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Abstract

The activity of a 35 kDa protease increased in response
to induced expression of chloramphenicol acetyl-
transferase (CAT) in E. coli. This protease was partially
purified, extensively characterized, and identified via
the use of zymogram gels as the outer membrane
protease, OmpT. In experiments targeting the overlap
of well-characterized stress responses, OmpT activity
was found to increase in response to heat shock but
was only minimally affected by amino acid limitation.
The largest increase in activity was found after
induction of CAT. OmpT expression levels also
increased in response to induction of recombinant CAT
overexpression and heat shock. This is the first report
of increased activity and expression of an outer
membrane protease during cytoplasmic
overexpression of a recombinant protein.

Introduction

Proteases play an important regulatory role in the
degradation of abnormal proteins and in the response to
stressful conditions in Escherichia coli (Gottesman and
Maurizi, 1992). Goldberg et al. (1972) estimated that 5 to
12 percent of the total cellular protein is degraded per hour
in non-growing cells. Additionally, incorporation of amino
acid analogs, denaturation due to high temperatures,
genetic mutations and erroneous transcription or translation
all lead to abnormal proteins which are rapidly degraded
(Goldberg et al., 1972). Interestingly, induction of a
recombinant protein elicits a stress response which
includes increased protease activities (Harcum and
Bentley, 1993). Some of these proteases were found to
have both in vivo and in vitro activity towards misfolded or
unfolded polypeptides, which can arise when overproduced
in E. coli (Lazdunski, 1989). As a result, the induction and
overexpression of a recombinant protein can lead directly
to increased proteolysis.

Although the response of E. coli to induction of
heterologous proteins remains poorly characterized, the

biochemical and physiological variations incurred by the
host, such as increased protease activity, decreased growth
rate, and altered level of molecular chaperones are
common to several other stress response circuits
(Neidhardt et al., 1984; Parsell and Lindquist, 1993). As a
result, inductive comparisons among different stress
responses can serve to elucidate the specific mechanisms
by which cells overcome challenges to their growth
environments (Plesset et al., 1982, Gottesman, 1984). That
is, specific genes upregulated in response to multiple
independent stimuli can indicate response overlap. For
example, the heat shock response is characterized by a
rapid increase in the level of molecular chaperones (GroEL,
DnaK) and proteases (Lon, ClpP) (Yamamori et al., 1978,
Baker et al., 1984; Chuang and Blattner, 1993; Gross,
1996). Similarly, the cellular response to oxidative stress
includes increased levels of GroEL and DnaK while the
stringent response results in increased levels of Lon and
ClpP (Farr and Kogoma, 1991; Grossman et al., 1985). In
related work, Harcum and Bentley (1993) reported that the
proteolytic response to foreign protein production was
similar to the proteolytic response due to amino acid
limitation. They hypothesized this was due to a depleted
phenylalanine pool during chloramphenicol
acetyltransferase (CAT) overproduction and the
subsequent stringent-like response (Harcum and Bentley,
1993; Ramirez and Bentley, 1995). They observed that the
activity of a 35 kDa protease, quantified by zymogram gels,
consistently increased during CAT overexpression. In the
present study, the 35 kDa protease was partially purified,
characterized, and identified as the outer membrane
protease OmpT. OmpT activity and expression levels were
then evaluated in response to heat shock, oxidative stress,
and amino acid limitation.

OmpT was previously shown to degrade recombinant
proteins in vivo (Baneyx and Georgiou, 1990). In addition,
OmpT retains significant activity under extremely
denaturing conditions (White et al., 1995). As a result,
OmpT is likely to be active throughout downstream
processing steps which normally denature deleterious host
proteases. Therefore, increased activity of this protease in
response to overexpression and prior to cell harvesting
can be detrimental to final product yield. Following heat
shock, proteolytic activity has been shown to increase 5-7
fold (Caron and Grossman, 1988). Further, excision repair
in UV-irradiated E. coli has been shown to be OmpT-
dependent suggesting a link between OmpT induction and
rpoH control (Sedliakova et al., 1997). Thus, that OmpT
expression and activity increased in response to heat shock
found here was not surprising. However, the increased
activity of an outer membrane protease in response to
overexpression of a cytoplasmic recombinant protein has
not previously been reported. Moreover, our results
revealed similar OmpT dynamics in the response to heat
shock and the overexpression of recombinant CAT. While
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many E. coli proteases have been characterized, their
dynamic response to recombinant protein overexpression
is not well known. By integrating known protease
characteristics (substrate specificity, cellular location,
activity) with dynamic response data, strategies for
mitigating the proteolysis of recombinant proteins can be
designed and tested.

