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In this report we describe a novel chymotrypsin-like
serine protease produced by Streptomyces griseus. The
enzyme has been tentatively named S. griseus protease
C (SGPC). The gene encoding the enzyme (sprC) was
identified and isolated on the basis of its homology to
the previously characterized S. griseus protease B
(SGPB). The sprC gene encodes a 457-amino acid pre-
pro-mature protein of which only the 255 carboxyl-ter-
minal amino acids are present in the mature enzyme.
Mature SGPC contains two distinct domains connected
by a 19-amino acid linker region rich in threonines and
prolines. While the amino-terminal domain is homolo-
gous to S. griseus proteases A, B, and E and the a-lytic
protease of Lysobacter enzymogenes, the carboxyl-termi-
nal domain is not homologous with any known protease.
However, the carboxyl-terminal domain shares exten-
sive homology with chitin-binding domains of Bacillus
circulans chitinases Al and D, suggesting that the en-
zyme is specialized for the degradation of chitin-linked
proteins. Recombinant expression and preliminary
characterization of the catalytic properties of the en-
zyme are also reported. The primary specificity of SGPC
is similar to that of SGPB; both enzymes preferentially
cleave peptide bonds following large hydrophobic side
chains.

The soil microorganism Streptomyces griseus secretes a va-
riety of hydrolytic enzymes. Consequently, it is the source of a
commercial, crude enzyme preparation known as Pronase. Sev-
eral members of the chymotrypsin-like serine protease family
have been purified from Pronase. The corresponding genes
have been isolated using synthetic oligonucleotide probes based
on the amino acid sequences of the enzymes. Past studies un-
covered the enzymes S. griseus protease A (SGPA),' S. griseus
protease B (SGPB) (1, 2), S. griseus protease E (SGPE) (3, 4),
and 8. griseus trypsin (SGT) (1, 5); however, the full breadth
and divergence of enzymes secreted from S. griseus has not
been determined. As part of an evolutionary study of the S.
griseus proteases, we adopted a strategy for cloning protease
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genes whose products were either undetectable in, or absent
from, the Pronase preparation. Initially, S. griseus genomic
DNA was probed with a portion of the gene encoding the pre-
viously characterized protease SGPB. Our approach revealed
six genomic fragments with significant homology to SGPB.
Four of the fragments were found to contain previously known
and characterized protease genes. The two remaining frag-
ments, however, could not be correlated with any known pro-
teases of S. griseus.

This report describes the cloning and sequencing of a novel
serine protease gene contained in one of the two uncorrelated
genomic fragments of S. griseus, as well as the expression and
preliminary characterization of the gene product. We propose
the genetic designation sprC for the unmapped gene and the
name S. griseus protease C (SGPC) for the gene product.

MATERIALS AND METHODS

Enzymes and Reagents—T7 DNA polymerase was purchased from
Pharmacia Biotech Inc., and calf intestinal alkaline phosphatase (CIP)
was from Boehringer Mannheim. Vent DNA polymerase (New England
Biolabs) was used for all polymerase chain reactions (PCR). All other
enzymes for digesting or modifying DNA were purchased from New
England Biolabs or Life Technologies, Inc.. Enzymes were used in ac-
cordance with the recommendations of the supplier. [o-*?P]dATP
(~3,000 Ci/mmol) was from Amersham Corp. Ampicillin, kanamycin,
activated charcoal, and N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide were
from Sigma. Zeta-Probe was purchased from Bio-Rad and x-ray film
from Eastman Kodak Co. All chemicals and reagents were of the highest
grade commercially available. Bacterial strains and plasmids have been
described previously (4), as have conditions for the growth and trans-
formation of strains.

Expression of Recombinant SGPC—The expression of SGPC in B.
subtilis required preparation of a special medium (YTC broth) as fol-
lows. Activated charcoal (30 g/L) was added to a solution containing 35
g/liter tryptone, 2 g/liter yeast extract, and 5 g/liter NaCl. This mixture
was stirred for 15 min and then centrifuged for 20 min at 10,000 x g.
The supernatant was decanted and filtered through Whatman No. 1
filter paper using a Buchner funnel. The charcoal-treated medium was
then autoclaved, and kanamycin (20 pg/ml) and CaCl, (10 mm) were
added from sterile stock solutions prior to inoculation. Cultures were
grown with vigorous shaking at 30 °C.

