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Extracellular Location of Thermobifida fusca Cutinase Expressed in
Escherichia coli BL21(DE3) without Mediation of a Signal Peptide
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Cutinase is a multifunctional esterase with potential industrial applications. In the present study, a truncated version of the ex-
tracellular Thermobifida fusca cutinase without a signal peptide (referred to as cutinase™®) was heterologously expressed in
Escherichia coli BL21(DE3). The results showed that the majority of the cutinase activity was located in the culture medium. In a
3-liter fermentor, the cutinase activity in the culture medium reached 1,063.5 U/ml (2,380.8 mg/liter), and the productivity was
40.9 U/ml/h. Biochemical characterization of the purified cutinase™* showed that it has enzymatic properties similar to those of
the wild-type enzyme. In addition, E. coli cells producing inactive cutinase™*S130A were constructed, and it was found that the
majority of the inactive enzyme was located in the cytoplasm. Furthermore, T. fusca cutinase was confirmed to have hydrolytic
activity toward phospholipids, an important component of the cell membrane. Compared to the cells expressing the inactive
cutinase™°S130A, the cells expressing cutinase™® showed increased membrane permeability and irregular morphology. Based on

these results, a hypothesis of “cell leakage induced by the limited phospholipid hydrolysis of cutinase

NS» was proposed to ex-

plain the underlying mechanism for the extracellular release of cutinase™>.

C utinase not only catalyzes the cleavage of the ester bonds of
cutin, but is also capable of hydrolyzing soluble esters, insol-
uble triglycerides, and a variety of polyesters (1). In addition to its
hydrolytic capability, cutinase is also used in ester synthesis (2, 3)
and transesterification (4). Therefore, as a multifunctional en-
zyme, cutinase has potential uses in the food, chemical, textile, and
other industries (5).

Enzymes with cutinase activity have been found in both fungi
and bacteria, such as Fusarium solani pisi and Thermobifida fusca,
respectively (5-7). It has been demonstrated that cutinases from
both groups belong to the a/B-hydrolase superfamily, share sim-
ilar spatial structures, and display similar catalytic properties, as
well as substrate specificities. In addition, consistent with their
ability to accommodate large substrates like cutin, they contain an
open active site, and the lid structure normally seen in most lipases
is absent in cutinase. Despite these similarities, there does not
appear to be significant sequence homology between fungal and
bacterial cutinases; thus, it has been suggested that they be classi-
fied into prokaryotic and eukaryotic cutinase subfamilies, respec-
tively (6).

To date, all the studied cutinases from microorganisms have
been found to be secretory enzymes (6). Therefore, for heterolo-
gous expression, signal peptides are usually utilized to mediate the
secretion of recombinant cutinase. Using this approach, F. solani
cutinase has been expressed in a variety of host cells, such as Esch-
erichia coli (8), Aspergillus awamori (9), Fusarium venenatum (10),
Saccharomyces cerevisiae (11, 12), and Pichia pastoris (13). The
highest yield of extracellular protein, 546 mg/liter, was obtained in
a 5-liter bioreactor utilizing an engineered S. cerevisiae cellular
system (12). Previously, our laboratory identified the open read-
ing frame responsible for the expression of T. fusca cutinase, and
secretory expression of the cutinase was performed by mediation
of the PelB signal peptide in E. coli BL21(DE3) (6). Our results
showed that the mature cutinase was partially located in the
periplasm, while some was secreted into the culture medium (14).
Secretion into the culture medium was not unexpected, since sim-

4192 aem.asm.org

Applied and Environmental Microbiology p. 4192-4198

ilar phenomena have been observed in the expression of other
secretory proteins (15-19). After optimization of the cultivation
conditions in shake flasks, the cutinase activity in the culture me-
dium reached 149.2 U/ml (326 mg/liter) 52 h postinduction (14).
As part of our studies, an E. coli BL21(DE3) strain harboring the
mature cutinase without a signal peptide (referred to as cutinase™>)
was constructed as an experimental control. Unexpectedly, signif-
icant cutinase activity was found in the culture medium. In the
present study, this anomalous phenomenon of secretion was in-
vestigated, and the underlying mechanism was explored.