Results

Protease Dynamics During CAT Overproduction
The dynamics of IPTG-induced CAT overproduction in
batch cultures of E. coli JM105[pPROEX-1 CAT] are shown
in Figure 1 where the specific CAT activity increased
roughly 600-fold after 3 hr of induction. At the onset of
stationary phase, CAT activity decreased to approximately
400-fold pre-induction levels. Intracellular protease analysis
(zymogram or also “SDS-GPAGE”) was performed on the
crude cell extracts and the results for the 35 kDa protease
are also shown (Figure 1). The 35 kDa protease activity
was elevated in every sample post-induction with a peak
increase of approximately 3-fold over the preinduction level.
Interestingly, the peak 35 kDa protease activity coincided
with the maximum CAT activity (Figure 1) following which
the protesase activity remained elevated while the CAT
activity decreased sharply. In addition, a zymogram gel
was performed on the same extract samples using
immobilized CAT as a potential protease substrate.
Although trypsin activity (positive control) and an activity
at ~20 kDa was observed, there was no CAT degradation
in the 35 kDa region. This suggested that the 35 kDa
protease was not responsible for the observed decrease
in CAT activity. Nonetheless, the protease was partially
purified and extensively characterized due to its unique
appearance after CAT induction.

Figure 1. Dynamics of an IPTG-induced batch culture of E. coli JM105
[pPROEX-1CAT]. Optical density, CAT activity, and OmpT activity are all
shown. Induction ratio (IR) = Intensitysample / Intensityt = 0

Figure 2. A) SDS-GPAGE utilized to determine the optimal pH range and
isoelectric point of the 35 kDa proteases. Preparative isoelectric focusing
was performed and individual fractions were separated by GPAGE. The 35
kDA protease was found to migrate to the lower pH regions and was deter-
mined to have a pI of 4.7-4.8. B) To determine the optimal pH, individual
lanes, loaded with the same sample, were cut and incubated at various
pHs (pH 4, 5, 6, 7.5, and 9). Activity was a maximum at pH 6.0. C) Indi-
vidual sample lanes were cut and incubated with various inhibitors to de-
termine which, if any, would inhibit the 35 kDa protease activity. Clear re-
gions represent proteolytic activity, therefore, the decrease in intensity of
the clear region for aprotonin indicates protease inhibition.

Partial Purification and Characterization of the 35 kDa
Protease
The detailed purification protocol for the 35 kDa protease
is described in the Methods section. In brief, E. coli JM105
was grown in minimal medium and induced with 1 mM



Effect of CAT Overexpression on OmpT   285

IPTG at OD600 of ~5. Membrane isolation was performed
and the protease was determined to be membrane
associated (Table 1). The weak extraction step resulted in
a decreased specific activity compared to the total
membrane fraction as it removed only a small amount of
the desired protease. However, the strong extraction step
removed roughly 40% of the membrane bound protease
(based on activity) demonstrating that the 35 kDa protease
was tightly bound to the membrane.

Additional purification steps were undertaken using
preparative isoelectric focusing (PIEF) and GPAGE results
are depicted (Figure 2a) for even-numbered elution
fractions (2-20). The 35 kDa proteolytic activity migrated
to the fractions of the isoelectric focusing cell at pH 4-5
and the pI was found to be 4.7 +/- 0.5. As noted in Table 1,
the 35 kDa was purified ~290-fold from the crude cell lysate
with a final yield of 12%.

To determine the pH optima (Figure 2b), identical
samples were loaded into every other lane on a gelatin
zymogram and after electrophoresis, the gel was cut into
individual lanes. Each sample lane was placed in incubation
buffer (see Experimental Procedures) titrated at various
pH between 4.0-9.0 and the optimum pH for the 35 kDa
protease was near 6.0 (Figure 2b). This was indicated by

the intensity and area of the clear region of proteolytic
activity. Protease inhibitor studies (Figure 2c) were
performed analogously at a constant pH 7.5 and
demonstrated that aprotinin, a serine protease inhibitor,
was the only inhibitor to substantially repress 35 kDa
proteolytic activity (Figure 2c).

