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Abstract

A crystal structure of the serine protease, mouse glandular kallikrein 13 (mGK-13) has been determined at 2.6-A
resolution. This enzyme, isolated from the mouse submandibular gland, is also known as prorenin-converting enzyme
and cleaves submandibular gland Ren-2 prorenin to yield active renin. The mGK-13 structure is similar to other
members of the mammalian serine protease family, having five conserved disulfide bonds and an active site located in
the cleft between two B-barrel domains. The mGK-13 structure reveals for the first time an ordered kallikrein loop
conformation containing a short 3¢ helix. This loop is disordered in the related porcine pancreatic kallikrein and rat
submandibular tonin structures. The kallikrein loop is in close spatial proximity to the active site and is also involved
in a dimeric arrangement of mGK-13. The catalytic specificity of mGK-13 for Ren-2 prorenin was studied by modeling
a prorenin-derived peptide into the active site of mGK-13. This model emphasizes two electronegative substrate
specificity pockets on the mGK-13 surface, which could accommodate the dibasic P2 and P1 residues at the site of

prorenin cleavage by mGK-13.
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Interest in the mouse glandular kallikrein-13 arose from it’s iden-
tification in isolations of the high molecular weight (74 kDa) form
of epidermal growth factor from mouse submandibular glands (Tay-
lor et al., 1970; Anundi et al., 1982). Precursors to EGF and nerve
growth factor are processed by specific glandular kallikreins that
are also abundant in these glands and the mature growth factors are
stored complexed with these enzymes (Varon et al., 1967; Taylor
et al., 1970). The EGF binding protein binds and processes pro-
EGF with a 1:1 stoichiometry (Frey et al., 1979), but the identity
of the EGF-BP has been controversial. Two distinct polypeptides,
EGF-BP type A and type B, were identified initially from the
glands of adult male NMRI mice (Anundi et al., 1982; Ronne
et al., 1983; Lundgren et al., 1984), and a third EGF-BP type C was
later identified from the glands of male Swiss Webster mice (Blaber
et al., 1987; Isackson et al., 1987). EGF-BPs A, B, and C have
been correlated, respectively, with the mGK-22, mGK-13, and
mGK-9 through sequencing studies of BALB/c mouse cDNA
(Drinkwater et al., 1987). mGK-9 and mGK-22 share 71% and
76% sequence identity with mGK-13, respectively. To date, only

Reprint requests to David E. Timm at his present address: Biology
Division, Oak Ridge National Laboratory, P.O. Box 2009, M.S. 8077, Oak
Ridge, Tennessee 37831; e-mail: timmde@bioax1.bio.ornl.gov.

Abbreviations: EGF, epidermal growth factor; EGF-BP, epidermal growth
factor binding protein; HMWEGEF, high molecular weight EGF; mGK, mouse
glandular kallikrein; NAG, N-acetyl glucosamine; PKA, porcine pancreatic
kallikrein; RMSD, RMS deviation.

mGK-9 has been shown to bind EGF in vitro and is favored as the
authentic EGF-BP (Blaber et al., 1987; Isackson et al., 1987).

The kallikreins are a group within the structurally conserved
mammalian serine protease family. Serine protease enzymes are
involved in numerous processes, such as digestion, blood coagu-
lation, blood pressure regulation, and protein maturation. The high
degree of structural conservation among the members of this fam-
ily is well documented by numerous structural studies, including a
number of high-resolution structures (Cohen et al., 1981; Bode
et al., 1983, 1989; Marquart et al., 1983; Blevins & Tulinski, 1985;
Tsukada & Blow, 1985; Fujinaga & James, 1987; Meyer et al.,
1988; Bartunik et al., 1989). Features of this family include the
overall fold of two B-barrel domains, the presence of four to six
conserved disulfide bonds, and the conserved geometry of the
catalytic triad residues (His 57, Asp 102, and Ser 195).

