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Streptomyces griseus protease B, a member of the chymotrypsin superfamily, is encoded by a gene that
expresses a pre-pro-mature protein. During secretion the precursor protein is processed into a mature, fully
folded protease. In this study, we constructed a family of genes which encode deletions at the amino-terminal
end of the propeptide. The secretion of active protease B was seen to decrease in an exponential manner
according to the length of the deletion. The results underscore the intimate relationship between folding and
secretion in bacterial protease expression. They further suggest that the propeptide segment of the zymogen
stabilizes the folding of the mature enzyme through many small binding interactions over the entire surface of
the peptide rather than through a few specific contacts.

Secreted proteins of prokaryotes and eukaryotes are com-
monly expressed in precursor forms. These are subsequently
processed into mature enzymes by the action of one or more
peptide hydrolases. For example, the chymotrypsin-like pro-
teases of Streptomyces griseus are translated in the form of
pre-pro-mature precursors, whereas only the mature segments
of the polypeptides appear in culture supernatants.

Precursor polypeptides have signal sequences attached at
either amino-terminal (in which case they are referred to as
“pre”) or carboxyl-terminal ends of the protein. Signal se-
quences are responsible for directing the nascent proteins to
the cell surface. The role of the propeptide in the precursor is
less clear. Recent studies suggest roles for propeptides in pro-
tein folding, protein secretion, and inhibition of enzyme activ-
ity. The propeptides of certain serine proteases are thought to
catalyze a rate-determining step in protein folding (1). For
example, the propeptide of the a-lytic protease was shown to
lower the activation barrier between active and inactive con-
formations of this enzyme by as much as 27 kcal - mol ' (3). In
this example the propeptide appears to function as the in-
tramolecular equivalent of the chaperonin. During «-lytic pro-
tease secretion the propeptide is cleaved from the precursor
protein and degraded; consequently, the enzyme becomes
trapped in a conformational well.

Some propeptides are reported to be potent inhibitors of the
activity of the mature enzymes (2, 15, 26). It is possible that
inhibition is a major biological role for the pro regions, ensur-
ing that the enzyme is inactive until it has been secreted from
the cell. Alternatively, enzyme inhibition may be an artifact of
the primary function of the propeptide, to reduce the activa-
tion energy between the folded and unfolded states of the
protein (23). In either case, some propeptides appear to pos-
sess both folding and inhibitory functions.

Despite a common catalytic mechanism, it is possible to
categorize serine proteases into distinct families or clans of
distant evolutionary origin (4). Subtilisin from Bacillus subtilis
(11), o-lytic protease from Lysobacter enzymogenes (23), and

* Corresponding author. Mailing address: Department of Chemistry
and Institute of Molecular Biology and Biochemistry, Simon Fraser
University, Burnaby, British Columbia, Canada V5A 1S6. Phone: (604)
291-3571. Fax: (604) 291-5583. E-mail: borgford@sfu.ca.

3241

carboxypeptidase Y from Saccharomyces cerevisiae (26) are rep-
resentative enzymes from these evolutionarily distant families.
Yet, remarkably, the three nascent proteases each contain pro-
peptides implicated in folding and maturation, appearing to
have converged on a similar propeptide-dependent folding
pathway.

The bacterial proteases rely on the activity of a signal pep-
tidase to cleave the bond at the junction between the pre and
pro domains of the zymogen, whereas processing of the pro-
mature junction is autocatalytic. It has not been established,
however, whether this autocatalytic processing event is intra-
molecular (one molecule self-processing) or intermolecular
(one mature enzyme processing another zymogen) or if both
intramolecular and intermolecular processing takes place.
There are, to date, no three-dimensional structures of bacterial
chymotrypsin-like proteases that include propeptides. Conse-
quently, the details of interaction between propeptides and
mature peptides are still very much in question.

Extensive propeptides are present in proteases SGPA, SGPB
(10), SGPC (22), SGPD (21), and SGPE (20) of S. griseus
and in the related a-lytic protease of L. enzymogenes (24). Al-
though the mature enzymes are similar in size, sequence, and
three-dimensional structure (where it is known), the propep-
tides are extremely diverse (21). Considering the substantial
variations in the sizes and sequences of propeptides in the
bacterial chymotrypsin-like proteases, it is reasonable to ques-
tion whether the folding function of the propeptide involves
interactions over its entire length or whether a few key residues
are involved in the folding activity. In a previous study, Fujish-
ige et al. (9) reported that the deletion of as few as 5 residues
from the amino terminus of the propeptide of a-lytic protease
abolished the secretion and generation of active enzyme. Sim-
ilarly, a 14-amino-acid deletion in the propeptide of subtilisin
led to failure to generate active protease in vivo (11). A series
of deletions in carboxypeptidase Y resulted in a reduction of
intracellular enzyme activity (16).