Identification and Confirmation of the 35 kDa Protease
as OmpT
The results of the partial purification and characterization
studies of the 35 kDa protease revealed a number of
similarities to the previously identified outer membrane
protease OmpT. As outlined in Table 2, both proteases were
similar in size, were membrane bound and required high
levels of detergent for extraction. Further, both proteases
are serine-type proteases with optimal activity near pH 6
and are active under denaturing conditions (GPAGE
conditions are relatively denaturing).

Table 1.  Purification of the 35 kDa Proteolytic Activity

OmpT Total Specific Fold
Sample Activity Protein Yield Activity Purifi

(U) (mg) (U/mg) cation

Crude Cell Lysate 43 x 106 797 100% 54 1.0
Membrane Fraction 31 x 106 52 72% 595 11
Weak Extract 2 x 106 13 6% 180 3
Strong Extract 12 x 106 12 28% 972 18
PIEF Fraction 5 x 106 0.3 12% 15,500 290

Table 2.  Characterization of  the 35 kDa Protease and Comparison to
OmpT

Characteristic 35 kDa Protease OmpT

MW(kDa) 34-39 35.5
Location Membrane Outer Membrane
Membrane Affinity High High
Nature Serine Serine
pH Optima 6 6
Isoelectric point (pI) 4.7-4.8
Active under denaturing Yes Yes
  conditions

Figure 3. GPAGE (A) and Western blot (B) of purified OmpT from E. coli
JM105. Lanes 1, 2 and 3 reveal that the OmpT from the crude cell lysate
(lane 1) is partitioned to the membrane fraction (lane 3), not to the cyto-
plasm (lane 2). Lane 4 contains the mild extract which shows no OmpT in
either the GPAGE or the Western blot. Lane 5 contains the strong extract
fraction and lane 6 contains the strong extract fraction after concentration
and resuspension in buffer B. Again, the unusual shape in lane 6 is the
result of exposure to high levels of detergent.

Figure 4. SDS-GPAGE analysis of stressed batch cultures of E. coli JM105
[pPROEX-1CAT]. Individual cultures were stressed by 5 mM IPTG induction,
heat shock at 42°C, 2 mM hydrogen peroxide, or serine hydroxamate (100
mg/L). Notably, the response to recombinant CAT expression resulted in
the largest increases in activity. Analogous CAT induction in BL21 (ompT-)
[pPROEX-1 CAT] demonstrated no detectable 35 kDa activity (not shown).
Induction ratio = Intensitysample / Intensityt = 0. Error bars represent standard
error for triplicate runs.
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Based on these results, OmpT antibody was acquired
(graciously provided by Prof. G. Georgiou, U. Texas, Austin)
and Western blotting was performed on purified samples.
The OmpT Western blot and corresponding GPAGE are
depicted in Figure 3, demonstrating that the serine protease
found to be upregulated after CAT overexpression was
OmpT.

Dynamics of OmpT Activity in Response to Several
Stresses
The response of OmpT activity following heat shock,
nutrient limitation, and oxidative stress was compared to
the response following CAT overexpression (Figure 4). As
noted previously, after CAT induction the activity of OmpT
increased dramatically within the first two hours. Similarly,
OmpT activity increased to roughly 3.5-fold the pre-stress
level following heat shock. Oxidative stress and amino acid
limitation had minimal effect. Notably, CAT overexpression
led to no detectable 35 kDa protease activity in an ompT
mutant (BL21) harboring the pPROEX-1 CAT plasmid (data
not shown). This result further confirmed that the observed
35 kDa activity was due to OmpT and was not partially
attributable to the similar ~35 kDa protease, OmpP.