The mGK-13 is composed of a 17-kDa and a 10-kDa polypep-
tide chain that are joined by disulfide bonds at cystine 22-157 and
cystine 136-201. This chain arrangement is the result of proteo-
lytic processing of a 261-residue proenzyme (zymogen), a com-
mon feature of mammalian serine protease activation, which results
in the removal of 24 residues from the N-terminus of mGK-13 and
a single internal cleavage between residues Arg 148 and Trp 149
(Blaber et al., 1987). Enzymatically, mGK-13 has been shown to
convert submandibular gland Ren-2 prorenin to activated renin by
cleavage at a specific Lys-Arg site (Kim et al., 1990, 1991; Na-
kayama et al., 1990) and has, therefore, been referred to as prorenin-
converting enzyme. However, mGK-13 does not convert mouse
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kidney type Ren-1 prorenin or human prorenin (Kim et al., 1990;
Nakayama et al., 1990). The mGK-13 structure provides a basis for
the catalytic specificity of mGK-13 for mouse Ren-2 prorenin. A
preliminary crystallographic analysis of mGK-13 has also been
reported in abstract form (Blaber, 1994).

The kallikrein loop is a characteristic insertion occurring be-
tween the sixth and seventh antiparallel S-sheets in the kallikrein
group of serine protease enzymes. The mGK-13, mGK-9, the
prostate-specific antigen, and tonin contain 11-residue insertions
relative to chymotrypsin, whereas mGK-22 and PKA contain con-
tain 9- and 4-residue insertions, respectively. This region of the
PKA and tonin structures is disordered, with residues Asn 95A—
Lys 97 missing from the PKA structure (Bode et al., 1983; Chen &
Bode, 1983) and residues Ile 95C—Gln 95J missing from the tonin
structure (Fujinaga & James, 1987). The mGK-13 structure pre-
sented here describes an ordered kallikrein loop conformation that
is near the active site and involved in a dimeric arrangement of
mGK-13.

Results

Purified mGK-13 crystallized as tetragonal bipyramids in the space
group P4;2,2 using a precipitant solution containing PEG 8000
and Li>SO, at pH 6.5. The mGK-13 crystal structure was deter-
mined at 2.6 A resolution using the coordinates of the porcine
pancreatic kallikrein (Bode et al., 1983; Chen & Bode, 1983) as a
search model for molecular replacement. The mGK-13 model,
containing 236 of the 237 residues present in each of two protein
molecules, a total of 119 water molecules, and four NAG residues,
has been refined to an R-factor of 19.7%, with a free R-factor of
27.1%. The crystallographic data is summarized in Table 1. A
representative section of electron density calculated in the vicinity
of the active site and the ordered kallikrein loop (residues 95A-
95K) is given in Figure 1.

The mGK-13 has the conserved mammalian serine protease fold
consisting of two 3-barrel domains with an active site located in
the cleft between the two domains (Fig. 2A). Two a-helices occur
in the structure between residues 165 and 171 (residue numbering
is relative to chymotrypsin) and between residues 231 and 244. In
addition to the regular B-strands and a-helices, 33 B-turns were
identified in the mGK-13 structure (Table 2). Thus, close to half of
the molecule exists in ordered turn and loop conformations, which
are particularly important in the positioning of the catalytic triad
(His 57, Asp 102, and Ser 195) and in forming the enzyme’s
substrate binding site.

Table 1. Crystallographic data and refinement statistics

Space group P452,2

Unit cell a=b=73754c=19271 A
Maximum resolution 255 A

Unique reflections 17,034

Completeness 95.3%

Multiplicity 25

Rmerge 0.065

R (Rpee) 19.7% (27.1%)

RMSD bonds 0.008 A

RMSD angles 1.740 deg

*Rperge = XAy — Iil/Z(I); crystallographic R-factor and free R-factor
calculated using 15,150 and 785 reflections, respectively, to 2.60 A.
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Fig. 1. Electron density. A section of the refined 2F, — F_ electron density
map is presented in the vicinity of the kallikrein loop residues Leu 95C and
Leu 95D at the bottom and His 57 at the upper left. The section is con-
toured at a level of 1.3 sigma.