In this report we demonstrate (i) that deletions to the 76-
amino-acid propeptide of SGPB cause an incremental loss in
the production of mature enzyme and (ii) that the propeptide
of the related enzyme SGPA can catalyze the maturation and
secretion of mature SGPB.
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FIG. 1. Relative production of SGPB from mutant sprB genes. Expression
constructs encoding SGPB with different numbers of amino acids (shown fol-
lowing A) deleted from the N terminus of the propeptide were used. Protease
activities (1) and immunodetectable protein (Hll) are shown relative to those
of the wild type (encoded by pEB-B8). The vector (encoded by pEB-11) contains
no sprB insert. The chimera (encoded by pEB-PAmB) is the proA-mature B
fusion.

Effects of amino-terminal propeptide deletions on SGPB
production in vivo. To analyze the role of the propeptide in the
production of active SGPB, deletions were made to that part of
the sprB gene (the gene encoding SGPB) that encodes the
amino terminus of the propeptide. Plasmid pEB-BS is derived
from the Bacillus expression vector pEB11 (20). pEB-BS8 en-
codes pro-mature SGPB driven from the Bacillus amylolique-
faciens subtilisin BPN’ promoter and is fused to the pre regions
of subtilisin. The plasmids pEB-BPA4 and pEB-BPA15, encod-
ing 4 and 15 amino acid deletions, respectively, were con-
structed from pEB-B8 by using synthetic oligonucleotide prim-
ers and standard PCR techniques. Plasmids pEB-BPA10 and
pEB-BPA20, which encode 10 and 20 amino acid deletions,
respectively, were constructed by standard restriction diges-
tions. The constructs were verified by DNA sequence and
restriction enzyme analyses. B. subtilis DB104 was transformed
(12) with each of the above vectors and with pEB-BS8. Trans-
formants were streaked onto yeast extract-tryptone (YT) agar
(13) containing 1.5% skim milk powder and 50 ng of kanamy-
cin/ml. Broth cultures of YT (2 ml each) supplemented with
kanamycin (50 wg/ml) were inoculated with single colonies and
grown for approximately 12 h at 30°C, with shaking at 200 rpm.
A series of 125-ml Erlenmeyer flasks, each containing 50 ml of
YT media plus antibiotic, were then inoculated to 0.1%. The
cultures were grown in duplicate at 30°C with shaking at 200
rpm for 100 h. At various time points, cell growth was deter-
mined spectrophotometrically by measuring the absorbance at
600 nm (A4). Aliquots from each culture were taken, and
cells were precipitated by microcentrifugation. The protease
activity of culture supernatants was then determined by
measuring the release of p-nitroanilide at 412 nm from the
chromogenic substrate N-succinyl-Ala-Ala-Pro-Phe-p-nitroa-
nilide (14) at 25°C in 50 mM Tris (pH 8.0). Figure 1 shows the
maximum activities observed from the various deletion mu-
tants. Values were normalized for cell density and expressed as
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FIG. 2. Effect of temperature on mutant SGPB activity. B. subtilis cultures
harboring pEB-BPA10, pEB-BPA15, pEB-BPA20, or pEB-11 were grown for
59 h at 30°C. Activity is plotted as a log function of the number of amino acids
deleted from the propeptide for cultures grown at 21 (@), 30 (O), and 37°C (X).

percentages of the wild-type clone’s activity. The activity of
culture supernatants was seen to decrease exponentially with
increasing deletions to the propeptide of SGPB.

To determine whether this relationship was temperature de-
pendent, the mutant cultures were grown at 21, 30, and 37°C.
When activity was plotted as a log function of the number of
amino acids deleted from the propeptide amino terminus, par-
allel lines were observed for the pEB-BPA10, pEB-BPA1S5, and
pEB-BPA20 cultures at each temperature (Fig. 2). This sug-
gests that the phenomenon is not merely an artifact of the
growth conditions of B. subtilis. Furthermore, Northern blot
analysis of the sprB deletion mutants indicated that the genes
were being transcribed at the same levels as wild-type sprB;
therefore, the decrease in activity in the mutants was not a
transcriptional artifact (data not shown).