Western blots of OmpT, GroEL, and DnaK over
analagous time periods revealed increased OmpT levels
after CAT induction and heat shock (Figure 5). Thus, the
OmpT response to recombinant CAT expression and heat
shock were similar whether measured via Western blotting
or zymogram activity gel (Figure 4). Of note, the σ32-
regulated heat shock proteins GroEL and DnaK increased

as expected after heat shock. Also, putative GroEL and
DnaK degradation bands were observed to increase over
time following induction and heat shock. Notably, GroEL
and DnaK levels did not change substantially during CAT
overexpression (Figure 5), amino acid limitation (data not
shown), or oxidative stress (data not shown).

Discussion
To our knowledge, the upregulation of an outer membrane
protease in response to cytoplasmic expression of a
recombinant protein has not previously been reported. This
protease was purified and identified as OmpT. In addition,
dynamic changes in the activity and expression level of
OmpT in response to heat shock, amino acid limitation,
oxidative stress, and recombinant CAT overexpression
were compared. Three noteworthy aspects of this work
are: the GPAGE assay facilitates characterization and
purification of proteases, the overlap among stress
responses, and the implications thereof.

Protease Purification Using GPAGE as a Primary Assay
The purification and characterization of the protease OmpT
was greatly enhanced by the use of the GPAGE protocol.
Protease purification from E. coli extracts has for many
years been focussed on recovering activity (Goldberg,
1972; Cheng and Zipser, 1979; Swamy and Goldberg,
1982; Pacaud, 1982; Palmer and St. John, 1987; Sugimara
and Higashi, 1988; Sugimara and Nishihara, 1988). In this
work, the activity associated with the 35 kDa region of the
GPAGE was purified rather than the particular protein. In
zymograms, the proteases were first separated by
molecular weight, which enabled the initial screening of
many proteases while eliminating contaminating proteases
of similar activity. In contrast, assays performed in solution
do not discriminate between the activities of several
proteases. In addition, the isoelectric point, pH optima, and
protease inhibitor profiles were easily determined using
the GPAGE. Thus, protease characterization and
identification experiments can benefit by the use of
zymogram (GPAGE) gels.

Overlap Among Stress Responses
Proteases play an important regulatory role in the
degradation of aberrant, regulatory, or repressor proteins
in the stress responses of E. coli (Nath and Koch, 1971;
Maurizi, 1992). The level and activity of the OmpT protease
was observed to increase rapidly after induction of CAT. In
addition, the level of CAT was observed to decrease as
the level of this protease increased over time. Since CAT
was cytoplasmically expressed and OmpT is an outer
membrane protease, this observation suggested that if
OmpT were responsible for CAT degradation, it would have
ocurred during the in vitro harvesting steps, after cell lysis.
Since OmpT is known to have activity even under extreme
denaturing conditions (White et al., 1995), this protease
would likely be active during harvesting. Interestingly, OmpT
is known to cleave between paired basic residues of
substrate proteins and CAT has one potential cleavage
site (Lys (161), Lys (162)). Cleavage at this location would
leave 19 kDa and 6 kDa segments, neither of which were
detected by CAT Western blotting. Further, CAT-PAGE
results did not reveal OmpT specificity for CAT. While this
result does not preclude cleavage of CAT by OmpT, it
indicates that the frequency of cleavage is less than that

Figure 5. Western blots for GroEL, DnaK, and OmpT from heat shocked or
recombinant CAT- induced batch cultures of JM105 [pPROEX-1CAT]. Re-
ported as the average of 3 experiments ± standard error. Induction ratio =
Intensitysample / Intensityt = 0
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required for CAT-PAGE or Western blot detection.
The changes in OmpT, GroEL, and DnaK levels in

response to the heat shock, stringent, oxidative, and IPTG
induced stress responses revealed some similarities as
well as differences. In particular, the magnitudes of the
OmpT response to recombinant protein expression or heat
shock were similar (Figure 5). Further, levels of OmpT,
GroEL and DnaK all increased in response to heat shock
while GroEL and DnaK levels were unaffected by CAT
induction. In addition, the response to oxidative stress did
not appear to overlap with the response to recombinant
protein expression for the proteins evaluated, except for
some relatively minor changes in the activity of OmpT.
Similarly, the response to amino acid limitation was not as
pronounced as responses to heat shock or recombinant
CAT expression.