The kallikrein loop of mGK-13 is in an ordered conformation
that is clearly defined by the electron density (Fig. 1). The kalli-
krein loop overhangs the active site cleft of mGK-13, with two
consecutive type IV B-turns forming a 3¢ helix between residues
95 and 95E (Fig. 2; Table 2). The loop conformation is stabilized
by intramolecular hydrophobic packing of Met 95A, Leu 95C,
Leu 95D, Leu 95F, Ile 951, and Pro 95J in the vicinity of His 57,
Tyr 59, Pro 90, Phe 94, Phe 99, and Met 104. The loop is in close
spatial proximity to the active site cleft, with the CD1 atom of
Leu 95D located at a distance of 4.1 A from the CB atom of
His 57. Two ordered NAG residues N-linked to Asn 95 are also
apparent in the vicinity of the kallikrein loop (Fig. 2). These res-
idues make intramolecular contacts with Ser 95B, Leu 95C,
Leu 95F, and Pro 95J and intermolecular contacts with Tyr 59 and
Asp 61.

The mGK-13 crystallized with two molecules in the asymmetric
unit related by a noncrystallographic dyad axis (Fig. 2B,C). The
two molecules have an RMSD of 0.42 A upon superposition of all
alpha carbon atoms. The intersubunit contacts are made by resi-
dues Tyr 35, Gln 36, His 57, Cys S8, Val 60, and Asp 61 and the
kallikrein loop residues Met 9SA, Leu 95D, Met 95E, Leu 95F,
Gln 95G, Thr 95H, Pro 95J, and Pro 95K. Contacts between the
twofold related molecules result in about 840 A2 of buried surface
area per subunit, which is close to twice the surface area buried in
alternative dimeric arrangements of the asymmetric unit. This value
is less than that generally associated with proteins having a sig-
nificant dissociation constant in solution (Janin & Chothia, 1990).
A void space, having a volume of 1,825 A3, occurs between the
two mGK-13 molecules (Fig. 2B).

The enzymatic specificity of mGK-13 was studied by modeling
a hexameric peptide substrate (Thr-Lys-Arg*Ser-Ser-Len), derived
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Fig. 2. The mGK-13 structure. A: Tertiary structure of mGK-13 is viewed
looking onto the active site cleft. B: Dimeric arrangement of mGK-13 in
the crystallographic asymmetric unit is shown viewed perpendicular to the
noncrystallographic dyad axis. C: Same as B, shown parallel to the non-
crystallographic dyad axis. The kallikrein loop (KL) and proteolytic break
points (*) are also indicated. The ribbon diagrams were generated using
RASMOL (R. Sayle) and MOLSCRIPT (Kraulis, 1991).

from the site of mouse Ren-2 prorenin processing, into the mGK-13
active site (see Materials and methods). The mGK-13 substrate
binding site appears as a lengthy, branching groove on the surface
of the molecule (Fig. 3A). The main features of the modeled
complex are the interactions of the basic P1 Arg and P2 Lys sub-
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strate residues with the electronegative S1 and S2 binding pockets
(Fig. 3A,B). The P1 Arg side chain fits into a deep primary spec-
ificity pocket formed by the main-chain atoms of Tyr 215 and
Cys 191 and side-chain atoms from Thr 213, Tyr 228, and Ala 226.
The P1 Arg side-chain nitrogen atoms are positioned to allow
hydrogen bonding to the Asp 189 side-chain oxygens and to the
side-chain and main-chain oxygens of Thr 190. The S2 pocket is
comprised of His 57, Phe 99, and Tyr 215, with the P2 Lys side
chain positioned such that it has the potential to hydrogen bond
with the side chain of the catalytic Asp 102 and both side-chain
and main-chain oxygens of the highly conserved Ser 214.

The tertiary structure of mGK-13 is most similar to PKA,
despite having a slightly higher sequence identity with tonin
(Fig. 4; Table 3). The higher RMSDs between mGK-13 and
tonin are primarily due to the distortion of the tonin active-site
and primary specificity binding loop (residues Gly 215-Pro 219)
by a Zn>" ion coordinated by the active site His 57 imidazole
group (Fujinaga & James, 1987). The major regions of variation
between mGK-13, PKA, and tonin are confined to surface loops,
with the kallikrein loop and the loops between residues 34-40,
57-63, 74-78, 146-149, and 169-178 showing the largest struc-
tural differences (Fig. 4). Superposition of the catalytic triad
alpha carbon atoms reveals an RMSD of 0.31 A between mGK-13
and PKA, compared to 0.37 A between tonin and PKA. These
values are probably less than the overall error in the mGK-13
coordinates refined at 2.6-A resolution and having a 0.42-A RMSD
between the two mGK-13 molecules in the asymmetric unit.
However, distortion of the serine protease active site may occur
in precipitant solutions containing sulfate below pH 6.8 (Bar-
tunik et al., 1989).