Construction of Genomic Library—The isolation of S. griseus chro-
mosomal DNA and hybridization with radiolabeled probe were de-
scribed previously (4). S. griseus IMRU3499 chromosomal DNA was
digested to completion with BamHI and size fractionated on a 1.0%
agarose gel. DNA fragments ranging in size from 3.6 to 5.2 kilobase
pairs (kbp) were isolated and cloned inte pUC18 (6) which had been
linearized with BamHI and treated with calf intestinal alkaline phos-
phatase. The S. griseus BamHI fragments (0.2 pg) and linearized
pUC18 (0.2 ng) were ligated in a final volume of 10 pl, and the ligation
mixture was used to transform E. coli DH5a/P3.

Cloning of the Gene Encoding SGPC—A DNA fragment encoding
amino acids 9-185 of mature SGPB (B-mat) (2) was radiolabeled and
used to select genomic clones as described previously (4). A plasmid
containing a 4.8-kbp insert was found to hybridize strongly with the
probe; this plasmid was designated pDS-C.

DNA Sequencing—pDS-C restriction fragments were selected for se-
quencing on the basis of Southern blot hybridization with the B-mat
probe. Sequencing strategies were as described previously (4).
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Expression of SGPC and SGPB in B. subtilis—Both SGPC and SGPB
were expressed in B. subtilis using a previously described secretion
expression vector (pEB-11) (4). To amplify DNA fragments encoding the
pro-mature portions of SGPC and SGPB, the following oligonucleotides
were used as PCR primers.

CF1 (5’ oligonucleotide, sprC):
CR1 (3’ oligonucleotide, sprC):
BF1l (5’ oligonucleotide, sprB):

UMR (universal M13 reverse primer):

CF1 and CR1 were used as PCR primers with the plasmid pDS-C as
template; the amplified product was digested with EcoRI and ligated
into pUC18 that had been digested with EcoRI and Smal and treated
with CIP. BF1 and UMR were used as PCR primers with pNC-B (a
pUC19 derivative containing sprB) as template; the amplified product
was digested with PstI and ligated into pUC18 (digested with PstI and
Smal and treated with CIP). PCR products (0.2 ng) and vectors (0.2 ng)
were ligated in final volumes of 10 ul, and the ligation mixtures were
used to transform E. coli DH5a/P3. Vectors with inserts of the correct
size were identified by restriction analysis and were partially sequenced
to verify accurate amplification and ligation. A plasmid containing a
correctly amplified fragment of sprC was designated pDS-C8, and a
plasmid containing a correctly amplified fragment of sprB was desig-
nated pDS-B8.

pDS-C8 was digested with EcoRI and Scal, and treated with T4 DNA
polymerase to produce blunt-ended fragments. The fragment contain-
ing the pro-mature portion of sprC was gel-purified and ligated into
pEB11 (4) (digested with Smal and treated with CIP). pDS-B8 was
digested with Fspl and Pstl, and the fragment containing the pro-
mature portion of sprB was gel-purified and ligated into pEB11 digested
with Smal and Pstl and treated with CIP. Each ligation mixture was
used to transform E. coli DH5a/P3, and vectors containing the correct
inserts in the correct orientations were isolated on the basis of restric-
tion enzyme analysis. These vectors were designated pEB-B8 (contain-
ing sprB pro-mature region) and pEB-C8 (containing sprC pro-mature
region). pEB-B8 and pEB-C8 were transformed into B. subtilis DB104
(7), and transformants containing the correct plasmids were identified
using restriction enzyme digests. Expression and secretion of SGPB and
SGPC in these transformants was verified using a skim milk clearing
assay (8).

Purification of SGPC and SGPB—B. subtilis DB104 harboring either
pEB-C8 or pEB-B8 were streaked on YT/milk plates containing 50
pg/ml kanamycin and grown overnight at 30 °C. A single colony with a
well defined zone of clearing was used to inoculate 2 ml of YTC broth
(described above). This 2-ml culture was grown approximately 12 h at
30 °C with vigorous shaking and then used to inoculate 200 ml of YTC
broth in a 1l-liter Erlenmeyer flask. After an additional 12-h growth
period under the same conditions, the culture was used to inoculate 15
liters of YTC broth in a Chemap Fermentor equipped with a model
FZ3000 control unit and a 20-liter G-type fermentation vessel.

