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Amino Acid Sequence of Guinea Pig Prostate Kallikrein'
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ABSTRACT: The primary structure of the major arginine esteropeptidase from guinea pig prostate has been
deduced from automated Edman degradation of peptides generated by clostripain, cyanogen bromide,
endoproteinase Lys-C, and Staphylococcus aureus V8 protease digestion of the protein. The esteropeptidase
is a single polypeptide chain comprised of 239 amino acids and contains 2 apparent sites of carbohydrate
attachment, Asn-78 and Asn-169. Both occur in consensus sequences for N-linked glycosylation sites. The
esteropeptidase exhibits approximately 35% homology with trypsin including conservation of the catalytic
residues and the aspartic acid which confers specificity toward basic amino acids. The sequence identity,
however, extends to greater than 60% with the kallikrein family of serine proteases. In addition to the overall
homology, the guinea pig enzyme displays a number of features characteristic of kallikreins including 10
conserved half-cystine residues, a C-terminal proline, and the “kallikrein loop”. On the basis of this structural
relatedness, the enzyme has been designated as guinea pig prostate kallikrein. In contrast to many of the
kallikreins of other species and tissues, this enzyme does not contain any sites within the kallikrein loop
sensitive to proteases that result in internal breaks in the polypeptide chain.

Glandular kallikreins are a distinct subset of the serine
protease family of esteropeptidases (Schachter, 1980). They
preferentially hydrolyze synthetic substrates composed of esters
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and amides of arginine and, to a lesser extent, lysine (Fielder,
1979). In contrast to trypsin, kallikreins have very little general
protease activity but rather display a high degree of substrate
selectivity (Schachter, 1969). These enzymes were originally
defined as kininogenases with the capacity, in vitro, to release
kinin from kininogen. However, the kininogenase activity
varies considerably among members of the kallikrein family,
and many esteropeptidases have now been identified as kal-
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likreins on the basis of their strict substrate preference and/or
homologous amino acid sequences (Fielder, 1979). Although
the physiological substrate of many of these enzymes remains
to be determined, it has been proposed that some may play
a specific role in the proteolytic processing of polypeptide
hormones (Mason et al., 1983; Shine et al., 1983).

Two growth factors of the adult male mouse submandibular
gland, B-nerve growth factor (3-NGF)! and epidermal growth
factor (EGF), occur as complexes with the kallikrein-like
enzymes v-NGF (Greene et al., 1968; Thomas et al., 1981a)
and EGF binding protein (EGF-BP) (Taylor et al., 1974),
respectively. Both 8-NGF (Scott et al., 1983a; Ullrich et al.,
1983) and EGF (Gray et al., 1983; Scott et al., 1983b) are
synthesized as large precursors, and since the association of
the respective kallikreins with the growth factors is highly
specific, it has been proposed that 7-NGF and EGF-BP are
directly involved in the processing of the growth factor pre-
cursors (Angeletti & Bradshaw, 1971; Berger & Shooter,
1977, Bothwell et al., 1979; Frey et al., 1979).

B-NGF and EGF are also found in relatively high concen-
trations in guinea pig prostate (Harper et al., 1979; Rubin,
1983), and we have examined this tissue for arginine estero-
peptidases that could interact with guinea pig prostate 3-NGF
(Dunbar & Bradshaw, 1985). A single serine protease was
detected by [?’H]DFP labeling of the soluble proteins in a crude
tissue extract. The purified esterase exhibits a high degree
of specificity toward arginine methyl ester substrates but very
little general protease activity. In order to further investigate
a role of the esteropeptidase in the processing of the growth
factors in guinea pig prostate, we have determined the primary
structure of the enzyme and have ascertained that it is a
member of the kallikrein family.

MATERIALS AND METHODS

Guinea pig prostate esterase was isolated from frozen tissue
and assayed as previously described (Dunbar & Bradshaw,
1985). Clostripain and Staphylococcus aureus V8 protease
were from Sigma Chemical Co. Endoproteinase Lys-C from
Lysobacter enzymogens was obtained from Boehringer
Mannheim Biochemicals. Cyanogen bromide and iodoacetic
acid were from Sigma Chemical Co., and the iodoacetic acid
was recrystallized before use. Chemicals used for the gas-
phase sequencer were from Applied Biosystems, and HPLC-
grade solvents were from Fisher. Sequenal grade trifluoro-
acetic acid was purchased from Pierce. All other chemicals
were of reagent grade.

