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Aspergillus niger lipase (ANL), a widely used hydrolase, was displayed for the first time on the
surface of Saccharomyces cerevisiae using a-agglutinin as an anchor protein. Localization of ANL
on the cell surface was confirmed by immunofluorescence microscopy. The displayed ANL was
confirmed to be active toward tributyrin and p-nitrophenyl caprylate (pNPC). The hydrolytic activity
toward pNPC reached 43.8 U/g of dry cell weight after induction by galactose for 72 h. The ANL-
displaying cells were characterized for their use as whole-cell biocatalysts. The optimum tempera-
ture was 45 °C, and the pH was 7.0. The cells had good thermostability, retaining almost 80% of the
full activity after incubation at 60 °C for 1 h, and >80% of the full activity at 50 °C for 6 h. The
displayed lipase showed a preference for medium-chain fatty acid p-nitrophenyl esters. Therefore,
the produced whole-cell catalyst is likely to have a wide range of applications.
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INTRODUCTION

Recently, owing to the safety and simplicity of genetic manip-
ulation and the rigidity of the cell-wall structure in Saccharomyces
cerevisiae (1), many heterologous proteins have been displayed
on the cell surface of yeast. This method has a wide range of
applications in biotechnology, such as whole-cell biocatalysis (2),
adsorption of heavy metal ions (3), high-throughput screening of
combinatorial protein libraries (4), production of live vaccines (5),
and biosensors (6). In particular, enzyme-displayed yeast cells
could be used as novel whole-cell biocatalysts because the
enzymes are covalently linked to glucan in the cell wall, rendering
them resistant to extraction (7). Furthermore, the whole cells
could save multiple protein purification steps. Besides, it can also
serve as an efficient, high-throughput screening method for
protein engineering (8).

Lipases (EC 3.1.1.3) constitute an important group of bio-
catalysts in many fields, such as organic synthesis (9, 10), deter-
gents (/1), and the food (/2), pulp, and paper industries (/3).
Aspergillus niger lipase (ANL) is one of the most important
industrial catalysts and is used in many applications (/4). More-
over, A. niger is considered to be GRAS (generally regarded as
safe) by the U.S. FDA (/5). Therefore, ANL is a preferred choice
in processes utilized in the pharmaceutical and food industries,
such as organic synthesis (/6), oil and fat modification (/7),
synthesis of structured lipids (/8), and flavor enhancement (19).
Some commercial ANLs can be obtained from Sigma-Aldrich
(62301-1G-F, U.S. $35.30 per | g) and Amano Enzyme Group
(Lipase A “Amano”, U.S. $24.30 per 10 g). In all of these
applications, ANL is used in its free form. It is deactivated easily
during the operation processes and cannot be recycled. Hence, the
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immobilization of ANL has been explored in some studies (20,21).
However, there have been no reports on the surface display of
ANL since we first cloned and expressed the ANL gene from
A. niger F044 (22). Surface display can endow ANL with broad
application prospects and can also be used for protein engineering.
Therefore, we want to explore surface display of ANL as whole-
cell catalysts.

Until now, only a few lipases have been displayed on the
surface of S. cerevisiae, and for this purpose mainly a-agglutinin
Agowas used (2,23,24), but the activities of the displayed lipases
were quite low. a-Agglutinin is a glycosylphosphatidylinositol
(GPI) protein, which is covalently bound to the cell wall of
S. cerevisiae through a GPI anchor attachment signal in its
C-terminal. The activity of those lipases having active sites near
the C terminus may be inhibited by fusion with the anchor
proteins (24, 25). Flo1 binds to the cell wall through its N-terminal
portion and was used to display lipases (25). However, it is a
noncovalent attachment (26). Therefore, cell wall proteins other
than GPI proteins should be examined for surface display of
lipases. Here, we chose a-agglutinin instead of the widely used
o-agglutinin and Flol to display ANL on cell surface of
S. cerevisiae. The a-agglutinin consists of two subunits, Agal and
Aga2. Agal is attached covalently to S-glycan in the cell wall of S.
cerevisiae. Aga2 binds to Agal through disulfide bridges (4).