The fermentor culture was maintained at 30 °C with a stir rate of 200
rpm and an aeration rate of 9 liter/min, and proteolytic activity was
monitored. When proteolytic activity had plateaued (approximately 48
h), the culture was cooled to approximately 15 °C.

Bacteria were removed from the culture by ultrafiltration using a
Millipore Pellicon apparatus equipped with a HVMP membrane cas-
gette (0.45-pm cutoff). The filtrate (containing active protease) was next
concentrated to 1.0 liter with a PTGC membrane cassette (10,000 nomi-
nal molecular weight limit). The retentate was centrifuged for 30 min at
10,000 x g to remove any additional precipitate. Sodium acetate (3.0 M,
pH 4.8) was added to the concentrated retentate to a final concentration
of 100 mm.

Acetone was added to the retentate with stirring to a final concen-
tration of 30% (v/v). After stirring for 10 min, the mixture was centri-
fuged at 4,000 x g for 15 min, and the pellet was discarded. A second
volume of acetone was added to the supernatant to a final concentration
of 70% (v/v), and the mixture was again stirred and centrifuged as
above. The pellet from this second fractionation, which contained active
protease, was resuspended in 150 ml of 100 mu sodium acetate (pH 4.8).
Proteolytic activity was monitored during all fractionations.

In order to remove cationic contaminants, the sample was applied to
a Q-Sepharose anion exchange column (60 ¢cm x 3 c¢m; Pharmacia)
equilibrated with 10 mum sodium acetate, pH 4.8 (Buffer A). The column
was washed with Buffer A, and the flow-through collected in 25-ml
fractions. Fractions with activity toward N-succinyl-Ala-Ala-Pro-Phe-p-
nitroanilide were pooled and dialyzed against 5 mm sodium acetate, 2
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mwm calcium chloride, pH 4.8 (Buffer B), overnight at 4 °C.

The dialyzed sample was applied to a Waters AP-1 cation exchange
column using a Pharmacia FPLC system. The column was washed with
Buffer B until the A,g, base-lined. The enzyme was then eluted in a

5'-AGTACTGACCCCGCGGCCACC-3'
5'-GAATTCGGGACCGGGGCGG~3'
5'-GGTACCTGCGCAACCCCCCGGACG-3'
5'-AACAGCTATGACCATG-3'

linear gradient from 0 to 0.25 M NaCl in Buffer B over 60 min. Fractions
with activity toward N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide were
analyzed by SDS-PAGE in 12% gels (9), and those fractions exhibiting
a single 26-kDa band (preparation of SGPC) or 19 kDa band (prepara-
tion of SGPB) were pooled. Protein concentration was determined using
the method of Lowry (10). The amino-terminal sequence of purified
SGPC was determined using an Applied Biosystems model 473 protein
sequenator at the Microsequencing Center of the University of Victoria,
British Columbia, Canada.

Proteolytic Activity Assay—Enzyme activity was determined spectro-
photometrically at 412 nm using the following assay mixture: 1.00 ml of
0.1 mg/ml N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide (11) in 50 mm Tris
buffer, pH 8.0 + 2-20 nl of enzyme solution. Unit activity is defined as
the amount of enzyme required to produce 1 mmol of p-nitroaniline in
1h at 20 °C.

Homology Searches—Homologous DNA and protein sequences were
searched for and identified using the BLAST network service at the
National Center for Biotechnology Information (NCBI).

RESULTS

Southern Blot Analysis—Hybridization of a 3P-labeled DNA
fragment encoding amino acids 9-185 of mature SGPB (B-mat)
with BamHI-digested genomic DNA of S. griseus detected six
unique genomic DNA fragments (Fig. 1). The two largest frag-
ments (8.4 and 6.8 kbp) could be attributed to the genes encod-
ing SGPB and SGPA, respectively (2), while the two smallest
fragments (1.5 and 0.4 kbp) corresponded in size to fragments
containing 5’ and 3’ portions of sprE (4). However, two strongly
hybridizing fragments (4.8 and 2.3 kbp) could not be correlated
with the genes of any known S. griseus serine proteases.