Generation of Peptides. Enzymatic and chemical cleavages
were performed after reductive alkylation of the guinea pig
esterase with iodoacetic acid, essentially as described by Allen
(1981). At the completion of the reaction, the protein was
separated from the reagents by desalting on a Pharmacia
PD-10 (Sephadex G-25) column. The protein was eluted from
the column with 1% acetic acid and subsequently lyophilized.
Arginine peptides were obtained by cleavage of the S-
carboxymethylated esterase (CM-esterase) with clostripain.
Prior to the reaction, clostripain was activated by preincubation
for 4 h at room temperature with 2.5 mM dithiothreitol and

! Abbreviations: NGF, nerve growth factor; EGF, epidermal growth
factor; EGF-BP, epidermal growth factor binding protein; DFP, diiso-
propyl fluorophosphate; PMSF, phenylmethanesulfonyl fluoride; PTH,
phenylthiohydantoin; TFA, trifluoroacetic acid; HPLC, high-perform-
ance liquid chromatography; CM-esterase, S-carboxymethylated esterase;
Tris-HCI, tris(hydroxymethyl)aminomethane hydrochloride; EDTA,
ethylenediaminetetraacetic acid; SDS, sodium dodecyl sulfate; ELC,
endoproteinase Lys-C; pPK, porcine pancreatic kallikrein; gpPK, guinea
pig prostate kallikrein; BAPNA, benzoylarginine-p-nitroanilide.
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1.0 mM calcium acetate after which the enzyme was diluted
10-fold into the reaction mixture. The digestion was carried
out in 75 mM sodium phosphate, pH 7.8, at an enzyme to
substrate ratio of 1:100 for 5 h at room temperature. At the
completion of the reaction, the sample was lyophilized, and
the peptides subsequently were separated by reverse-phase
HPLC as described in the text.

The CM-esterase was digested with S. aureus V8 protease
(2% w/w) in 0.1 M NH,HCO,, pH 7.8. After incubation for
5 h at 37 °C, the reaction was terminated by the addition of
excess PMSF. Cleavage of the protein with endoproteinase
Lys-C was performed for 6 h at 37 °C in 20 mM Tris-HCI,
pH 7.8, containing 1 mM EDTA. The substrate concentration
was 5 mg/mL, and the endoproteinase Lys-C concentration
was 0.025 mg/mL.

Cleavage at methionine residues by cyanogen bromide was
carried out as described by Thomas et al. (1981b).

Sequencing Procedures. The amino-terminal sequence of
the CM-esterase was determined in a Beckman 890C spin-
ning-cup sequencer using a 0.1 M Quadrol program. The
peptide fragments were analyzed by automated Edman deg-
radation in an Applied Biosystems 470A gas-phase sequencer.
The phenylthiohydantoin derivatives were identified by re-
verse-phase HPLC with a Hewlett-Packard Model 1084B
chromatograph equipped with an Altex Ultrasphere ODS
column. The aqueous phase was 15 mM sodium phosphate,
pH 5.5, and the PTH-amino acids were eluted with a gradient
of methanol/acetonitrile (17:3 v/v).

Amino Acid Analyses. The amino acid composition was
determined after hydrolysis of the protein and peptides in 6
N HCl for 24 h at 110 °C, in vacuo. The amino acid analyses
were carried out on a Durrum D-500 amino acid analyzer.

RESULTS

The strategy used for determining the primary structure of
guinea pig esterase is shown in Figure 1. The amino acid
sequence was derived predominantly from peptides obtained
from clostripain, endoproteinase Lys-C, and cyanogen bromide
cleavages of the esterase. Digestion with S. aureus V8 protease
yielded fragments which provided essential overlaps. Overlaps
were obtained for all peptides except between residues 98 and
99 where the order of the peptides was deduced from the
sequence homology of the guinea pig enzyme to serine pro-
teases (vide infra). The peptides have been designated and
numbered according to the type of digest and the theoretical
order in which they appear in the sequence; i.e., peptides were
given a designation whether or not they were isolated (see
Figure 1).