Discussion

As a member of the kallikrein group of serine protease enzymes,
the mGK-13 structure shares the structural features common to the
family. The most striking feature of the mGK-13 structure is the
ordered kallikrein loop, which is missing from the PKA and tonin
structures (Bode et al., 1983; Chen & Bode, 1983; Fujinaga &
James, 1987). Proteolysis may contribute to the disorder of the
kallikrein loop in the PKA structure (Bode et al., 1983). However,
because most of the contacts between the two mGK-13 molecules
in the asymmetric unit are made by residues in the kallikrein loop,
the observed loop conformation could be induced by crystalliza-
tion, with the loops in both molecules assuming nearly identical,
complementary conformations. Contacts made by the NAG resi-
dues linked to Asn 95 may also contribute to the observed loop
conformation. The PKA also has carbohydrate linked to Asn 95
(Bode et al., 1983), but carbohydrate was not apparent in the
electron density. The consensus Asn 95 glycosylation sequence is
also present in mGK-9 and mGK-22. However, the carbohydrate
content of mGK-9 and mGK-22 have not been reported.

The proximity of the kallikrein loop to the active site (Figs. 2, 3)
suggests that the loop could have a role in substrate binding and
catalysis. Based on the peptide modeling studies, residues Leu 95D
and Ile 951 are part of the proposed S'3 and S3 binding sites
(Fig. 3). The kallikrein loop is defined slightly better in the PKA
complex with pancreatic trypsin inhibitor (Chen & Bode, 1983),
and PKA residues 89-95, immediately adjacent to the kallikrein
loop, contact the inhibitor. The kallikrein loop’s involvement in
binding and catalysis is also suggested by a prostate specific an-
tigen modeling study (Villoutreix et al., 1994), where it is noted
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Table 2. B-Turn types identified in mGK-13*
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Residues Turn type Residues Tumn type Residues Turn type
16-19 I 77-80 I 116-119 Vil
23-26 I 91-94 I 131-134 I
25-28 v 95-95C v 177-180 I
27-30 I 95A-95D I 185-186 I
34-38 v 95B-95E v 191-194 I
35-39 I 95C-95F I 194-197 I
48-51 I 95F-951 Vil 200-207 1AY
55-58 I 951-97 II 201-208 I
56-59 v 99-102 v 217-220 VIII
70-73 v 108-111 VIII 219-222 I
72-75 I 115-118 I 222-224 I

Identified using PROMOTIF (Hutchinson & Thornton, 1996).

that molecular dynamics simulations led to a covering of the active
site by a “closed” kallikrein loop conformation having the lowest
potential energy, whereas a defined “open” loop conformation had
the lowest solvation energy. Homology models of this clinically
important serum marker for prostate carcinoma have been reported
by a number of groups (Vihinen, 1994; Villoutreix et al., 1994,
1996; Bridon & Dowell, 1995), with modeling of the 11-residue
kallikrein loop noted to be a major problem. The mGK-13 kalli-
krein loop structure presented here may represent a similar “open”
conformation with an accessible active site.

The electronegative character of the S1 and S2 binding sites
(Fig. 3A) on the mGK-13 surface are consistent with its preference
for dibasic P1 and P2 substrate residues (Kim et al., 1990; Na-
kayama et al., 1990). The S1 Asp 189 is conserved in PKA and tryp-
sin, which cleave substrates having basic P1 residues. The negative
potential in the S2 pocket is primarily due to the catalytic Asp 102
side-chain oxygens and to both side-chain and main-chain oxygens
of the highly conserved Ser 214. Therefore, the electronegative char-
acter of the S2 pocket is not unique to mGK-13 and is apparently
less important than S1 in determining enzymatic specificity, be-
cause mGK-13 will cleave monobasic sites with reduced efficiency
compared to the dibasic Ren-2 prorenin site (Nakayama et al., 1990).
The length of the cleft on the mGK-13 surface (Fig. 3A) suggests
that a more extended area of contact may be involved in the binding
of prorenin to mGK-13. An extended binding area has also been pro-
posed for tonin, which apparently derives some specificity from sub-
strate residues as distant as P7 and P8 (Fujinaga & James, 1987).