These observations can be partially explained by the
cellular role of molecular chaperones and proteases. The
induction of recombinant protein can result in accumulation
and aggregation of partially folded proteins. Proteins in this
state are known to not only have increased susceptibility
to proteolytic degradation, but also are prevented from
aggregating by molecular chaperones (Mayhew and Hartl,
1996). Therefore, increased protease activity and molecular
chaperone levels in response to foreign protein production
was anticipated. In addition, the heat shock response
includes increased levels of GroEL. That the response in
OmpT activity was minimal following serine deprivation,
may be a dose-dependent phenomenon. As noted by
Ramirez and Bentley (1995), the amino acid limitation
experienced by the cells will be a function of the
composition of the overexpressed protein as well as the
level of induction. The stringent stress response is amplified
by the global ratio of naked tRNA to amino-acylated tRNA
(Cashel and Rudd, 1987), which might not have been
dramatically altered in these experiments. As a
consequence, overexpression of recombinant protein was
expected to result in significant cellular changes, similar to
those of the heat shock.

Implications of Increased Activity and Expression
Levels of OmpT
The ompT gene is located at the right end of the cryptic
prophage DLP12 on the E. coli chromosome. The protease
is expressed from the DLP12 prophage and it is not clear
whether this protease is useful to E. coli (Campbell, 1996).
Increased OmpT activity in response to CAT
overexpression suggests a link between the stress
response to foreign protein overproduction and prophage
induction or bacteriophage infection. Likewise, host genes
involved in prophage stability and induction (recA, ftsH)
are known to be upregulated in response to overexpression
of recombinant proteins (Gill et al., submitted).

The heat shock gene ppiD is required for the proper
folding of outer membrane E. coli proteins (Dartigalongue
and Raina, 1998). This could partially explain the increased
OmpT activity levels in response to heat shock, however,
it does not explain the relationship between OmpT and
foreign protein overproduction. Specifically, increased
transcription from ppiD during heat shock would facilitate
proper folding of OmpT. As a result, OmpT activity would
increase. Further, unfolded or partially folded proteins are
more susceptible to proteolytic degradation. Therefore, by
PpiD facilitating OmpT in properly folded conformation, the

observed level of OmpT would increase due to a potentially
decreased OmpT degradation rate. There were no putative
OmpT degradation bands found on our Western blots.

Understanding the response of host cells to the
production of foreign proteins is of critical importance for
designing successful fermentation processes. The
increased activity of OmpT in response to recombinant
protein expression, its in vivo activity against recombinant
protein (Baneyx and Georgiou, 1990), and its unique activity
under extreme denaturing conditions (White et al., 1997)
is of particular concern when designing successful
expression and purification strategies, particularly for
periplasmically targeted proteins requiring disulfide bond
formation (Georgiou et al., 1988). This has led to the
construction of mutant host strains that are protease
deficient in known loci (Baneyx and Georgiou, 1991;
Meerman and Georgiou, 1994) as well as fermentation
strategies that avoid proteolytic activities (Ramirez and
Bentley, 1995; Bentley et al., 1998). Further, should
upregulation of chaperones be desired, and protease
activities be avoided, the results of this study suggest one
might induce heat shock (via temperature increase or
ethanol addition) in protease deficient strains prior to
induction of the recombinant protein. Conversely, in cases
where targeted mutations are lethal, one may pursue
antisense RNA or other strategies that temporarily
downregulate deleterious functions during overexpression
of product proteins. That increased OmpT activity
correlated well with decreased cytoplasmic CAT activity
(Figure 1) was a unique and strange result (no
cytomplasmic proteases were upregulated according to our
zymogram gels). This is the subject of further investigation
in this laboratory. Finally, upregulation of an outer
membrane protease during cytoplasmic overexpression of
a recombinant protein was a new result which will likely
impact the design of downstream separation processes.

Experimental Procedures

Microorganism
E. coli JM105 (∆lac-pro thi strA endA sbcB15 hspR4 F'
tra36 proAB+ lacIq-ZDM15) was utilized as the host strain
in all fermentations. The plasmid, pPROEX-1 CAT, was
purchased from Life Technologies (Gaithersburg, MD) and
possessed the gene for chloramphenicol acetyl-transferase
(CAT) under the control of the IPTG-inducible trc promoter.