The amino acid composition calculated from the sequence
of the guinea pig esterase is shown in Table I and is in good
agreement with that determined from amino acid analyses of
the hydrolyzed protein. The protein contains 239 amino acids
with a calculated molecular weight of 26 300 which is in ac-
cordance with the molecular weight determined from SDS-
polyacrylamide gel electrophoresis of the deglycosylated protein
(Dunbar & Bradshaw, 1985).

Automated Edman degradation of the CM-esterase yielded
the sequence of the first 36 amino acids (Figure 1). Only one
N-terminal sequence was apparent which is consistent with
the enzyme being comprised of a single polypeptide chain. The
complete amino acid sequence is shown in Figure 2.

Clostripain Peptides. A significant proportion of the se-
quence was derived from peptides obtained by digestion of the
CM-esterase with clostripain (Figure 1). The digestion
products were fractionated directly on a Vydac C4 reverse-
phase HPLC column, and the peptides were eluted with a
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FIGURE 1: Strategy used to determine the amino acid sequence of guinea pig prostate esteropeptidase (kallikrein). The peptides expected from
each of the cleavages are indicated and are numbered continuously whether they were isolated or not; the hatched areas represent the portion
of the sequence determined by automated Edman degradation. The stipled area beyond residue 50 in the endoproteinase Lys-C digest represents
the alternate peptide arising from the allotypic replacement at position 50 (see text). Cleavage at Lys-25 in the clostripain digest is indicated
by (K); cleavages at residues other than methionine in the cyanogen bromide digest are indicated: W, tryptophan; P-D, acid cleavage at an

Asp—Pro bond.

20 40
¥-1-G-G-Q-E~C-A-R-D-S-H-P-W-Q-A-A-V~Y-Y-¥-§-D-]-K~C-G-G-Y-L-V-D-P-Q-N-V-L-T-A-A-
) 60 v 80
H=G-T-N-D-§-H-Q-¥ =L -G-R-H-N-l -F - -DE~D~T-A-Q-H-F-L-¥-5-0-5-V-P-H-P-D-F -N-H-S-
100 120
L-L~E-P-H-N-¥-L-P-N-E-D-Y~S-H-D-L-M-L-L-R-L-N-Q-P-A-Q-1-T-D-S-¥-Q-¥-M-P-L-P-T-Q-

140 16D
E-¥-Q-V-G-T-T-C-R-A-L-G-W~G-S=1-D-P-D-P-A-H-P-Y-F P -D-E-L -Q-C-Y~G-L-E-[-L-P-S~K-

180 200
N-C-D-D-A-H-1-A-N~V-T-G=T~M-L-C~A-G-D-L~A-6-G-K-D~T-C-¥~G~D-§-G-G-P-L-1-C-D-G-V-

220 239
L-Q-G-L-T-S-W-6~D=-5-P-CG-¥-A-H-S-P-§-L-Y-T-K-¥-[-E-Y-R-E-N-T-E-R-T-M-A-D-N-P
FIGURE 2: Complete amino acid sequence of guinea pig prostate

esteropeptidase. The symbol Y represents potential sites of carbohy-
drate attachment at Asn-78 and Asn-169.

gradient of 2-propanol as shown in Figure 3. Five major peaks
were obtained, yielding five of the seven peptides predicted
from the amino acid composition (six arginines). The major
peak in the flow through (peak 1) contained a small penta-
peptide, C6, which was sequenced in its entirety and is derived
from residues 229-233. The peptides that eluted in the
fractions corresponding to peaks 2 (peptide C4), 3 (peptide
C3), and 5 (peptide C5) (Figure 3) were also of sufficient
purity to sequence directly without further purification. Their
amino acid compositions are shown in Table I.

Peak 2 corresponded to peptide C4 (residues 102-129), and
26 of the 28 residues were sequenced. Peptide C3 appeared
in peak 3, and automated Edman degradation yielded the
sequence of 29 of the 48 residues. Cycle 25 was blank with
no detectable PTH-amino acid while the two subsequent cycles
yielded Met-Ser. This is consistent with the consensus se-
quences (Asn-X-Ser/Thr) for an asparagine-linked carbohy-
drate side chain (Waechter & Lennarz, 1976). The amino

Az20
% ISOPROPANOL

10 20 30 40 50 80
ELUTICN TIME (minutes)

