe or Tyr at P2’ mentioned above, is the very low
association constant of native BPTI (Fioretti et al., 1993)
with Lys at P1. Preliminary model building studies show
that a Lys P1 side chain could insert into the catg S1
pocket such that its distal ammonium group would be
placed beside (anti-oriented to) the exposed oxygen of the
Glu226 carboxylate group towards the ‘front’ subcompart-
ment, thus allowing undisturbed hydrogen bond and salt
bridge formation. In agreement with experimental results,
such modelling would also suggest the favourable fit of
the longer thiohomolysine side chain (Powers et al., 1989).
In hne, in contrast, the equivalent carboxylate of Asp226
is not accessible to elongated basic side chains (Bode,
1996), making the virtual inactivity of hne towards sub-
strates with a Lys residue at P1 conceivable (Powers
et al., 1989). .

The structure of the catg complex shows that the L-Pho
stereoisomer of the Suc-Val-Pro-PheP-(OPh), inhibitor has
been selected from the D,L-racemate upon binding. The
inhibitor is unequivocally covalently linked with the
tetrahedral phosphonate, and thus this irreversible inhibitor
is mimicking the tetrahedral transition state formed during
the acylation and deacylation of peptide substrates by
catg. The His57 is properly oriented to donate a proton
to the leaving group. During the inhibition reaction, both
phenoxy groups have been lost, the first by phosphonyl-
ation of Ser195 and the second by an ageing process. A
similar result has been observed in the case of a trypsin—
phosphonate complex (Bertrand et al., 1996). It is likely
that the His57 participates in this ageing reaction by
protonation of the second phenoxy group in a manner
similar to that observed during peptide bond hydrolysis.
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Catg is characterized by an extremely large number of
positively charged residues, mostly arginines. These Arg
residues are not uniformly distributed over the catg surface,
but are clustered in several positively charged surface
patches, mostly distant from the active site. These exposed
Arg residues are possible anchoring sites for fixing catg
to the heparin and chondroitin sulfate proteoglycans which
coat the inner wall of the azurophilic storage granules.
Within the granules this fixation of Arg residues located
near the active site could further inactivate catg, aug-
menting inactivation from the low granule pH. A similar
electrostatic interaction with these Arg residues would
also explain the reduction of the enzymatic activity of
catg upon heparin binding and the enormously slow
inhibition rate of such catg-heparin complexes towards
o1-antichymotrypsin (Ermolieff et al., 1994). The weaker
heparin effects found for hne (Frommbherz et al., 1991)
would be in agreement with the lack of Arg residues
around the active site of hne (Bode, 1996). It is less easy,
however, to explain the formation of 1:1 complexes with
heparin for both enzymes on the basis of these crystal
structures.

The mechanisms of trafficking of catg and related
enzymes to their target granules remain’ unresolved.
Recently it has been shown that granular sorting of catg
occurs also in transfected cells which produce catg mutants
lacking the oligosaccharide chain (Garwicz et al., 1995).
Thus, the mannose-6-phosphate receptor-dependent target-
ing postulated for granzymes A and B (Griffiths and Isaaz,
1993), is apparently not used for catg. The distinct Arg
distribution of catg could represent one recognition pattern
for such a mannose-6-phosphate receptor-independent
targeting mechanism. A visual comparison of the Arg
distribution of catg with that of hne and rmcp (which
should be sorted according to similar mechanisms) shows,
however, no simple common pattern which could serve
for this purpose.

The catg structure shows furthermore that both con-
stituent catg peptides, for which antibacterial activity had
been shown (Bangalore et al., 1990), are to a large extent
located on the surface of the catg molecule and have
well-defined structures. The first two residues of the
pentapeptide (Ile16-Ile-Gly-Gly-Arg), derived from the
N-terminus of catg, differ from the equivalent hne segment,
which lacks such activity, only by the second (Ile or Val)
residue. In intact catg the side chain of this Ile is only
marginally exposed to the surface, so that a differentiating
contact with bacteria without structural rearrangement is
difficult to understand. The second catg peptide (His91-
Pro-GlIn-Tyr-Asn-Gln-Arg), to which bactericidal activity
had been assigned, is derived from a polypeptide segment
which extends into the 99 loop. In catg it is positioned to
the north of the active-site cleft and very exposed to the
solvent, but is very similar to that observed in the other
non-bactericidal chymotrypsin-like proteinases. Thus, the
antibacterial activity of this peptide must be specific to
its distinct amino acid sequence. Systematic amino acid
substitutions in this peptide showed that the initial His
residue might be of particular importance for this activity,
in agreement with the bactericidal activity found for a
similar heptapeptide derived from granzyme B (Shafer
et al., 1991).