MATERIALS AND METHODS

Bacterial strains, vectors, and materials. The plasmid Tfu_0883/pET-
20b(+) harboring the gene for T. fusca cutinase (NCBI accession number
AAZ54921) and purified wild-type cutinase from the culture medium of
T. fuscawere from laboratory stock (6). E. coli strain JM109 was used as the
host for cloning, and E. coli strain BL21(DE3) was used for protein expres-
sion. The restriction enzymes, alkaline phosphatase, T, DNA ligase, aga-
rose gel DNA purification kit, and pMD18-T simple vector were obtained
from TakaRa (Dalian, China). DNA sequencing and primer synthesis
were performed by Shanghai Sangon Biological Engineering Technology
and Services Co., Ltd. (Shanghai, China). The 4-nitrophenyl butyrate
(PNPB), o-nitrophenyl-p-p-galactopyranoside (ONPG), and N-phenyl-
a-naphthylamine (NPN) were obtained from Sigma (Shanghai, China).
Polyvinylidene difluoride (PVDF) transfer membranes and anti-six-his-
tidine mouse IgG, horseradish peroxidase (HRP)-labeled goat anti-mouse
IgG(H+L), and DAB horseradish peroxidase color development kits were
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purchased from Beyotime Institute of Biotechnology (Nantong, China).
The 50% egg yolk emulsion without triglyceride was purchased from Am-
resco (Shanghai, China). Other chemicals were obtained from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China).

Plasmid construction. The gene encoding cutinase™* was amplified
from Tfu_0883/pET-20b(+) by PCR using the primers CUT-F and
CUT-R (see Table SI in the supplemental material). The amplification
product was isolated and ligated into the pMD18-T simple vector. The
product of the ligation reaction was used to transform chemically compe-
tent E. coli JM109 cells. The sequence of the recombinant plasmid cutina-
se™/pMD18-T, isolated from a transformant, was confirmed by DNA
sequencing. A plasmid with the correct sequence was digested with the
restriction enzymes Ndel and EcoRI and then ligated into the expression
vector pET-20b(+) restricted with the same restriction enzymes, as well as
alkaline phosphatase. The resulting recombinant plasmid cutinase™/
pET-20b(+), which does not contain the intrinsic PelB signal peptide,
was verified by DNA sequencing.

The mutant cutinase™S130A/pET-20b(+) plasmid was generated
from cutinase™S/pET-20b(+), utilizing the standard QuikChange mu-
tagenesis methodology with the complementary primers S130A-F and
S130A-R (see Table S1 in the supplemental material [the lowercase letters
in the primers indicate the mutated bases]). The sequence of the mutated
plasmid was confirmed by DNA sequencing.

Expression of recombinant cutinases. The recombinant plasmids for
expression of cutinase™® and cutinaseN°S130A were used to separately
transform chemically competent E. coli BL21(DE3). The cells containing
the desired plasmids were grown individually in TB (Terrific broth) me-
dium containing ampicillin (100 mg/liter) at 37°C with shaking at 200
rpm. Lactose was added to a final concentration of 5 g/liter when the
culture reached an optical density at 600 nm (ODy,) of 1.5. After induc-
tion, the culture was grown at 25°C for an additional 24 h.

Three-liter fermentor for cutinase™. E. coli BL21(DE3) harboring
the cutinase™/pET-20b(+) plasmid was cultured in a 3-liter fermentor
(BioFlo 110; New Brunswick Scientific Co., NJ, USA). The fermentation
began with a fed-batch cultivation containing an initial 1.2-liter batch
medium at 37°C. The pH was maintained at 7.0 by addition of ammo-
nium hydroxide. The end of glycerol consumption was detected by a
sudden increase in both the dissolved-oxygen (DO) and pH values, and
continuous feeding was carried out according to the exponential-feeding
method (20). When the ODg, of the culture reached 50, isopropyl-1-
thio-B-p-galactopyranoside (IPTG) was added to the fermentor at a final
concentration of 0.02 mM, and then lactose was fed at the rate of 0.6 g
liter " h ™. The pH was held at 6.5 in the induction period.