The conditions of crystallization (see Materials and methods)
make the physiological relevance of the mGK-13 dimer unclear.
Although mGK-13 is monomeric in solution at a concentration of
1 mg/mL, the yield of purified mGK-13 indicates that a concen-
tration in excess of 10 mg/mL occurs in the mouse submandibular
glands (see Materials and methods). The local concentration of
mGK-13 in secretory granules is likely to be higher still. Based on
the identification of mGK-13 in isolations of the high molecular
weight form of EGF (Anundi et al., 1982; Ronne et al., 1983;
Lundgren et al., 1984), it is tempting to speculate that the mGK-13
dimer might be related to the arrangement of EGF-BP within the
HMWEGEF. Residues shown to be important in the binding of
mGK-9 to EGF (Blaber et al., 1993a, 1993b), including the sub-
strate binding pockets and side chains of residues 38—41, are lo-

cated on the perimeter of the void. However, the binding and
processing of pro-EGF by mGK-13 remain to be determined.

Materials and methods

Purification and crystallization

The mGK-13 was purified from male mouse submandibular glands
(Pelfreeze) with slight modification of the procedure for isolating
high molecular weight EGF (Taylor et al., 1974). Briefly, 20 g of
submandibular glands were homogenized in phosphate-buffered
saline containing 10 uM ZnCl,. Following centrifugation in an
S$834 rotor at 13,000 rpm, the supernatant was applied to a $-200
Sephacryl column (Pharmacia) equilibrated in 50 mM Tris-HCI,
10 uM ZnCl,, pH 7.4. Fractions were monitored by absorbance
readings at 280 nm and were pooled from the beginning to end of
the red hemoglobin peak. The sample was then concentrated by
ultrafiltration (Amicon) and dialyzed against 10 mM sodium ace-
tate, pH 5.9. The material was further purified by passing first over
a CM52 (Whatman) column, then a DES52 columnn (Whatman)
equilibrated with the sodium acetate buffer. As with high molec-
ular weight EGF (Taylor et al., 1974), the mGK-13 does not bind
to either of the ion exchange columns under these conditions. The
procedure yielded 180 mg of mGK-13.

The purified mGK-13 ran as a single band on SDS-PAGE with
an apparent molecular weight of 27 kDa under oxidizing condi-
tions, and as bands of 27, 17, and 10 kDa of approximately equal
staining intensity under reducing conditions. The material was fur-
ther characterized by 14 cycles of N-terminal amino acid sequenc-
ing (data not shown), which revealed two sequences consistent
with the mature N-terminus of mGK-13 and the single internal
cleavage site between Arg 148 and Trp 149 (Blaber et al., 1987).
The ratio of peak areas for the two sequences during each sequenc-
ing cycle was consistent with the staining intensity of the three
bands revealed by SDS-PAGE under reducing conditions. There
was no evidence for contaminating mGK-22 in the sample, which
differs from mGK-13 at four of the first eight mature N-terminal
residues (Blaber et al., 1987; Drinkwater et al., 1987). This con-
clusion was further supported by evaluation of the electron density
(Fig. 1), particularly in the kallikrein loop, where mGK-22 con-
tains a two-residue deletion relative to mGK-13 (Drinkwater et al.,



1422

D.E. Timm

B Ser 214 Og Asp 102 o0d2 Cys 42-58
Ser 214 O - > Disulfide
Phe 94 ~____~ His 57
- “ Ile 41 O
Ser 195 &
Tyr 215 Asp 193 N o Asp 193 od1l

Gly 216 N,

Leu 95D

Tyr 59

(RERRERERN

Tyr 172
val 218 Ser 1/iin1 Ile 41 O
Ile 95I
Gln 174 Asp 193 od1

Tyr 228

Thr 190 0 &
Thr 190 Ogl

Thr 213 Ne Arg 192

‘%, Ala 226

-
.