In this study, for the first time, ANL was displayed on the
surface of S. cerevisiae using a-agglutinin as an anchor protein.
The practical properties of the displayed lipase, such as optimal
temperature and pH, thermostability, and its optimal substrate,
were further characterized.

MATERIALS AND METHODS

Strains and Media. Escherichia coli DH5a [F~ endAl hsdR17
(rg~/mg ") supE44 thi-l 2~ recAl gyrA96 AlacU169 (®80lacZDM15)]
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was used as a host for DNA manipulation and was grown in LB medium
[1% (w/v) tryptone, 0.5% (w/v) yeast extract, and 1% (w/v) sodium
chloride] containing 50 ug/mL ampicillin. S. cerevisiae strain EBY100
(MATa GALI-AGAIL::URA3 ura3—352 trpl leu2 Al his3A200 pep4::HIS?2
prbIAL.6R canl GAL) (a gift of Dr. Eric T. Boder) was used for the
production of Aga2—ANL fusion proteins. The EBY 100 or recombinant
EBY100 was grown in YPD [1% (w/v) yeast extract, 2% (w/v) peptone,
2% (w/v) dextrose], SD medium [0.67% (w/v) YNB, 2% (w/v) dextrose,
0.01% (w/v) leucine], SD+CAA medium [0.67% (w/v) YNB, 0.54% (w/v)
Na,HPO,, 0.86 (w/v) NaH,POy, 2% (w/v) dextrose, 0.5% (w/v) casamino
acids], or SG+CAA medium (same as SD+CAA, except that dextrose is
replaced by galactose). For the plate medium, 2% (w/v) agar was added.

Construction of the Plasmid. In a previous study, 4. niger F044 strain
was isolated from the soil around the oil refinery in Wuhan, China (27).
For the expression of the AGA2—ANL fusion gene, the mature ANL-
encoding gene was amplified from pET28a-lipanl (27), using the forward
primer 5-CTGCTAGCAGTGTCTCGACTTCCACGTTGG-3' (Nhe 1
site in italics) and the reverse primer 5-CTTAGATCTTTATAGCAGG-
CACTCGGAAATC-3 (Bg/I site in italics). The amplified fragments
were digested by Nhel and Bg/Il and introduced into the Nhel and Bglll
sites of plasmid pCT302 (provided by Dr. Eric T. Boder). The resulting
plasmid was named pCTANL and was used to transform the yeast
S. cerevisiae EBY100 by the lithium acetate method (28). The transfor-
mants were selected by plating and incubating for 3 days on a plate with
SD medium.

Preparation of the Lipase. An EBY 100/pCTANL single yeast colony
was inoculated into SD+CAA medium and cultivated overnight at 30 °C.
Cells were harvested by centrifugation for S min at 4 °C and 4000 rpm. Cell
pellets were washed twice, resuspended in SG+CAA medium, and
cultivated at 20 °C. Yeast cells harvested from the culture broth were
washed, resuspended in 50 mM potassium phosphate buffer (pH 7.0), and
then used as whole-cell catalysts.

Immunofluorescence Microscopy Assays. Immunostaining was
performed as follows: The mouse polyclonal antibody against HA tag
(Tiangen Biotech, China) was used as the primary antibody at a dilution
rate of 1:100. Cells and the antibody were incubated on ice for 30 min.
After the cells had been washed with PBS buffer (137 mM NaCl, 2.7 mM
KCl, 10 mM Na,HPO,, 1.8 mM KH,PO,, pH 7.4) (29), the second
antibody, fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse
IgG diluted 1:200, was reacted with the cells on ice for 30 min. After
washing with PBS, the cells were observed with a fluorescence microscope.

Halo Assay. Transformants were inoculated on tributyrin agar plates
[0.5% (v/v) tributyrin was added into SG+CAA medium] for 3—5 days.
The activity of the lipase was examined by the halo formed around the
colony.