Cell fractionation. Cell fractionation was performed as follows. One
milliliter of culture broth was centrifuged at 10,000 X g for 10 min, and the
supernatant was collected as the extracellular fraction. To separate the
periplasmic fraction, the centrifuged cells were resuspended in 1 ml 20
mM Tris-HCl buffer (pH 8.0) containing 25% (wt/vol) sucrose and 1 mM
EDTA. After incubation on ice for 2 h, the cell suspension was centrifuged
at 10,000 X g for 10 min. The supernatant obtained was the periplasmic
fraction. The precipitate was resuspended in 1 ml of 20 mM Tris-HCI
buffer (pH 8.0) and disrupted by sonication with a Sonifer450 (Branson,
Danbury, CT, USA). After centrifugation at 10,000 X g for 10 min, the
supernatant and cell debris were collected as the soluble cytoplasmic frac-
tion and the insoluble fraction, respectively. The total cutinase activity was
the sum of enzyme activity in the culture medium, periplasm, and cyto-
plasm.

Cutinase activity assay. The cutinase activity was determined using
PNPB as the substrate, as previously described (6). One unit of enzyme
activity is defined as the production of 1 wmol of pNP per minute.

SDS-PAGE and Western blot analysis. Sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) was performed using a 5%
stacking gel and a 12% separating gel, and the protein bands were visual-
ized by staining with Coomassie brilliant blue R-250. For Western blot
analysis, the separated proteins were transferred electrophoretically to a

July 2013 Volume 79 Number 14

Release of Cutinase without a Signal Peptide

PVDF transfer membrane. Since the C terminus of the target proteins was
His tag labeled, the membranes were incubated with an anti-six-histidine
mouse IgG (1:1,000 dilution) overnight. An HRP-labeled goat anti-mouse
IgG(H+L) was used as a secondary antibody at a 1:1,000 dilution, and the
bands were visualized using a DAB horseradish peroxidase color develop-
ment kit.

Purification and characterization of cutinases. The C-terminally
His-tagged cutinase™ and cutinase™SS130A were purified first by
(NH,),SO, fractionation, followed by purification on a nickel affinity
column as previously described (6). The optimal temperature, pH op-
tima, thermostability, and pH stability, as well as the kinetic parameters of
purified cutinase™> and wild-type cutinase, were determined as previously
described (6, 21).

Phospholipase activity assay. The phospholipase activity was mea-
sured using a modification of the egg yolk plate method as described
previously (22). A certain amount of purified cutinase was added to the
Oxford cup on the yolk plate (0.66% NaCl, 1.09% boric acid, 0.19% so-
dium tetraborate, 1.5% agar, 2% egg yolk emulsion, pH 7.2 to 7.4), and
Tris-HCl buffer (20 mM, pH 8.0) was utilized as a control. The plate was
incubated at 37°C overnight, and the Oxford cup was removed. The for-
mation of a precipitation zone was considered indicative of phospholipase
activity.

Assay of inner membrane permeability. Inner membrane permeabil-
ity was assessed by measuring the access of ONPG to the cytoplasm, as
reported previously (23), with the following minor modifications. A sam-
ple of E. coli BL21(DE3) cells containing the target plasmid was obtained
by centrifugation (3,000 X g), rinsed once, and then suspended in 10 mM
sodium phosphate buffer (pH 7.4) to an ODg,, of 0.16. ONPG was added
to a final concentration of 100 pg/ml to a quartz cuvette containing 3 ml
of the cell suspension. Substrate cleavage by B-galactosidase was moni-
tored by light absorption measurements at 420 nm in a spectrophotome-
ter (UV-2450; Shimadzu Co., Kyoto, Japan).