Asp 189 0d1l

Fig. 3. Peptide modeled in the mGK-13 active site. A modeled hexameric peptide from Ren-2 prorenin is represented in (A) a
space-filling electrostatic surface diagram calculated using GRASP (Nicholls et al., 1991) and (B) a schematic form. Positive and
negative electrostatic surface potentials are displayed in blue and red, respectively. The mGK-13 substrate binding pocket, S3, could
accommodate polar or hydrophobic residues; S2 accommodates the basic P2 lysine interacting with Asp 102 and Ser 214; Sl

accommodates the basic P1 arginine interacting with Asp 189; P’1 and P’2 could accommodate small polar or hydrophobic residues;
P'3 accommodates hydrophobic residues. The kallikrein loop is labeled KL.

1987). Therefore, approximately 30% of the isolated mGK-13 was
not cleaved at the internal proteolytic cleavage site. A 1 mg/mL
mGK-13 solution was found to be monomeric and monodisperse
following characterization on a calibrated Superose 12 column

(Pharmacia) and using a DynaPro 801 to measure the diffusion
coefficient of mGK-13 by light scattering (data not shown).

The mGK-13 was concentrated to 180 mg/mL by ultrafiltration
(Centricon) and stored at —20°C. Equal volumes of precipitant
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Fig. 4. An alpha carbon atom trace is shown for the superposed coordinates of mGK-13 (thick line), porcine pancreatic kallikrein
(dashed line), and tonin (thin line). The mGK-13 chain has been numbered in steps of 15. The coordinates were superposed using O
(Jones et al., 1991) and displayed using RASMOL (R. Sayle) and MOLSCRIPT (Kraulis, 1991).

solution were combined with 57 mg/mL mGK-13 in final drop
volumes of 5-20 uL. The material crystallized at room tempera-
ture as tetragonal bipyramids up to 1 mm in length using both the
hanging drop and sitting drop vapor diffusion methods and using
a precipitant solution of 10-15% PEG 8000, 200 mM Li,SO,,
100 mM sodium cacodylate, pH 6.5. Under these conditions, crys-
tals appeared within two weeks and reached full size in 46 weeks.
The mGK-13 crystals revealed roughly the same SDS-PAGE band
pattern as the starting material under reducing conditions.

Data collection and reduction

The crystallographic data are summarized in Table 1. The X-ray dif-
fraction data used to determine the mGK-13 structure were col-
lected from a single crystal on a 30-cm MAR image plate at
Daresbury Laboratory Station 9.5 at 4 °C using X-rays of wave-
length 0.9 A. The diffraction data was autoindexed and integrated
using the MOSFLM program suite (Leslie, 1990). Programs from
the CCP4 program suite (CCP4, 1979) were used to scale, merge,
and reduce the data. A primitive tetragonal space group was con-
sistent with the autoindexing results and 422 symmetry was appar-
ent in reciprocal lattice sections. Systematic absences in the data
along the reciprocal ¢* axis were indicative of a 4, or 4, screw axis.

Molecular replacement

The mGK-13 structure was determined by molecular replacement
using the porcine pancreatic kallikrein coordinates, PDB2KAILPDB,
as a search model (Chen & Bode, 1983). The program AMORE

(CCP4, 1979; Navaza, 1992) was used to solve the Patterson ro-
tation function search. The search model was centered at the origin
of an orthorhombic P1 cell having axis lengths of a = b = ¢ =
75 A and @ = B = y = 90°. The search radius was optimized as
20 A and normalized structure factors (E’s) were used with opti-
mized resolution limits of 12.0-3.75 A. The top two rotation func-
tion solutions improved significantly compared to the background
peak height values as the space group symmetry was increased
from P4 to P422. The top two rotation function solutions calcu-
lated in P422 were then used to calculate translation functions for
all of the possible primitive tetragonal space groups using the
program TFFC (CCP4, 1979). The resultant molecular packing
was evaluated graphically using the program O (Jones et al., 1991).
The translation function calculated using the space group P4,2,2
resulted in the best correlation coefficients and R-factors and yielded
a good packing geometry with two mGK-13 molecules in the
asymmetric unit. The two molecules resulting from rotation and
translation searches were then subjected to rigid-body refinement
using the program XPLOR (Briinger, 1992), which yielded an
initial R-factor of 45% using 8.0-3.0 A data.