In conclusion, the tertiary structure of catg demonstrates



Table II. Statistics for data collection and refinement

Spacegroup P2,2,2,
Cell constants (A)
a 40.04
b 63.61
c 79.72
Limiting resolution (A) 1.80
Reflections measured 68 129
Ruerge (%), overall 5.7
Rinerge(%)?, outermost (1.86-1.80 A) shell 327
Umque reflections 18 433
Completeness (%), overall 95.1
Completeness (%), outermost (1.86-1.80 A) shell 95.3
Non-hydrogen protein atoms 1786
Non-hydrogen inhibitor atoms 34
Solvent molecules 145
Reflections used for refinement 17 840
Resolution range (A) 6.0-1.8
Completeness (%),overall (6.0-1.80 A) 94.2
Completeness (%), outermost (1.82-1.80 A) shell 92.7
R-value (%)b overall (6.0-1.80 A) 19.0
R-value (%)P, outermost (1.82-1.80 A) shell 32.67
R-value (%)® without 10% data of Riyee 18.5
Outermost (1.86-1.80 A) shell (%) 32.27
Riree (%)¢ 24.02
Outermost (1.86-1.80 A) shell (%) 34.75
R.m.s. standard deviations
bond length (A) 0.013
bond angles (°) 1.765
average B-value/SD4 (A?) 22.43/2.05

*Rimerge = [Zn Zj U(h)-<I(h)>VZ; Z; I(h.i)] X100 where I(h.i) is the
intensity value of the ith measurement of h and <I(h)> is the
corresponding mean value of h for all i measurements of A: the
summation is over all measurements.
"Reryst = (BIFo=F/ZFo) X 100.

¢ Rfee Was calculated randomly omitting 10% of the observed
reflections from refinement and R-factor calculation (see text).
d Standard deviation is from bonded atoms.

that the enzyme exhibits a unique Janus-like double-headed
substrate specificity. Utilizing this structural knowledge, it
should be possible to design novel inhibitors which would
make use of the unique S1 specificity pocket. Additional
inhibitor interactions could be obtained by designing
inhibitors which would extend into S1’ subsites.

Materials and methods

Cat G was purified from extracts of granules of human polymorphonuclear
leukocytes according to methods previously described (Baugh and Travis,
1976; Travis er al, 1978). A mixture of isoforms differing only in
carbohydrate content was further resolved by FPLC into individual
components, which were complexed with various inhibitors and utilized
for crystal growth. Only a mixture of catg isoforms complexed with a
racemic mixture of L,D-Suc-Val-Pro-PheP -(OPh), gave suitable crystals,
which were further examined.

Of this complex, plate-like crystals were grown at 20°C from 1.2 M
citrate, pH 7.0, using the hanging drop vapour diffusion technique. These
crystals belong to the orthorhombic space group P2,2,2,, have cell
constants of a = 40.04 A, b = 63.61 A and ¢ = 79 72 A. diffract
X-rays to beyond 1.8 A resolution, and have one molecule in the
asymmetric unit.

The crystals were mounted in 1.3 M citrate, pH 7.0. A complete data
set to 1.8 A was collected on a MAR image plate system (MAR
Research, Hamburg, Germany) from a single crystal at 17°C. It was
evaluated with the MOSFLM package (Leslie, 1991) and loaded and
scaled using ROTAVATA, AGGROVATA and TRUNCATE from the
CCP4 program suite (Collaborative Computational Project, 1994). Rota-
tional and translational searches for the determination of the orientation
and position of the catg molecules were performed with AMoRe (Navaza,
1994) using data from 12 to 4 A resolution and bovine B-trypsin (Bode
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and Schwanger, 1975) as a search model, with all non-identical residues
changed to alanine. A unique solution was found with a correlation
factor of 39.6 and an R-factor of 45.7% (124 A). The corresponding
figures of the next best solution were 14.5 and 54.2%.

Crystallographic refinement was done in several cycles consisting of
model-building performed with MAIN (Turk, 1992) and conjugate
gradient minimization and simulated annealing using X-PLOR (Briinger,
1992). The target parameters of Engh and Huber (1991) were used. This
procedure converged rapidly, yielding a good model (see Table II).
Individual, restrained atomic B-values were refined, and no sigma cut-
off was applied in the whole procedure. The electron density accounting
for the inhibitor built in at an R-value of 29.1% at 8-1.8 A resolution
was clearly visible before including it in phasing. The bond between
Ser195 Oy and Phol4 P was realized as a patch residue in X-PLOR.
Very weak angle restraints (~1/10 of normal values) around this covalent
inhibitor—protein bond were chosen to allow unbiased angle refinement.
An additional simulated annealing protocol with very weak restraints
for the Ser195 Oy-Phol4 P bond yielded a bond length of 1.61 A. Some
10% of the reflections were omitted from the refinement before a
simulated annealing run of the model to 4000 K, yielding an free R-value
of 24%. Except for a five-residue segment from GIn36 to Gly38. the
whole main chain is in appropriate electron density. Only a few side
chains projecting into the solvent are partially or fully undefined in the
electron density; the occupancy of all undefined atoms was set to zero.

Accession numbers

The coordinates and structure factors for CATG have been deposited
with the Protein Data Bank with the ID codes 1CGH (coordinates) and
R1CGHSEF (structure factors).
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