Assay of outer membrane permeability. The permeability of the
outer membrane was measured using the NPN access assay described
previously (23) with minor modifications. NPN was added to a concen-
tration of 10 wM to quartz cuvette containing 3 ml of cell suspension
prepared as described above. The sample was mixed by inverting the cu-
vette immediately prior to fluorescence monitoring. Fluorescence was
measured using a Shimadzu RF-1501 spectrofluorometer (Shimadzu Co.,
Kyoto, Japan) with slit widths set to 5 nm and excitation and emission
wavelengths set to 350 and 420 nm, respectively.

Transmission electron microscopy (TEM). E. coli BL21(DE3) cells
containing the target plasmid were collected by centrifuging at 4,000 X g
for 2 min and fixed in 2.5% glutaraldehyde for 2 to 4 h. The cell pellets
were rinsed 3 times with 0.1 M sodium phosphate buffer at pH 7.2 to 7.4,
postfixed in 1% osmic acid, and rinsed with the same buffer. After grad-
ually dehydrating the cells in ethyl alcohol, they were embedded in
araldite. The samples were cut into slices (70 nm thick), stained with 3%
uranyl acetate and lead citrate, and observed by utilizing a JEOL JEM-7000
transmission electron microscope at 80 kV. The resulting microscopic
images were photographed.

Effect of purified cutinase on intact cells. Two different methods
were utilized to investigate the effect of purified cutinase on intact cells. In
the first method, E. coli BL21(DE3) cells were cultured in LB medium for
7 to 8 h. Then, 1 ml of culture broth was centrifuged at 4,000 X g for 2 min,
the cells were collected, and the pellet was rinsed three times with 0.1 M
sodium phosphate buffer at pH 7.2 to 7.4. The pellet was resuspended in 1
ml of the same buffer containing purified cutinase™* to a final concentra-
tion of 1 mg/ml and incubated for 4 to 5 h. In the second method, E. coli
BL21(DE3) cells were cultured in LB medium containing 0.5 mg/ml pu-
rified cutinase™® for 7 to 8 h. The morphologies of the cells resulting from
both methods were investigated. The E. coli BL21(DE3) cells treated under
the same experimental conditions but without added cutinase™® were
utilized as a control.
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FIG 1 Distribution of cutinase activity postinduction. B, intracellular frac-
tion; @, periplasmic fraction; A, culture supernatant. The error bars represent
the standard deviations from three measurements.

Cell lysis determination. Cell lysis was determined as the percentage
of extracellular enzyme activity versus the sum of extracellular and intra-
cellular activities, using 3-galactosidase as the reporter protein (24, 25).
Standard 3-galactosidase activity was assayed according to the previously
reported method (26).

Miscellaneous methods. Cell growth was monitored by measuring
the optical density of the culture broth at 600 nm using a spectrophotom-
eter (BioPhotometer Plus; Eppendorf Co., Hamburg, Germany) after ap-
propriate dilution. In order to determine the dry cell weight (DCW), 2 ml
of culture broth was centrifuged at 10,000 X g for 10 min. The pellet was
washed twice with 0.9% (wt/vol) NaCl and dried at 105°C for 16 h to a
constant weight. Protein concentrations were determined using the Bio-
Rad Protein Assay according to the manufacturer’s protocol. Bovine se-
rum albumin was utilized as the standard protein.