Cloning and Sequencing of sprC—The B-mat DNA probe was
used to isolate plasmids containing the above mentioned 4.8-
kbp DNA fragment from a DNA library prepared from S. gri-
seus genomic DNA digested to completion with BamHI. Ap-
proximately 20,000 E. coli transformants were screened by
colony hybridization, and 14 strongly hybridizing clones were
selected for further analysis. Southern blot analysis of plas-
mid DNA isolated from these clones revealed three that con-
tained a 4.8 kbp insert which hybridized strongly with the
B-mat probe. One of these plasmids (designated pDS-C) was
chosen for sequencing.

Sequence analysis of pDS-C revealed a gene that we desig-
nated sprC (Fig. 2). This gene contains an open reading frame
encoding a polypeptide of 457 amino acids. The putative GTG
initiation codon is preceded by a potential ribosome binding site
but, since the coding region begins just 34 nucleotides from one
end of the insert, the promoter is not contained within the DNA
fragment. Comparison of the predicted polypeptide with the
gene products of sprA, sprB (2), sprE (4), and the «-lytic pro-
tease gene of Lysobacter enzymogenes (12) suggested a similar
pre-pro-mature organization. The pre region, determined by
the method of von Heijne (13) using the computer program
PC/Gene (IntelliGenetics, Inc., Mountain View, California), en-
compasses the first 40 amino acids of the polypeptide and is
typical of prokaryotic secretion signals. The pre region is fol-
lowed by a propeptide region of 162 amino acids, which in turn
is followed by a 189-amino acid segment highly homologous
(45% identity) to mature SGPB. The open reading frame ter-
minates in a 66-amino acid extension that is not present in
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Fic. 1. Southern blot analysis of S. griseus genomic DNA di-
gested with the restriction enzymes Poull (A), Pvul (B), EcoRI
(C), and BamHI (D). The blot was hybridized with radiolabeled B-mat
DNA, a probe prepared from the mature region of sprB as described
under “Materials and Methods.” Significant hybridization to six differ-
ent genomic fragments was observed in BamHI digests (lane D). The
fragments at 8.4 and 6.8 kbp correspond to sprB and sprA, respectively
(1), and fragments at 1.5 and 0.4 kbp correspond to 5" and 3’ portions of
sprE (4). The two strongly hybridizing fragments at 4.8 and 2.3 did not
correlate with any previously known protease genes of S. griseus. The
larger of the two is designated sprC, the smaller fragment is as yet
uncharacterized.

SGPB nor in any other known protease.

A computer search of the complete non-redundant DNA/
protein data base revealed that the sequence of the final 47
amino acids of the carboxyl-terminal extension is highly homol-
ogous to the carboxyl-terminal domain of chitinase Al (57%
identity) and the amino-terminal domain of chitinase D (49%
identity) of Bacillus circulans (Fig. 3). The intervening se-
quence, which connects the small domain to the protease do-
main, is very rich in threonines and prolines; the homologous
domains of chitinases A1 and D are connected to larger chiti-
nolytic domains by similar linker regions (14).

Expression of SGPC and SGPB in B. subtilis—The polym-
erase chain reaction (PCR) was used to amplify a fragment of
the sprC gene extending from codon 35 to the termination
codon of pre-pro-mature SGPC. This fragment was then cloned
into pEB11 (4) to produce the expression vector pEB-C8.
pEB-C8 contains an open reading frame encoding a fusion pro-
tein composed of the pre region of subtilisin connected in-frame
to residues 35-457 of SGPC by a tripeptide sequence (Pro-Ser-
Thr). It has been reported that the deletion of as few as 6 amino
acids from the amino terminus of the pro region of a-lytic pro-
tease completely abolishes the secretion of active protease in E.
coli (15). Thus, pEB-C8 was designed to express a fragment of
SGPC initiating from within the putative pre region to ensure
inclusion of the complete pro-mature enzyme. Transcription
and translation are initiated from the subtilisin BPN promoter
and ribosome binding site, respectively, and the subtilisin pre
region serves to direct the translated polypeptide for extracel-
lular secretion (4). Similarly, the enzyme SGPB was expressed
from pEB-B8, a vector designed with the subtilisin pre region
fused to pro-mature SGPB. In each case, secretion of active
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protease was evidenced on YT/milk plates by the appearance of
zones of clearing (caused by the degradation of milk proteins)
around B. subtilis transformants harboring pEB-C8 or pEB-BS.
No zones of clearing were observed around pEB11 transform-
ants (data not shown).