We made the assumption that the decreased activities mea-
sured in culture supernatants of the deletion mutants corre-
sponded to a decrease in concentration of active, mature pro-
tease, as opposed to incompletely processed or inactive forms
of the enzyme. In order to determine this, a polyclonal anti-
body was raised against SGPB. An immunogenic surface loop,
corresponding to amino acids 109 through 126 of SGPB, was
predicted by using the program PC Gene (Intelligenetics).
The peptide, conjugated to keyhole limpet hemocyanin, was
synthesized by the Alberta Peptide Institute. Rabbit polyclonal
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FIG. 3. Identification of extracellular SGPB. A Western blot probed with
anti-SGPB is shown. B. subtilis expression constructs encoding different numbers
of amino acids (shown following A) deleted from the N terminus of the
propeptide of SGPB were used. B, purified SGPB. The chimera (encoded by
pEB-PAmB) is the proA-mature B fusion. The wild type is encoded by pEB-BS.
The vector (pEB-11) contains no sprB insert.
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FIG. 4. Recombinant expression by chimeric proA-mature B protease.
B. subtilis DB104 transformants harboring pEB-pAmB (chimera) (1), pEB-B8
(wild type) (2), or pEB-11 (vector control) (3) were grown on YT-kanamy-
cin agar supplemented with 1.5% skim milk and incubated for 18 h at 30°C.
The diameter of each zone of clearing is proportional to the level of proteo-
Iytic activity.

antibodies were raised against the peptide-keyhole limpet he-
mocyanin conjugate by using standard procedures (19).
Polypeptides in culture supernatants and in whole-cell ly-
sates were separated by 0.1% sodium dodecyl sulfate-15%
polyacrylamide gel electrophoresis (19) and transferred to sup-
ported nitrocellulose (Bio-Rad). Blots were then probed with
rabbit anti-SGPB serum by using donkey anti-rabbit immuno-
globulin G-horseradish peroxidase conjugate (DAR-HRP) as
the secondary antibody. Adsorbed DAR-HRP was detected by
using the enhanced chemiluminescence kit (Amersham) ac-
cording to the directions of the manufacturer. It can be seen
that only mature forms of the enzyme were detected in culture
supernatants and that the decrease in protease activity corre-
sponded directly to a decrease in mature enzyme (Fig. 3). No
SGPB could be detected in whole-cell fractions (data not
shown). The high-molecular-weight species which cross-re-
acted with the anti-SGPB was not a variant form of SGPB,
since it was also present in supernatants of B. subtilis harboring
pEB-11, which does not contain the sprB gene. No SGPB was
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detected from pEB-BPA15 and pEB-BPA20, presumably be-
cause the amounts of protein (based on activities of about 3
and 0.3% of wild-type activity, respectively) were below the
detectable level.

To further confirm that the reductions in protease activity
corresponded to a reduction in mature SGPB, we quantitat-
ed SGPB by enzyme-linked immunosorbent assay using anti-
SGPB. Supernatants (100 pl) were incubated at 100°C for 5
min and applied to Immulon-2 microtiter plates (Dynatech
Laboratories); the wells were then blocked with 0.5% ovalbu-
min in phosphate-buffered saline (19). The wells were probed
with anti-SGPB diluted 1:1,000, followed by DAR-HRP (di-
luted 1:4,000). Three washes, each with 300 wl of water, were
performed between each step to remove unadsorbed protein
and antibodies. Adsorbed DAR-HRP was detected by reaction
with o-phenylenediamine (Sigma); the reaction was stopped
with 20% H,SO,, and the difference between the A 4, and A3,
was recorded. It is clear that the decrease in activities observed
with the deletion mutants corresponds with a decrease in im-
munodetectable protein (Fig. 1).

Our observation that the protease activity in culture super-
natants corresponds only to the presence of native enzyme is
consistent with studies which show that folding and cellular
transport (including secretion) are intimately linked (8, 9, 16).
If the propeptide is missing, protein (native or denatured) is
not secreted. The connection between propeptide-catalyzed
folding and secretion is unclear, but it may be that the propep-
tide maintains the enzyme in a metastable (denatured) confor-
mational state so that it can interact with the secretion ma-
chinery (7). Once outside the cell, the propeptide is cleaved
from the enzyme and degraded, thereby trapping the enzyme
in a stable, native conformation.