Assay of Lipase Activity. The hydrolytic activity was measured by a
spectrophotometric method, using p-nitrophenyl caprylate (pNPC) as
substrate, according to a previously described method (30). The pNPC
dissolved in acetonitrile at a concentration of 10 mM ethanol and 50 mM
potassium phosphate buffer (pH 7.0) were subsequently added to a final
ratio of 1:4:95 (v/v/v). Resuspended cells were added to 3 mL of the
substrate solution for determination of lipase activity. The ODy4; was
measured after the mixture had been incubated at 45 °C for 10 min. One
unit of enzyme activity was defined as the amount of enzyme releasing
1 umol of p-nitrophenol/min.

Characterization of the Lipase. The optimum temperature of lipase
under our reaction conditions was examined in the same substrate solution
described above, at controlled temperatures from 25 to 60 °C. The
optimum pH was also examined in the same substrate solution, except
that the potassium phosphate buffer (pH 7.0) was replaced with 50 mM
acetate buffer, 50 mM Tris-HCl buffer, or 50 mM carbonate—bicarbonate
buffer at various pH values ranging from 3 to 10. The reaction was carried
out at 45 °C for 10 min. The effect of Ca>* was evaluated by detecting
lipase activity in the same solution containing 2 mM Ca>* at 45 °C.

To examine the thermostability of the lipase, the resuspended cells were
incubated at controlled temperature from 30 to 60 °C for up to 1 h and
incubated for 1—6 h at 50 °C in 50 mM potassium phosphate buffer (pH
7.0). Then the residual activity was measured at 45 °C by the spectro-
photometric method described under “Assay of Lipase Activity” section.

The effect of the substrate chain length was determined by adding a
10 mM solution of p-nitrophenol butyrate (C4), p-nitrophenol decanoate
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Figure 1. Construction of the plasmid pCTANL for surface display of
Aspergillus niger lipase (ANL).
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Figure 2. Confirmation of successful surface display of ANL. (A) Through
fluorescence microscope assay, cells harboring pPCTANL were immunologi-
cally labeled with the anti-HA antibody as the first antibody and FITC-
conjugated anti-IgG as the second antibody. (B) EBY100 cells as the control
for fluorescence microscope assay. (C) The cells (most dead cells were
stained blue by methylene blue trihydrate, whereas a few live cells were not
stained) observed in optical microscope after the cell suspension was
conserved at 4 °C for half a month. (D) Halo formation of ANL-displaying
yeast on tributyrin agar plate. CK, EBY100 harboring pCT302 as the control.

(C10), p-nitrophenol laurate (C12), or p-nitrophenol palmitate (C16)
instead of pNPC (C8) into the substrate solution for activity measurements
according to the spectrophotometric method described under “Assay of
Lipase Activity” section.

RESULTS AND DISCUSSION

Construction of the Plasmid. The plasmid pCTANL was con-
structed as described above. The mature ANL encoding gene was
inserted into the yeast vector pCT302 as a 3'-terminal fusion to
the AGA2 gene through a linker sequence and was expressed
under the control of the GALI galactose-inducible promoter
(Figure 1). The fusion proteins were bound to Agal via disulfide
bridges, and Agal was covalently anchored to the cell wall of S.
cerevisiae through a GPI anchor. Between the lipase and Aga2,
the linker peptide included an HA epitope (nine amino acids) and
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Figure 3. Lipase activity of culture medium and supematant in different
induction times. The activities were detected by adding fermentation broth
or supematant into the buffer [the volume ratio of 10 mM pNPC/ethanol/
50 mM potassium phosphate buffer (pH 7.0) was 1:4:95] for 10 min at 45 °C.
Then, the OD44o was detected. Relative activity was equal to the relative
ODy10, which was calculated by assuming the OD,44, obtained at 144 h to be
100% (OD440 = 0.63).

a (G4S); spacer. The HA tag was used for immunofluore-
scent detection. The constructed plasmids were introduced into
S. cerevisiae EBY 100, in which the expression of Agal was also
inducible by galactose from a single GALI—AGAI expression
cassette integrated in the genome of EBY100.