Model building/refinement

A test set of 5% of the structure factors was flagged for monitoring
the R-free (Briinger, 1992) during the course of refinement. The
program O (Jones et al., 1991) was used for model building and the
program XPLOR (Briinger, 1992) was used for refinement. The
initial 2F,, — F,. and F,, — F, electron density maps were calculated
with structure factors in the 8.0~3.0-A range using the PKA coor-

Table 3. Sequence identities and structural RMSDs*

mGK-13 Kallikrein Tonin Chymotrypsin Trypsin
mGK-13 — 052 A 0.64 A 096 A 086 A
Kallikrein 55.2% — 054 A 098 A 0924 A
Tonin 62.0% 51.9% — 098 A 093 A
Chymotrypsin 31.4% 32.1% 31.0% — 0.86 A
Trypsin 38.0% 40.9% 38.8% 44.2% —

#Upper right: RMSDs calculated by least-squares superposition of the indicated structures using
MNYFIT (Sutcliffe et al., 1987). Lower left: amino acid sequence identities.
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dinates resulting from rigid-body refinement. These coordinates
differed most significantly from the initial electron density maps in
the kallikrein loop region, where mGK-13 contains a seven-residue
insertion relative to PKA, and near residue 148, where PKA con-
tains a two-residue insertion relative to mGK-13. The final mGK-13
model has been refined as two chains with a break at the Arg 148
site of proteolysis. The Arg 148 has been omitted from the mGK-13
model, because it is disordered and missing from the electron
density maps. Refinement using a single contiguous polypeptide
model to account for the 30% intact material (see above) also
resuited in a disordered Arg 148 in both mGK-13 molecules. The
kallikrein loop residues were omitted from the first rebuilt model
and were added sequentially at both the N- and C-terminal ends, as
indicated by the 2F, — F, and F, — F_ maps, over three rounds of
simulated annealing at 3,000 K, applying strict noncrystallo-
graphic symmetry constraints and overall temperature-factor re-
finement. Subsequent rounds of refinement used all data to 2.6 A,
applying a 2-sigma cutoff, a bulk solvent mask, noncrystallo-
graphic symmetry restraints, and group temperature factors refined
for main-chain and side-chain atoms. Noncrystallographic symme-
try restraints were removed in the final refinement cycle. Two
N-linked NAG residues were also included for each subunit, where
indicated by the electron density maps. Water molecules were
added to peaks in the F,, — F, maps having heights greater than or
equal to 3.0 RMS, and were included in the model if they were
positioned to make potential hydrogen bonds to the protein and
their refined temperature factors were less than 60 A2 The current
mGK-13 model has one residue in a disallowed region of the
Ramachandran plot, with 82% of the residues occurring in the
most favored regions of the plot (data not shown). Other refine-
ment statistics for the mGK-13 model are given in Table 1.

The prorenin hexapeptide model was constructed beginning with
the coordinates for the complex between PKA and pancreatic tryp-
sin inhibitor (Chen & Bode, 1983). The coordinates of the pan-
creatic trypsin inhibitor were first positioned by applying a matrix
derived from the superposition of the mGK-13 and PKA coordi-
nates. The side chains of inhibitor residues 112-119 were then
altered to the appropriate prorenin sequence using O (Jones et al.,
1991). The P3-P’3 side chains were then positioned starting with
preferred rotamer geometries and adjusted using minor rotations
about their chi 1 bond angles to minimize steric collisions with
groups from the mGK-13. The peptide was then subjected to en-
ergy minimization using the program QUANTA (Molecular Sim-
ulations Company) and the CHARRM force field with the mGK-13
atoms fixed to their crystallographically defined positions. The
carbonyl carbon of the P1 Arg residue is positioned less than 2.8 A
from the nucleophilic Og of Ser 195 following energy minimiza-
tion. Minimization of the protein structure has not been evaluated
in these modeling studies. Based on the positional deviation be-
tween the initial and final minimized structures and the number of
stabilizing contacts made during minimization, the P3-P'2 resi-
dues are judged to be modeled more accurately than the P’3 residue.
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