Growth Conditions
Batch fermentations were run in 3 liter Applikon bioreactors
(Foster City, CA). Fermentations were controlled to pH 7
using 1 M NaOH and temperature was maintained at 37°C.
The dissolved oxygen concentration was maintained above
60% of air saturation by varying the air flow rate.

M9 minimal medium, supplemented with thiamine,
streptomycin (25 µg/ml) and ampicillin (50 µg/ml) was
utilized in all experiments (Rodriguez and Tait, 1983). Seed
cultures were grown from a freezer seed stock in LB
medium at 37°C and 200 rpm for 6 hr in a New Brunswick
Scientific reciprocating water bath shaker (Edison, NJ).
Shake flasks containing M9 minimal medium were
inoculated (1% v/v) with the LB culture and grown overnight
at 37°C and 200 rpm. These M9 cultures were
subsequently used as the inoculum (1% v/v) for the
fermentors.

To examine the effects of foreign protein expression,
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cultures were induced with 5 mM IPTG during mid-
exponential phase growth, unless otherwise noted. For heat
shock, cultures grown at 30°C were raised to 42°C (in ~ 5
min) during mid-exponential phase for 2 hr and then
returned to 30°C. The stringent response was induced by
addition of 100 mg/L serine hydroxamate to the culture
medium. This inhibits the amino-acylation of seryl-tRNA
thereby eliciting the classical stringent response (Cashel
and Rudd, 1987; Pizer and Merlie, 1973). Adenine was
also added at a concentration of 40 mg/L to ensure sufficient
serine concentrations for nucleotide synthesis (Pizer and
Merlie, 1973). Oxidative stress was initiated by addition of
2 mM hydrogen peroxide.

Cell Harvesting and Protein Purification
The cells were harvested by centrifugation at 5000 x g for
25 min. The supernatant was discarded and the pellet was
resuspended in an equal volume of buffer A (50 mM Tris
(pH 7.5) + 15% glycerol). The cells were again pelleted at
5000 x g for 25 min. The pellet was resuspended in a
minimal amount (~500 µl) of buffer A, subjected to
sonication (Fisher Scientific Inc., Pittsburgh, PA) for 2 min
(pulsed at 0.5 sec intervals), and spun at 3000 x g for 25
min. For the protease purification experiments, the whole
cell pellet was resuspended in a minimal amount (~200 µl)
of buffer A and sonicated and centrifuged as before. This
cycle was repeated at least two times prior to discarding
any remaining pellet. Final crude cell lysate was stored at
-20°C.

Protein Extraction from Membrane Fraction
Membrane separation was performed as described by
Swamy and Goldberg (1981) and modified by Pacaud
(1982). The separated membrane fraction was then
centrifuged at 40,000 x g for 1 hr and resuspended in mild
extraction buffer C (buffer B [50 mM Tris, pH 7.5, 0.1%
Triton X-100, 15% glycerol] + 500 mM NaCL) sonicated
for 2 min and mixed for 1 hr. The suspension was
centrifuged at 150,000 x g for 1 hr. The supernatant was
saved and designated the “weakly bound fraction” while
the pellet was resuspended in the strong extraction buffer
D (buffer A + 3% (v/v) Emulphogen BC270), sonicated for
2 min and mixed for 1 hr. The suspension was centrifuged
at 40,000 x g for 1 hr and the supernatant was labeled
“strongly bound fraction”.

Preparative Isoelectric Focusing
Preparative isoelectric focusing (PIEF) was performed
using a BIO-RAD Rotofor apparatus according to the
manufacturers instructions (BIO-RAD, Hercules, CA). The
chamber was prefocused for 1 hr with 3 ml ampholytes
(3.5-9.5, BIO-RAD), 20% (v/v) glycerol (Fisher), 3% (v/v)
Emulphogen BC270 (Sigma, St. Louis, MO.), and 37 ml of
deionized water. After voltage stabilization (indicating the
pH gradient was established) 2.5 ml of the strongly bound
fraction was loaded into the pH 4.7-4.9 port of the focusing
chamber. Isoelectric focusing was performed until the
voltage again stabilized (~2 hr) and the fractions were
collected.