RESULTS

Cloning and expression of cutinase™S. The cutinase™* gene re-
sponsible for encoding the mature form of cutinase was cloned
into the T7-driven expression plasmid pET-20b(+), resulting in
cutinase™*/pET-20b(+), in which the PelB signal peptide of pET-
20b(+) was eliminated. The recombinant plasmid was trans-
formed into the E. coli BL21(DE3) strain. During cultivation in the
shake flask, the cutinase activity in the cytoplasm increased during
the first 8 h postinduction. After that, the activity slowly decreased
to only 10.3 U/ml at 24 h postinduction. A similar profile for
cutinase activity was also observed in the periplasmic fraction: first
the activity increased to its maximum at 10 h and then eventually
decreased to 11.9 U/ml. However, the cutinase activity in the cul-
ture medium increased rapidly from 8 h postinduction and
reached a maximum of 272.8 U/ml at 24 h. This activity repre-
sented 92.5% of the sum of all the activity in the cytoplasm,
periplasm, and culture medium (Fig. 1).

The distribution of cutinase™® was further investigated by SDS-
PAGE (Fig. 2). The results showed that one major band around 31
kDa, which is in agreement with the calculated molecular weight
of mature cutinase, was found in the culture medium. No visible
band of cutinase™® was observed in either the cytoplasm or
periplasm fraction (Fig. 2). These results are consistent with that
of Western blot analysis, as well as enzyme activity assay. Thus, it
seems that the cutinase™® without a signal peptide is almost com-
pletely “secreted” into the culture medium.
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FIG 2 SDS-PAGE (A and B) and Western blot (C and D) analysis of the
enzyme (cutinase™® [A and C] and cutinase™*S130A [B and D]) distribution.
The primary antibody was anti-six-histidine mouse IgG, and the second was
HRP-labeled goat anti-mouse IgG(H+L). Lanes: M, molecular mass standard
protein; 1, intracellular insoluble fraction; 2, intracellular soluble fraction; 3,
periplasmic fraction; 4, culture supernatant.

Three-liter bioreactor for production of cutinase™S. The ex-
tracellular “secretion” efficiency of the above-mentioned E. coli
BL21(DE3) harboring cutinase™* was further explored in a 3-liter
fermentor. As shown in Fig. 3, the DCW reached 42.6 g/liter, and
the extracellular cutinase activity increased to 1,063.5 U/ml 11 h
postinduction, which is 3.9 times higher than that in the shake
flask cultivation. The total cultivation time was about 26 h; there-
fore, the productivity of cutinase in the culture medium was 40.9
U/ml/h.

Purification and characterization of cutinase™*. The cutina-
se™® in the culture medium of the E. coli BL21(DE3) was purified
first by (NH,),SO, fraction, dialysis to remove salt, and then
nickel affinity column chromatography (Table 1). As shown in
Fig. 4, the purified enzyme appears homogeneous by SDS-PAGE
analysis. For comparison, the enzyme characterization was per-
formed on both the purified cutinase™® in this study and the pre-
viously isolated wild-type cutinase (laboratory stock). The results
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FIG 3 Time profiles for the production of cutinase™® in a 3-liter fermentor. W,
DCW; A, cutinase activity in the culture medium. The error bars represent the
standard deviations from three measurements.
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TABLE 1 Summary of purification of cutinase™**

Release of Cutinase without a Signal Peptide

Total protein Total Sp act Purification
Purification step (mg) activity (U) (U/mg) Yield (%) (fold)
Crude extract 243.0 57,344.3 235.9 100 1.0
Ammonium sulfate fraction 169.3 43,925.7 259.5 76.6 1.1
Ni-chelating affinity chromatography 70.4 31,424.7 446.7 54.8 1.9

“ The culture medium from 1.2 g of dried cells was used for the purification.

of these studies demonstrated that the optimum pH and pH sta-
bility, optimum temperature, and thermostability of cutinase™*
are similar to those of wild-type cutinase (see Fig. S1 in the sup-
plemental material). Utilizing pNPB as the substrate, cutinase™*
exhibited Michaelis-Menten kinetics with a K, 0f 312.2 puM and a
k.o of 303.8 s™', which is similar to that obtained for wild-type
cutinase (see Fig. S2 in the supplemental material).