FIGURE 3: Fractionation of the peptides obtained from a clostripain
digestion of CM-esteropeptidase on a Vydac C4 reverse-phase HPLC
column (4.6 X 250 mm). The column was equilibrated with 0.1%
TFA, and the peptides were eluted with a gradient of 2-propanol, as
shown. The flow rate was 0.75 mL/min.

acid composition of C3 (Table I) is also indicative of nine
aspartic acid residues after acid hydrolysis of the peptide
whereas only eight are predicted by the sequence. Cycle 25
of this peptide, corresponding to residue 78, was therefore
identified as an asparagine residue (linked to a carbohydrate
side chain),

Peak 5 from the HPLC separation of the clostripain frag-
ments contained a long peptide (CS5) of ~99 residues of which
28, encompassing amino acids 130-157, were sequenced. Peak
4 (Figure 3) was comprised predominantly of peptide C2
corresponding to cleavage at Arg-9. Sixteen residues were
sequenced which corresponded to residues 10-25 initially
identified by Edman degradation of the intact protein. Peak
4 also contained a minor fragment with an N-terminal se-
quence of Cys-Gly-Gly-. This peptide was subsequently
identified as corresponding to residues 26-50 (or 53). It also
occurred in the endoproteinase Lys-C digest (from which it
was readily purified and sequenced) and apparently arose from
cleavage at Lys-25 by clostripain. Neither the N-terminal
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peptide (C1) nor the C-terminal peptide (C7) was recovered.

Endoproteinase Lys-C Digest. Cleavage at lysine residues
was accomplished by incubation of the CM-esterase with
endoproteinase Lys-C (ELC). Gel filtration of the digestion
products on a column of Sephadex G-75, followed by re-
verse-phase HPLC of the partially fractionated peptides, re-

- - Q . N
Pl B e e R e e ~_ —_ =Sl = . “ g B B .

3 glececczces o < Lz s 859 sulted in the purification of four ELC peptides. The peptide
o~ — —— 5] . e .

z % Sqzds8c 2= & 22 o F i £3 corresponding to ELC2 initially eluted very close to the void
8 £ 23 volume of the Sephadex G75 column. After further purifi-

5 i': g cation by chromatography on a reverse-phase C4 HPLC

- . §D & 2 3 column at approximately 35% 2-propanol, the peptide was

A QTELTAEEEE =¥ 22 = SES = sequenced for 26 residues. The N-terminus of the peptide

ot 2 SAYIZSCS e 228 22 e ;‘EE 2 corresponded to Cys-26, and the sequence included His-41
— o~ - 1 . . « e qe . . .

W < &3 B £ 3 which is analogous to the histidine residue implicated as

= GEZ3 3 catalytically important in serine proteases (Blow et al., 1969).
T ES o y
_% S o R The amino acid in this peptide, corresponding to residue 50
= —_ o= . . e
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> il eneo mm N o—an ESg similar peptide encompassing residues 26—53 was isolated from
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= ~lgg¢g
~ 5< 1;, peptide was sequenced, as judged by comparison with the
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A= = &=t g .
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= Q . . . . I
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2E- 2 amino acid analyses of the peptide (Table I), suggesting that
&5 8 2 the peptide was completely sequenced. The identification of
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g S5 &E é’, intact protein. Neither peptide ELC3 (residues 51-160) nor
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=& . ==| Initially separated on a column of Sephadex G-75 (Figure 4a).
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21588355 SESBE B 53§ 2 E £2 S8 &5 g 8| may have arisen in part due to the Met-Ser sequence at
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peptides eluting in pools II and III were readily purified by
reverse-phase HPLC on Vydac C4 and Supercosil LC-8
columns, respectively. Peak IV from the gel filtration column
was very heterogeneous. Partial fractionation was achieved
by chromatography on a C8 column (Figure 4b) which yielded
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FIGURE 4: Purification of the cyanogen bromide peptides derived from
guinea pig CM-esterase. (a) Fractionation of the digest on a column
of Sephadex G-75 (2.5 X 90 cm). The column was equilibrated with
50 mM NH,HCO,, pH 7.8, and the peptides were eluted at a flow
rate of 25 mL/h. The bars represent the fractions which were pooled
from each peak for further chromatography. (b) Reverse-phase HPLC
of the pool IV peptides on a column of Supercosil (Supelco) LC-8.
The aqueous phase was 0.1% TFA in H,0, and the column was
initially equilibrated with 10% 2-propanol, and the peptides were
subseqeuntly eluted with a gradient as indicated. The flow rate was
0.75 mL/min. CB4a and CB4b correspond to peptides arising from
cleavage at Met-115 and Asp-137, respectively. CBS5a represents
residues 175-207, and CB5b corresponds to the peptide arising from
cleavage at Trp-207. (c) Pool A from the C8 column was rechro-
matographed on a Vydac C18 column. The sample was applied at
15% 2-propanol (aqueous-phase 0.1% TFA) and eluted with a gradient
of 2-propanol, as shown, at a flow rate of 0.75 mL/min.