Analytical Methods
Optical density (OD) was measured at 600 nm (Milton Roy
Spec. 21DV). Samples were diluted with deionized water
to obtain OD in the linear range (0 - 0.25 OD units). Glucose

concentrations were measured using a YSI Model 27
glucose analyzer (Yellow Springs, OH.). Chloramphenicol
acetyltransferase (CAT) and protein assays were
performed using a UV/VIS spectrophotometer (Rodriquez
and Tait, 1983). The CAT assay was performed in duplicate
at 37°C; samples with high activity were diluted with
deionized water to obtain readings in the linear range. The
protein assay was performed using BIO-RAD protein assay
dye reagent. CAT Activity (nmoles/µg total protein – min)
was calculated by dividing the CAT activity on a volume
basis (nmoles/µl – min) by the total protein concentration
(µg/µl).

Protease activity was assayed by zymogram gels or
SDS-GPAGE (sodium dodecyl sulfate-gelatin
polyacrylamide gel electrophoresis) (Harcum and Bentley,
1993). This technique differentiates proteases by molecular
weight and activity. Gels were cast at 12.5% (w/v)
polyacrylamide and 0.1% (w/v) gelatin (2 mg purified CAT
per gel for CAT-PAGE) and run at 150 V for approximately
1 hr at 4°C. The sample preparations do not contain ß-
mercaptoethanol or DTT because nondenatured proteases
are required after electrophoresis. Purified CAT, gelatin,
and glycerol were obtained from Sigma. Tris Base,
acrylamide, N-N'-Methylene-bis-Acrylamide, sodium
dodecyl sulfate, ammonium persulfate, glycine, molecular
weight markers, bromophenol blue, and N,N,N,N1-
tetramethyl ethylenediamine (TEMED) were obtained from
BIO-RAD. Substrate gels were washed in 2.5% (v/v) Triton
X-100 for 1 hr at room temperature on an orbital shaker to
remove SDS and were rinsed twice in deionized water prior
to incubation. The gels were incubated at 37°C for 24 hr in
an incubation buffer (0.1M Glycine, 2 mM ATP, 2 mM MgCl2,
pH 7.5) then stained with 0.2% amido black in
water:methanol:acetic acid (20:5:2) for 1 hr and destained
in water:methanol:acetic acid (47:5:2) for 2 hr to reveal
clear zones of proteolytic activity. Gels were immediately
scanned (Eagle Eye II, Stratagene, CA) and images were
quantified with N.I.H. Image software. Differences in the
clear zones, measured by size and intensity, reflect the
quantity of active protease. A GPAGE of serially diluted,
partially purified OmpT was performed to ensure that
quantification was in the linear region.

Western blot analyses were performed following
Towbin et al. (1979). Primary antibodies were obtained for
GroEL and DnaK (Stressgen, British Columbia, Canada).
Secondary antibodies (alkaline phosphatase labeled IgG)
were obtained from Kirkegaard and Perry, Inc.
(Gaithersburg, MD). SDS-PAGE 4-20% gradient gels were
purchased from BIO-RAD and blotted using a Trans-Blot
Semi-Dry Transfer cell (BIO-RAD) onto supported
nitrocellulose membrane (BIO-RAD). Transferred proteins
were immediately quenched in Tris buffered saline (TBS,
20 mM Tris-HCL, 500 mM NaCl, pH 7.5) and subsequently
blocked (5% (w/v) non-fat dry milk in TBS) overnight at
4°C. Blocking solution was removed with TTBS (0.05% (v/
v) Tween 20 in TBS) washing and primary antibody (1/
2000 (w/v) dilution in 1% (w/v) non-fat dry milk in TTBS )
was fixed for 2 hr under gentle agitation. Primary antibody
was removed with multiple washes of TTBS and secondary
antibody (1/5000 (w/v) dilution in 1% (w/v) non-fat dry milk
in TTBS ) was fixed for 2 hr under gentle agitation.
Secondary antibody was removed with sequential washes
of TTBS and TBS. Substrate (1 BCIP/NBT (Sigma) tablet
in 10 ml deionized water) was added. Proteins were
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visualized and the reaction was quenched by rinsing with
deionized water. Membranes were imaged using an Eagle
Eye II apparatus.
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