Expression of inactive cutinase™>. T. fusca cutinase belongs to
the a/B-hydrolase family. The examination of the cutinase struc-
ture model reveals a Ser'*°-His*?*-Asp'”® catalytic triad in which
Ser'*” is critical to the hydrolytic activity. In addition, the muta-
tion of Ser'* to Ala has been reported to completely eliminate
activity (6).

In the present study, we performed site-directed mutagenesis
to construct cutinase™S130A/pET-20b(+), utilizing the cutina-
se™S/pET-20b(+) plasmid as the template. When the mutant was
expressed in E. coli BL21(DE3), under the same conditions as for
cutinase™®, the majority of the target protein was located in the
cytoplasm (Fig. 2). The mutant, cutinase™*S130A, showed no de-
tectable enzymatic activity.

Potential phospholipase activity of T. fusca cutinase. The po-
tential phospholipase activity of T. fusca cutinase was analyzed
using the egg yolk plate assay, which has been reported to be a
simple, straightforward method to qualitatively verify the pres-
ence of phospholipase activity (27). The results showed, com-
pared with the control, a distinct, dense white zone of precipita-
tion for both the purified cutinase™® and the wild-type enzyme
(Fig. 5), suggesting that T. fusca cutinase has phospholipase activ-
ity. In addition, under similar experimental conditions, the puri-
fied cutinase™S130A demonstrated no phospholipase activity.

Assay of membrane permeability. The permeability of the in-
ner membrane was evaluated by measuring the influx of ONPG, a
substrate of cytosolic B-galactosidase. The permeability of the
outer membrane was evaluated by utilizing the hydrophobic flu-
orescent probe NPN. As shown in Fig. 6, when E. coli cells harbor-

FIG 4 SDS-PAGE analysis of the purification of cutinase™*. Lanes: M, molec-
ular mass standard protein; 1, culture supernatant; 2, purified cutinase™>.
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ing cutinase™/pET-20b(+) were induced for 12 h, the membrane
permeability of both the inner and outer membranes was signifi-
cantly higher than that of the E. coli cells harboring either pET-
20b(+) or cutinase™*S130A/pET-20b(+).

TEM analysis of E. coli BL21(DE3). The morphology of E. coli
BL21(DE3) cells was evaluated using TEM. Compared to control
cells harboring only the vector pET-20b(+) (Fig. 7A), the cells
containing the plasmid for the expression of cutinase™* exhibited
an irregular shape with an apparently distorted cell membrane
(Fig. 7B). The cells expressing the inactive cutinase™S130A had
both a smooth membrane and a regular shape (Fig. 7C), similar to
those of the control.

Cell lysis determination. 3-Galactosidase is a cytoplasmic
protein, and under normal conditions, its level in the culture me-
dium is very low; thus, the presence of extracellular 3-galactosi-
dase activity would be an indication of cell lysis (24, 25). In the
present study, at 22 h postinduction, 90.9% of the cutinase™* was
found in the culture medium of E. coli cells harboring pET-
20b(+)/cutinase™®, while only 7.2% of the B-galactosidase activ-
ity was found in the culture medium. This amount of B-galacto-
sidase activity is similar to that of the control E. coli cells harboring
pET-20b(+)/cutinase™S130A or the vector pET-20b(+) without
an insert. The results strongly suggest that the “secretion” of cuti-
nase™® was not due to cell lysis.

DISCUSSION

Cutinase can hydrolyze ester bonds. Unlike most ester hydrolases,
cutinase has the capability to hydrolyze, not only soluble esters,
but also insoluble triglycerides and polyester; thus, it was consid-
ered the bridge between esterases and lipases (5, 28). Since cuti-
nase has significant potential applications in many industrial
fields, the high-yield preparation of cutinase has drawn extensive
attention in recent years (1).

FIG 5 Phospholipase activity assay for T. fusca cutinase. 1, Tris-HCI buffer; 2,
cutinase™SS1304; 3, cutinase™S; 4, wild-type cutinase.

aem.asm.org 4195


http://aem.asm.org

Su et al.