peptides CB4b, CBSa, and CBSb. The fragments eluting in
peak A from the C8 column were subsequently purified by
chromatography on a C18 column (Figure 4c), ultimately
producing peptides CB2, CB3, and CB4a, as indicated.
Cleavage at Met-79 and Met-98 gave rise to peptide CB2
of which 17 of the 19 amino acids were sequenced. The
identity of the remaining two residues was determined from
amino acid analyses of the peptide (Table I) while the sequence
of these residues, Leu-Met, was deduced from homologous
serine protease sequences. This region of homology was also
used to juxtapose CB3 at the C-terminus of CB2, Ten residues
of peptide CB3 (residues 99-115) were sequenced which
provided a significant overlap with the clostripain peptide C4.
A cyanogen bromide “sensitive” site also occurs within the CB4
peptide. This peptide contains the sequence Asp-Pro-Asp-
Pro-Ala (residues 137-141) which is susceptible to acid hy-

drolysis by the 70% formic acid solvent during cyanogen
bromide digestion. Cleavage occurs at both Asp—Pro bonds
as judged by the copurification of peptides containing N-
terminal sequences of Pro-Asp-Pro-Ala and Pro-Ala. (Only
the cleavage at Asp-137 is shown in Figure 1.) CNBr frag-
ment CBS5 represents cleavage at Met-174. Seventeen residues
of this peptide were sequenced which was useful as an overlap
with the N-terminus of the ELCS peptide (Figure 1).

Cleavage with CNBr also generated an additional peptide,
arising from CBI, that corresponds to residues 51-79 (CBIb).
This fragment was formed by cleavage at Trp-50, such
cleavages being frequent occurrences during CNBr fragmen-
tation of proteins (Blumenthal et al., 1975). In this case,
however, it was fortuitous in that it provided a necessary
overlap between the ELC2 and C3 peptides. Cleavage at
Trp-207 also occurred during digestion with CNBr. It was
difficult, however, to completely separate the resulting peptide
(CBs5b) from CB5a. Nonetheless, it was possible to subtract
the minor sequence of CB5a at each cycle and thus generate
the sequence corresponding to residues 208-228.

The esterase contains five methionines (Table I) which
should yield six peptides on CNBr cleavage. However, the
cleavages at 2 tryptophan residues (at 50 and 207) and 2
Asp-Pro sequences (located adjacent to each other and treated
as one cleavage in Figure 1) results in 12 possible peptides
(CB1, CBla, CB1b, CB2, CB3, CB4, CB4a, CB4b, CB5,
CB5a, CB5b, and CB6). Sequences were obtained for all
except CB1, CBla, and CBé.

S. aureus V8 Protease Peptides. The products of S. aureus
V8 protease digestion were fractionated by chromatography
on a C4 reverse-phase HPLC column. Three major peaks of
absorbance were detected which contained peptides of suffi-
cient purity for direct sequencing. A hexapeptide, SV8, en-
compassing residues 227-232 eluted at approximately 20%
2-isopropanol. Six residues were sequenced; the peptide
contains a Glu-Trp bond which was not cleaved by the pro-
tease. The second major peak, eluting at approximately 28%
2-propanol, contained the SVé fragment covering residues
122-155. Fifteen residues of this peptide were sequenced.
Peptide SV7 was the third major S. aureus peptide isolated.
The N-terminal sequence positioned this fragment within the
clostripain peptide C5. The first 23 amino acids were se-
quenced. Cycle 14 (residue 169) also appeared as a blank
cycle, while residues 170 and 171 were identified as Val-Thr.
These observations are consistent with a second potential site
of carbohydrate attachment and the identification of residue
169 as asparagine.