Purification of SGPC and SGPB—Optimal protease expres-
sion in B. subtilis required a medium containing tryptone,
yeast extract, and CaCl,. Because yeast extract contains a pig-
ment that interferes with subsequent purification steps, the
medium was treated with activated charcoal prior to autoclav-
ing. Pretreatment resulted in the removal of the majority of the
pigment without diminishing protease expression. Any remain-
ing traces of the pigment were effectively removed during ion
exchange chromatography on Q-Sepharose, since the pigment
bound strongly to the matrix while the proteases were not
adsorbed.

The final purified yields of both SGPB and SGPC were ap-
proximately 5 mg/liter with specific acitivities toward N-succi-
nyl-Ala-Ala-Pro-Phe-p-nitroanilide of 4.3 and 11.7 units/mg, re-
spectively. Each purified enzyme showed a single band by SDS-
PAGE with a mobility corresponding to a molecular mass of 26
kDa for SGPC or 19 kDa for SGPB. Amino-terminal sequence
analysis of purified SGPC confirmed the location of the pro-
mature junction shown in Fig. 2.

DISCUSSION

There are two branches to the family of serine proteases, the
subtilisin branch and the chymotrypsin branch. Although all
serine proteases employ a charge relay system involving three
catalytic residues (aspartic acid, histidine, and serine), they fall
into one or the other of the two branches according to their
three-dimensional structures (16). The dependence of many
important biological processes (including digestion, hormone
activation, and blood clotting) on proteases of the chymotrypsin
branch (17) underscores the need to better understand how
these enzymes have become adapted to diverse activities.

Chymotrypsin-like enzymes are commonly found in higher
eukaryotes, but there are few simple prokaryotic systems in
which to study the evolution and divergence of this branch of
the serine protease family. The soil bacterium S. griseus may be
the most primitive organism to produce proteases of the chy-
motrypsin branch, and hence it is ideally suited to the study of
protease evolution. Many distinct proteolytic activities have
been detected in Pronase (a commercial preparation of S. gri-
seus culture supernatants). Four chymotrypsin-like serine pro-
teases have been identified, namely S. griseus trypsin (SGT), S.
griseus protease A (SGPA), S. griseus protease B (SGPB) (1),
and S. griseus protease E (SGPE) (3). The gene sequences of the
enzymes have been published (2, 4, 5), and high resolution
crystal structures have been determined (18-21).

The previous studies of S. griseus proteases proceeded along
similar lines. Hydrolytic activities toward specific synthetic
substrates were first detected in Pronase. The enzymes were
then isolated on the basis of their activity toward that sub-
strate (1, 3). Primary structure determinations provided the
information necessary to design oligonuceotides that could be
used as either radiolabeled probes or PCR primers in the iso-
lation of the corresponding genes (2, 4, 5).

Hybridization Studies of S. griseus—The degree of homology
between the known S. griseus protease genes suggested that
members of the family should cross-hybridize with one another.
Therefore, we employed a genetic approach designed to detect
novel genes homologous to S. griseus protease B. A DNA frag-
ment encoding the mature SGPB was used to generate radio-
labeled probes using a random-priming method. Southern blot
analysis of genomic S. griseus DNA detected the genes sprA,
sprB (2), and sprE (4), and the band intensities were propor-
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-190 -180

|
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-170 -160

| |
GGCGTGGCCTCCGCCGACCCCGCGGCCACCGCCGCTCCGCCGGTCTCCGCCGACAGCCTG 180
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vV T VA G S TASV VGASV CR S G s 309
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|
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}
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!
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P GG TWAV GTAYA ARG ATV T Y G 429