(A) 09
0.8-
0.7-
0.6-
0.5-
0.4
03-
0.2-
0.1-
0.0-

Absorbance (420 nm)

0 10 20 30 40 50 60 70
Time (min)

80 90

B) 90
80

70+
60
50+
40+
30

20 W

101

Relative fluorescence units

T 4 T hi T b T x T % )
9 12 15 18 21
Time (min)

w
[=)}

FIG 6 Permeability of the inner (A) and outer (B) membranes of E. coli
BL21(DE3) containing target plasmid. A, pET-20b(+); B, cutinase™*/pET-
20b(+); @, cutinase™S130A/pET-20b(+).

Cutinases are natural extracellular enzymes in their native or-
ganisms. Previously, secretory expression of cutinases in different
hosts was mediated by a secretion signal peptide (9-14). In the
present study, cutinase activity in the culture medium from a 3-li-
ter fermentor of T. fusca cutinase, heterologously expressed in E.
coli without a signal peptide, reached 1,063.5 U/ml (2,380.8 mg/
liter) after 24 h. This represents a 4.4-fold increase over the highest
previously reported yield (546 mg/liter) (12). In addition, the cul-
tivation time in the present study was much shorter than that in
previous reports (12, 14). The productivity reached 40.9 U/ml/h.
Higher yields and productivity should be possible upon future
optimization of the culture conditions.

In general, the expression of a protein without a leader signal
peptide in E. colileads to the protein being unable to cross the cell
membranes and remaining located in the cytoplasm. Protein con-
taining a signal peptide is synthesized in the cytoplasm and then
transferred across the inner membrane; in the periplasm, the sig-
nal peptide attached to the precursor protein is excised and the
resulting polypeptide is folded. It has been reported that the oxi-
dative environment in the periplasm is also very important for the
correct folding of the extracellular secreted enzyme (15). In the
present study, since cutinase™® was “secreted” without the appar-
ent mediation of a signal peptide, there was a question of whether
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FIG 7 TEM images of E. coli BL21(DE3) cells containing target plasmid. (A)
pET-20b(+). (B) Cutinase™$/pET-20b(+). (C) Cutinase “°S130A/pET-
20b(+).

the cutinase™® was correctly folded. In order to clarify this issue,
the cutinase™® from the culture medium was purified to homoge-
neity. The enzymatic properties of both the cutinase™* and wild-
type cutinase were investigated. It was demonstrated that they
exhibited similar optimum pHs, pH stability, optimum activity
temperatures, and thermostability, as well as kinetic parameters
(see Fig. S1 and S2 in the supplemental material). Thus, it seems
that the cutinase™® “secreted” in the culture medium was folded
correctly.

The next question was, how did the cutinase™® get into the culture
medium without the mediation of a signal sequence? One possibility
is that cutinase™® itself could interact directly with transport chap-
eron proteins and be transferred. Unfortunately, we have not ob-
tained experimental data to support this suggestion. A second possi-
bility is that the cutinase™® synthesized in the cytoplasm is partially
enzymatically active and is released into the culture medium via cu-
tinase’s destruction of the cell membrane. To explore the latter op-
tion, the inactive enzyme, cutinase™S130A, was expressed under
conditions similar to those of active cutinase™®. It was found that the
majority of the expressed inactive cutinase™ did not cross the cell
membrane and was still located in the cytoplasm (Fig. 2). Thus, it
appears that the presence of extracellular cutinase™S, intracellularly
expressed without the attachment of a signal peptide, is related to
cutinase’s hydrolytic enzymatic activity.