Related S. griseus proteases. We wanted to establish whether
the observed reductions in activity with the propeptide dele-
tion mutants of SGPB could be extended to related proteases
from S. griseus. Expression constructs encoding deletions in
the N termini of the propeptide-encoding regions of SGPC,
SGPD, and SGPE were also produced by PCR and restriction
enzyme digestions. When constructs pEB-CPA11 and pEB-
CPA16, encoding 11 and 16 amino acid deletions in the N ter-
minus of the propeptide of SGPC, respectively, were expressed
in B. subtilis DB104, maximum protease activities of 2.3 and
0.05% of the maximum wild-type activity were observed. Sim-

FIG. 5. Helical wheel representations of amino acids 7 to 24 of the propeptide of SGPA (A) and the homologous amino acids 5 to 22 of the propeptide of SGPB
(B) (8). The analysis was generated with the computer program MacDNASIS Pro (Hitachi), with 3.6 amino acids per turn. Dark shading, chemically identical amino

acids; light shading, chemically similar amino acids.
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ilarly, deletions of 20 and 26 amino acids to the N termini of
the propeptide-encoding regions of SGPD and SGPE, respec-
tively, resulted in the production of 3.4 and 1.7% of the max-
imum wild-type activities produced by pEB-D8 and pEB-E.
Therefore, these propeptide deletion mutants produced re-
duced but detectable levels of activity, similar to those of the
sprB deletion mutants.

proA-mature B chimeric protease. The propeptide region of
SGPA is 43% identical in amino acid sequence to that of
SGPB. The mature regions of the same enzymes are 181 and
185 residues long, respectively, and show 61% identity in ami-
no acid sequence. Furthermore, the a-carbon positions of the
two enzymes are 85% equivalent topologically, based on their
crystal structures (6). In order to address the question of
whether the propeptide of one protease is able to catalyze the
folding of another related enzyme, a chimeric gene construct
was prepared in which the propeptide of SGPA was fused to
the mature domain of SGPB. The secretion vector pEB-
PAmB, encoding the chimeric pro-mature protease, was ex-
pressed in B. subtilis DB104 along with pEB-B8 and pEB-11.
Zones of clearing, indicating the secretion of active pro-
tease, were visible with both the pEB-PAmB and pEB-B8
transformants on YT agar containing 1.5% skim milk (25),
50 pg of kanamycin/ml, and 80 wM isopropyl-B-D-thiogalac-
topyranoside (IPTG), suggesting the production of active
protease (Fig. 4). It was evident from Northern blotting
experiments that the chimeric gene was as efficiently tran-
scribed as the gene encoding wild-type SGPB (data not
shown). After 73 h of growth at 30°C, the chimeric gene
produced 7% of the activity produced by wild-type sprB (Fig.
1). Therefore, the propeptide of SGPA can catalyze the mat-
uration and secretion of mature SGPB, although not as effi-
ciently as does the propeptide of SGPB.

Hypothetical folding mechanism. As indicated, SGPA and
SGPB have a high degree of structural homology. We have
shown that the propeptide of SGPA will, to some extent, cat-
alyze the folding of SGPB. It follows, therefore, that the fold-
ing pathways of both proteases would be very close. A second-
ary-structure analysis using the method of Chou and Fasman
(5) and Rose (17) predicts that the propeptides of SGPA and
SGPB are predominantly helical. This is also a characteristic
of the propeptide of carboxypeptidase Y (26) and of some
heat shock chaperonin proteins (18). In contrast, crystal
structures reveal the mature regions of SGPA and SGPB to be
predominantly 3-sheet (6). Most of the deletions made to the
propeptide of SGPB fall within the first putative amino-ter-
minal a-helix (residues 5 to 22). An analysis of this a-helix
and the corresponding a-helix in SGPA (residues 7 to 24),
performed with the computer program MacDNASIS Pro
(Hitachi), revealed a conserved and a variable face (Fig. 5). It
is tempting to speculate that the propeptide is aligned so that
the conserved face interacts with the mature domain during
folding. In essence, the propeptide could act as a scaffold to
stabilize the formation of B-sheet structure, thereby reducing
the activation energy barrier to the native protease.

In summary, we have shown that propeptides can mediate
the folding of related enzymes. Observations of the deletion
mutants in this study indicate that propeptides likely have
multiple interactions with the mature region during folding.
The data suggest that these interactions are distributed evenly
across the amino-terminal region of the propeptide rather than
being limited to a few key residues. These results substantiate
the observation that the processes of folding and secretion
are intimately linked. We are now studying internal dele-
tions in the propeptide in order to further define the inter-
actions between the pro and mature regions of SGPB.
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