230 240

GGAGCCACCTACCGCTGCCTCCAGGCGCACACGGCCCAGCCGGGCTGGACCCCCGCCGAC 1380
G A TY RCLQABKRKTAOQZPGTWT P A D 449

250 255

G‘IGCCCGCGCTCmGCAGCGGG’lCTGACCGCCCCGGTCCCGGG 1424

V PALUWOHR 457
Fic. 2, DNA sequence of SprC, the gene encoding the protease
SGPC. SprC encodes a 457-amino acid pre-pro-mature protein, of
which 255 residues comprise the mature protein. The amino acid se-
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tional to homology (Fig. 1). The S. griseus trypsin gene was not
detected, but this is not surprising since SGT’s homology to
SGPB is significantly less than that of the other proteases (19).
Two putative genes, which could not be accounted for on the
basis of extant literature, were also detected; an analysis of one
of these genes (sprC) and its protein product (SGPC) is the
subject of this report.

Organization of sprC Gene Product—The sprC gene contains
an open reading frame encoding a polypeptide of 457 amino
acids (Fig. 2). Sequence comparisons suggest this polypeptide
has a pre-pro-mature organization similar to that of the a-lytic
protease of L. enzymogenes and S. griseus proteases A, B, and E
(2, 4, 12). The pre region extends from residue 1 to residue 40
and is typical of bacterial secretion signals. It consists of a
positively charged amino terminus followed by a hydrophobic
region capable of forming a membrane spanning helix, and it
terminates in a signal peptidase recognition site (13). The pre
region is followed by a propeptide of 162 amino acids; propep-
tides are found in most bacterial proteases and have been
shown to be essential for correct folding in subtilisin (22) and
the a-lytic protease (23). Mature SGPC is 255 amino acids in
length and consists of two domains connected by a 19-amino
acid linker: an amino-terminal chymotrypsin-like protease do-
main of 189 amino acids and a 47-amino acid carboxyl-terminal
domain with significant homology to putative chitin-binding
domains of chitinases Al and D of B. circulans (Fig. 3).

The maturation of bacterial chymotrypsin-like proteases is
believed to involve two proteolytic cleavages. The first cleavage,
between the pre and pro regions, requires the action of a leader
peptidase (13), while the second cleavage, at the pro-mature
Junction, is believed to be autocatalytic for S. griseus proteases
A, B (2), and E (4) and the o-lytic protease (12). SGPC being
homologous to these enzymes, its maturation would be ex-
pected to follow a similar mechanism. The boundary between
the pro and mature regions of SGPC was originally predicted
on the basis of comparisons with the pro-mature junction of the
a-lytic protease and was confirmed by amino-terminal analysis
of the recombinantly expressed enzyme.

Primary Specificity of SGPC—The presence of a leucine res-
idue on the amino-terminal side of the SGPC pro-mature junc-
tion (Fig. 2) suggested that the primary specificity of the enzyme
should be similar to that of SGPA and SGPB, as these enzymes
contain leucine residues in the equivalent position (2). Kinetic
studies of SGPC and SGPB with the chromogenic substrate N-
succinyl-Ala-Ala-Pro-Phe-p-nitroanilide (11) confirmed the pre-
diction. SGPC exhibited a specific acitivity of 11.7 units/mg,
while the specific activity of SGPB was 4.3 units/mg.

Relationship to the a-Lytic Protease—Sequence comparisons
suggest that, of all the S. griseus proteases, SGPC is the one
most closely related to the a-lytic protease of L. enzymogenes.
The pro region of SGPC (162 amino acids) is almost identical in
length to the pro region of the o-lytic protease (166 amino
acids), while in contrast, the pro regions of SGPA and SGPB
contain only 78 and 76 residues, respectively. The pro region of
SGPE (139 amino acids) lies between these two extremes. In