E. coli, a Gram-negative bacterium, has two membranes, an
inner membrane composed of phospholipids and membrane pro-
teins and an outer asymmetric membrane, with phospholipids in
the inner leaflet and lipopolysaccharide (LPS) in the outer leaflet
(29, 30). Cutinase, a member of an ester hydrolase family, is capa-
ble of hydrolyzing a range of substrates. In the present study, cu-
tinase’s hydrolytic activity toward phospholipids, an important
component of the cell membrane, was investigated. The results
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indicated that cutinase shows phospholipase activity (Fig. 5). This
result is consistent with a previous report, in which the cutinase
from F. solani was found to hydrolyze phosphatidylcholine, phos-
phatidylethanolamine, and phosphatidylserine (31).

Since T. fusca cutinase shows phospholipase activity, the “se-
cretion” mechanism of cutinase™* could be related to its hydro-
lytic function toward the phospholipid of the cell membrane. To
explore this possibility, the permeability and morphology of the E.
coli cells were observed. The results demonstrated that the perme-
ability of both inner and outer membranes of the cells expressing
cutinase™® was significantly enhanced compared to that of the
cells expressing inactive cutinase™S130A (Fig. 6). The cells ex-
pressing cutinase™® exhibited an irregular shape under TEM anal-
ysis, while those expressing inactive cutinase™S130A displayed
regular morphology, similar to that of control cells (Fig. 7). Fur-
ther, the effect of purified cutinase™® added to intact cells was
investigated. When cutinase™® was added in vitro either to the
culture medium during the cultivation process of E. coli cells or to
the suspension of harvested E. coli cells, the morphology of the
cells demonstrated no obvious change under either experimental
condition compared to the control (data not shown). The phe-
nomenon might be related to the composition of the cell mem-
brane. As described above, the outer membrane of E. coli is mainly
composed of LPS, which constitutes a barrier for cutinase™ to
access the phospholipid of the cell membrane.

The increased membrane permeability and irregular morphol-
ogy observed in cells expressing cutinase™ prompted another
question: did cell lysis occur? Generally, the extracellular level of
B-galactosidase, a native cytoplasmic protein, is considered an
indication of cell lysis (24, 25). In the present study, it was found
that, at 22 h postinduction, the percentages of 3-galactosidase
activity in the culture medium were similar in cells expressing
cutinase™’, cells expressing inactive cutinase™S130A, and control
cells. Additionally, it was observed by TEM analysis that the three
different cell lines were intact. Furthermore, the DCW in the sta-
tionary period of cultivation was constant (Fig. 3), and at the end
of cultivation, the culture solution was not viscous. Taken to-
gether, these results indicated that the cells were intact and had not
thoroughly collapsed during the expression of cutinase™>.

The above-mentioned results strongly suggest that cell leakage
induced by the phospholipid hydrolysis by cutinase™® is respon-
sible for the presence of extracellular cutinase™®. After cutinase™*
is synthesized, it may fold into an active form in the cytoplasm and
partially hydrolyze the phospholipids in the membrane. This hy-
drolysis could lead to the enhanced permeability of the cell mem-
brane, which eventually results in the release of cutinase™® from
the cytoplasm into the culture medium. It should be noted that
even though cutinase™® may hydrolyze the phospholipid of E. coli,
its hydrolase activity is somewhat limited in that it does not lead to
the collapse of the cells. Potentially, due to this limited hydrolyza-
tion, the process of enzyme “secretion” was slow, so that the cuti-
nase™* is able to fold into the correct form.

In summary, 7. fusca cutinase, expressed in E. coli BL21(DE3)
without a signal peptide, is found in an active form in the culture
medium. The hypothesis of cell leakage induced by the limited
phospholipid hydrolysis of cutinase™ was explored. Additional
experiments are under way to further elucidate the mechanism by
which cutinase™® interacts with cell membranes and renders them
permeable. This is the first report that a bacterial cutinase has
hydrolytic activity toward phospholipids. In addition, we believe
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our study is the first successful demonstration of extracellular “se-
cretion” of recombinant protein by the limited phospholipase ac-
tivity. The yield of cutinase, 1,063.5 U/ml (2,380.8 mg/liter), ob-
tained in the present study represents the highest production
reported to date.
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