Discussion

The major soluble arginine esteropeptidase isolated from
guinea pig prostate is comprised of a single polypeptide chain
of 239 amino acids. The amino acid sequence of the first 36
amino acids was obtained by automated Edman degradation
of the intact protein. Peptide ELC2, commencing at Cys-26,
extends this sequence to residue 52. Residue 50 displayed an
allotypic variation, appearing as either lysine or a tryptophan.
Cyanogen bromide cleavage, occurring at Trp-50, yielded a
peptide which provided an overlap between ELC2 and C3.
Peptide C3 was sequenced through Leu-82 which provides the
overlap to peptide CB2. As noted earlier, peptide CB3 was
juxtaposed to CB2 on the basis of homology with other serine
proteases; no overlap between these peptides was obtained.
Peptide CB3 extends into the clostripain peptide C4 which is
connected to C5 by the S. aureus peptide SV6. Peptide C5
was sequenced to Leu-157, while SV7 contributed the sequence
of residues 156-179. Peptide CBS5 provided the intervening
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FIGURE 5: Comparison of amino acid sequences of guinea pig prostate kallikrein (gpPK), mouse NGF-y (nNGF-v) (Thomas et al., 1981b),
porcine pancreatic kallikrein (pPK) (Tschesche et al., 1979), and rat trypsin (rTP) (Swift et al., 1982). Homologous residues are enclosed
in solid boxes, and dashed boxes represent regions of the polypeptide implicated in defining substrate specificity (Mason et al., 1983).

sequence between 174 and 190, including the overlap to peptide
ELCS, which was sequenced to residue 209. The peptide
(CBS5b) arising from cyanogen bromide cleavage at Trp-207
extended the sequence to Tyr-227. This latter peptide also
provided the final overlap with the C-terminal peptide ELC6.

The primary structure of the protein is shown in Figure 5
aligned with that of mouse v-NGF, porcine pancratic kallikrein
(pPK), and rat trypsin. Gaps have been inserted in the latter
sequences in order to maximize homology with the guinea pig
enzyme. The guinea pig esteropeptidase displays several
features characteristic of serine proteases including the N-
terminal tetrapeptide comprised of two 3-branched amino acids
followed by a pair of glycine residues. The amino acids
corresponding to those proposed to comprise the catalytic
“charge-relay” system (Blow et al., 1969) are all conserved,
i.e., His-41, Asp-96, and Ser-191. There is also extensive
conservation of sequences adjacent to these active-site residues
including, for example, residues 37-42, which border His-41,
and residues 189-199, which surround the active-site serine.
The aspartic acid which has been implicated in conferring
specificity toward basic amino acids (Kreiger et al., 1974) is
also conserved (Asp-185) together with residues 206-208
which occur at the entrance of the substrate binding cavity.

The guinea pig esteropeptidase exhibits approximately 35%
identity to rat trypsin. However, this value rises to greater
than 60% with mouse v-NGF and porcine pancreatic kalli-
krein. This sequence homology to the glandular kallikreins
suggests that esteropeptidase should be designated as guinea

pig prostate kallikrein (gpPK). This is alsc in accordance with
the catalytic properties of the enzyme which have previously
been reported (Dunbar & Bradshaw, 1985). In addition, gpPK
also possesses a number of specific structural features common
to the kallikreins. It contains 10 of the 12 half-cystines present
in trypsin which occur at homologous positions within the
sequence. These residues apparently all occur as disulfides,
and although the pairing of the half-cystines was not examined,
they may be inferred from the X-ray crystal structure of
porcine pancreatic kallikrein (Bode et al., 1983). All of the
kallikreins which have been sequenced to date contain an
additional C-terminal residue compared to trypsin. y-NGF
(Thomas et al., 1981b), mGK-1 (Mason et al., 1983), porcine
pancreatic kallikrein (Tschesche et al., 1979), tonin (Lazure
et al., 1984), and rat pancreatic kallikrein (Swift et al., 1985)
and gpPK contain a C-terminal Asn-Pro dipeptide while
mGK-2 (Mason et al., 1983) and pMK-1 (Richards et al.,
1982) both exhibit C-terminal Asn-Ala residues. Pro-Ala is,
however, a conservative substitution requiring only a single
base change in the DNA sequence. Human pancreatic kal-
likrein differs by having a C-terminal serine (Fukushima et
al., 1985).