quence deduced from the gene is shown beneath the nucleotide se-
quences in one-letter code. A termination codon is indicated by asterisks.
Pre-pro (solid triangles) and pro-mature (opern triangles) junctions are
indicated. A putative ribosome binding site is indicated by dots below
the nucleotide sequence. Numbering to the right of the figure is relative
to the first nucleotide and first amino acid of each sequence. In addition,
amino acid numbering with respect to the amino terminus of the ma-
ture protease is shown above the sequence. The pre region of SGPC is
typical of bacterial secretion signals, suggesting that SGPC is an extra-
cellular enzyme (13). Mature SGPC consists of an amino-terminal pro-
tease domain (amino acids 1-189) connected to a smaller carboxyl-
terminal domain (amino acids 209-255) by a proline/threonine-rich
linker (amino acids 190-208).
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Fic. 3. Alignment of SGPC’s carboxyl-terminal domain and the homologous domains of Bacillus circulans chitinases (14). Num-
bering above the sequences is relative to the amino-terminal end of mature SGPC. The sequence of the carboxyl-terminal SGPC domain appears
at the top of the figure with sequences of the chitinase Al (ChiA) and D (ChiD) domains aligned below. The chitinase Al sequence is the putative
chitin-binding domain at the carboxyl-terminal end of chitinase Al (amino acids 653-699), while the chitinase D sequence is the putative
chitin-binding domain at the amino terminal end of chitinase D (amino acids 31-77). Sequence identities are boxed for clarity. Notably, the three
sequences are colinear; gaps were not introduced in the process of alignment.

addition, the protease domain of SGPC and the mature a-lytic
protease each contain 6 cysteine residues, which occur in ho-
mologous positions. In the crystal structure of the a-lytic pro-
tease, they form three disulfide bridges. SGPA, SGPB, and
SGPE each contain only four of the homologous cysteine resi-
dues. The crystal structures of SGPA (20) and SGPB (18) reveal
that these residues are involved in disulfide bridges that are
topologically equivalent to two of the three bridges in the a-lytic
protease. Thus it seems likely that SGPC, like the a-lytic pro-
tease, contains a third disulfide bridge that is absent in S.
griseus proteases A, B, and E. Finally, SGPC and the a-lytic
protease possess an additional 2 amino acids at their mature
amino-terminal ends as compared to SGPA, SGPB, and SGPE.
The sequence of SGPC begins Ala-Asp and the a-lytic protease
begins with the homologous sequence Ala-Asn.

Relationship to Chitinases—The carboxyl-terminal domain
of SGPC is homologous to putative chitin-binding domains of
chitinases Al and D of B. circulans (Fig. 3) (14). Recombinant
SGPC purified from B. subtilis has a molecular mass of 26 kDa
as determined by SDS-PAGE. This is in good agreement with
the mass predicted from the deduced amino acid sequence,
demonstrating clearly that the carboxyl-terminal domain re-
mains stably attached to the active protease. The small linker
connecting the domain to the proteolytic domain is rich in
threonines and prolines, and the presence of prolines is note-
worthy as this structure may serve to resist proteolysis.

What is the relationship between SGPC and chitin? Chitin, a
eukaryotic structural polysaccharide composed of repeating
B(1—4)-linked N-acetyl-p-glucosamine units, is found com-
plexed with proteins in insects, fungi, and nematodes. For ex-
ample, chitin and protein are present in insect cuticles in equal
proportions by mass (24). Hence, the efficient degradation of
chitin in the environment of S. griseus is expected to require
the participation of proteases. Notably, S. griseus secretes a
combination of chitinolytic and proteolytic enzymes. SGPC
seems to be an enzyme that possesses features of both enzy-
matic classes, but it is not immediately clear why a protease
requires a carbohydrate-binding domain in order to degrade
chitin-linked proteins. An answer to this question may be found
in the observation that the chitin-binding domains of B. circu-
lans chitinases are essential in the hydrolysis of insoluble crys-
talline chitin but are not required for the hydrolysis of soluble
chitin (25). SGPA, SGPB, and SGPC have very similar sub-
strate specificities, and we speculate that -chitin-linked
polypeptides may represent poor substrates for these pro-
teases. Hence, the acquisition of a chitin-binding domain by

SGPC would be an expedient method of improving specificity
and activity. Perhaps, as has been observed with the cellulose-
binding domains of certain cellulases (26, 27), the chitin-bind-
ing domain also participates in unraveling the polymers,
thereby giving the degradative enzymes access to their sub-
strates. We are currently examining the carbohydrate binding
capabilities of SGPC and its activity in the degradation of
chitin-linked proteins.
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