The regions of the polypeptide which are proposed to line
the binding pocket and confer substrate specificity are indi-
cated in Figure 5. The variability which is apparent in these
residues is consistent with the high degree of substrate spe-
cificity which characterizes the kallikreins. Mason et al.
(1983) have also observed that the limited variability in the
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coding regions of the mouse kallikrein genes predominantly
involves amino acid residues implicated in substrate specificity.

gpPK also exhibits several unique properties. Most of the
kallikreins are glycosylated at the residue corresponding to
Asn-78, and gpPK contains an amino sugar in the protein
hydrolysate. The guinea pig enzyme contains a further po-
tential site of N-glycosylation at residue 169. Although no
direct evidence for, or identification of, the carbohydrate was
pursued, the appearance of a blank cycle during automated
Edman degradation, followed by the Val-Thr sequence, is
typical of glycosylated sequences (Waechter & Lennarz,
1976). Furthermore, chemical deglycosylation of gpPK with
trifluoromethanesulfonic acid reduces the apparent molecular
weight of the protein from 36 000 to 26 000, while N-glycanase
yields a species of approximately 30 000 molecular weight (J.
C. Dunbar, unpublished observations). These observations are
consistent with two sites of carbohydrate attachment of which
only one is susceptible to cleavage by /V-glycanase. By analogy
with the structure of porcine pancreatic kallikrein (Bode et
al., 1983), this second site of glycosylation at Asn-169 occurs
immediately adjacent to the “intermediate helix” (an additional
helix encompassing residues 158-166 in kallikreins which is
not apparent in trypsin) and appears to reside on the surface
of the molecule. A carbohydrate site at this position is
therefore not inconsistent with the general conformational
features attributed to the kallikreins. The cDNA sequence
which was recently determined for the S2 kallikrein from rat
submaxillary gland (Ashley & MacDonald, 1985) also con-
tains an Asn-Val-Thr sequence and thus a potential glycosy-
lation site at the analogous position.

The sequence of amino acids immediately following the
common site of carbohydrate attachment as Asn-78 has been
designated as the “kallikrein loop”. This segment of the po-
lypeptide in kallikreins contains a minimum of four amino acid
insertions compared to the same region in trypsin. In gpPK,
there are 11 additional amino acids. This region of the kal-
likrein structure is also the site at which many of the proteins
undergo proteolytic processing. The processing event fre-
quently involves not only cleavage but also excision of several
residues, resulting in kallikreins comprised of two polypeptide
chains held together by disulfide bridges. Mouse v-NGF, for
example, undergoes cleavage at Arg-83, and by comparison
of the protein and cDNA sequences (Isackson et al., 1985),
it is apparent that four amino acids are excised. In contrast,
gpPK is comprised of only a single polypeptide chain, with no
comparable proteolysis within the kallikrein loop. The amino
acid sequence of gpPK within this region is also devoid of any
arginine residues which presumably explains the resistance to
proteolysis.

Alignment of the kallikrein sequences reveals that gpPK,
like porcine pancreatic kallikrein, contains additional amino
acids in the segment of the polypeptide encompassing residues
138-142. This region of the protein appears to form part of
the substrate binding pocket, and it is of interest that, in
contrast to many kallikreins, gpPK and pPK fail to hydrolyze
BAPNA (benzoylarginine-p-nitroanilide). The insertion of
additional residues in both gpPK and pPK may account for
the lack of reactivity of these proteins toward the synthetic
p-nitroanilide substrates.

gpPK is the major arginine esteropeptidase in the guinea
pig prostate. The function of this protein, however, remains
to be determined. Kallikreins have been implicated in growth
factor processing, and gpPK bears considerable homology to
mouse v-NGF and EGF-BP, enzymes that have been sug-
gested to be involved in the maturation of mouse 3-NGF and

EGF. Guinea pig prostates contain both 3-NGF and EGF
(Harper et al., 1979; Rubin, 1983), but gpPK does not appear
to form stable complexes, analogous to those which occur in
the mouse submandibular gland, with either of these growth
factors (Dunbar & Bradshaw, 1985). Furthermore, the
concentration of the kallikrein is far in excess of the concen-
tration of either of the growth factors, indicating that, unlike
~-NGF (Isackson et al., 1987), its synthesis is not coordinately
regulated with either hormone. While these observations do
not preclude a processing role for the enzyme, it is suggestive
that the formation of stable complexes between growth factors
and kallikreins may be a unique feature of the male mouse
submandibular gland. The structural data determined in this
study provide the base from which to determine the role of
guinea pig prostate kallikrein in processing the precursors of
NGF and EGF in a homologous system.
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ABSTRACT: Each regulatory subunit of the cAMP-dependent protein kinase contains two in-tandem cAMP
binding sites. Photolabeling of holoenzyme I with 8-azidoadenosine 3’,5’-monophosphate (8-N;-cAMP)
leads to the covalent modification of two residues, Trp-260 and Tyr-371. In order to correlate photolabeling
of these two residues with occupancy of each specific cAMP binding site, photolabeling was carried out
in the presence of various analogues of cAMP that bind preferentially to one site. Photolabeling of holoenzyme
I after dissociation of 60% of 8-N;-[3H]cAMP with an excess of N%-monobutyryl-cCAMP nearly abolished
the incorporation of 8-N;-cAMP into Trp-260, whereas the modification of Tyr-371 was reduced by 49%.
When 8-N;-[3?P]cAMP was bound under equilibrium conditions in the presence of various cAMP analogues,
NS-monobutyryl-cCAMP also selectively abolished incorporation of radioactivity into Trp-260, whereas
8-(methylamino)-cAMP preferentially reduced the covalent modification of Tyr-371. Photolabeling with
trace amounts of 8-N;-[>*2P]cAMP in the presence of saturating amounts of N%-monobutyryl-cAMP led
to the covalent modification of only Tyr-371. In addition, photolabeling of Tyr-371 was enhanced syn-
ergistically in the presence of Né-monobutyryl-cCAMP. MgATP reduced the covalent modification of both
Trp-260 and Tyr-371 but showed no selectivity for either site. These studies support a model that correlates
photolabeling of Trp-260 with occupancy of cAMP binding site A and photolabeling of Tyr-371 with
occupancy of cAMP binding site B. Thus, Trp-260, although it lies at the boundary between domain A
and domain B, must be in close contact with the cyclic nucleotide that is bound to domain A. The results
also establish unambiguously that NS-substituted analogues of cCAMP which are selective for the fast
dissociation site preferentially bind to the first cAMP binding site in the linear sequence (site A), whereas
C-8-substituted analogues which are selective for the slow dissociation site preferentially bind to the second
site (site B). These two sites are correlated with other features that are known to distinguish the two cAMP
binding sites.

’I:vo general classes of cAMP-dependent protein kinases have
been characterized, type I and type II, on the basis of elution
from (diethylaminoethyl)cellulose (Corbin et al., 1975). Both
isoforms exist as inactive tetramers containing two regulatory
subunits (R)! and two catalytic subunits (C). The primary
differences in the holoenzymes can be attributed to differences
in the regulatory subunits (Hofmann et al., 1975; Zoller et
al., 1979), and there are at least three unique genes that code
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for distinct regulatory subunits (Lee et al., 1983; Weldon et
al., 1985; Stein & Rubin, 1985; Jahnsen et al., 1986). Despite

! Abbreviations: 8-N;-cAMP, 8-azidoadenosine 3',5’-monophosphate;
R, regulatory subunit of cAMP-dependent protein kinase; C, catalytic
subunit of cAMP-dependent protein kinase; CAP, Escherichia coli ca-
tabolite gene activator protein; TPCK, L-1-(tosylamido)-2-phenylethyl
chloromethyl ketone; HPLC, high-performance liquid chromatography;
EDTA, ethylenediaminetetraacetic acid; SDS, sodium dodecyl sulfate;
BSA, bovine serum albumin; TCA, trichloroacetic acid, TFA, trifluoro-
acetic acid; PTH, phenylthiohydantoin; Trp, tryptophan; Tyr, tyrosine;
K, apparent equilibrium dissociation constant; K;, apparent equilibrium
inhibition constant; M, molecular weight; MES, 2-(N-morpholino)-
ethanesulfonic acid.
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