Confirmation of Lipase Display on the Cell Surface. To examine
whether the lipases were indeed displayed on the surface of
S. cerevisiae, the cells were examined by immunofluorescence
microscopy. As shown in Figure 2A, S. cerevisiae EBY 100 cells
anchoring the Aga2—HA-XA-(G4S);—ANL fusion protein be-
came fluorescent as a result of the binding of anti-HA tag
antibody, followed by binding of FITC-conjugated secondary
antibody, whereas the control cells EBY 100 were not fluorescent
(Figure 2B). This indicates that the displayed lipase was not
hindered by the structure of the cell surface and could easily bind
to the antibody. Thus, the ANL was successfully displayed on the
cell surface of EBY100 cells. Meanwhile, methylene blue tri-
hydrate was used to check whether the dead yeast cells maintained
their shape. As shown in Figure 2C, blue dead cells and live cells
both had the expected shape after being kept at 4 °C for 15 days.
Furthermore, as shown in Figure 2D, the ANL-displaying
EBY100 cells produced a clear halo around the colony on
tributyrin agar plates. This observation indicates that the surface-
displayed ANL could hydrolyze tributyrin, further indicating the
accessibility of surface-displayed ANL.

Assay of Lipase Activity. After confirming the successful dis-
play of ANL on the surface of S. cerevisiae, we further examined
quantitatively its hydrolytic activity, using pNPC as the substrate.
Hydrolytic activity of the whole-cell EBY 100/pCTANL reached
43.8 U/g of dry cell weight, following induction by galactose for
72 h at 20 °C. We also examined the activity of the fermenta-
tion broth and the supernatant after induction by galactose for
0—146 h at 20 °C. As shown in Figure 3, when the cultures were
used to catalyze the hydrolysis of pNPC, enzyme activity in-
creased markedly with time, whereas that of the supernatant was
negligible. This indicates that the fusion protein was all anchored
on the cell surface. In addition, when compared with surface-
displayed lipases using a C-terminal anchor system, the activity of
the displayed ANL here was higher than that of the displayed
Rhizopus oryzae lipase (4.1 U/g of dry cell weight) (24), Yarrowia
lipolyticalipase Lip2 (7.6 U/g of dry cell weight) (37), and Candida
antarctica lipase B (20.4 U/g of dry cell weight) (2). When
compared with surface-displayed lipases using an N-terminal
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Figure 4. Effect of temperature (A) and pH (B) on the activity of surface-
displayed lipase. The optimal temperature was determined by incubating
the displayed ANL in 50 mM potassium phosphate buffer (pH 7.0) at
different temperatures from 20 to 70 °C. The optimal pH was determined by
incubating the displayed ANL at different pH values from 3 to 10 at 45 °C.
Relative activity was calculated by assuming the activity obtained at 45 °C
(A) and pH 7.0 (B) to be 100% (43.8 U/g of dry cell weight).

anchor system, the activity of the displayed ANL was slightly
lower than that of R. oryzae lipase (61.3 U/g of dry cell
weight) (25).

Characterization of the Displayed Lipase. To evaluate the
potential of the displayed lipase as a whole-cell catalyst, its
optimal temperature and pH, and its thermostability, the effects
of Ca®" and substrate specificity were characterized. The optimal
temperature and pH of the displayed lipase were tested at various
temperatures, ranging from 20 to 70 °C, and pH, from 3.0 to 10.0.
The highest activity of the displayed ANL was observed at 45 °C
and pH 7.0 (Figure 4). These values were consistent with the
results of Shu et al. (22). The displayed ANL had >80% of the
maximal activity in the temperature range from 40 to 55 °C and in
the pH range from pH 6 to 8. As shown in Figure 4A, the
displayed ANL could tolerate rather high temperature; it
retained 54% of its maximal activity at 25 °C and 65% of its
maximal activity at 60 °C. The pH influenced remarkably the
activity of the displayed ANL (Figure 4B), which retained only
32 and 20% of its maximal activity at pH 3.0 and 10.0,
respectively. Therefore, the displayed ANL is more easily
inactivated at alkaline pH.

The thermostability of the lipase was also evaluated by detect-
ing the remaining lipase activity after incubation for 1 h at
temperatures ranging from 30 to 60 °C. As shown in Figure 5A,
the surface-displayed ANL had good thermal stability. It lost
< 1% of'its original activity after incubation at 30 °C, did not lose
any detectable activity at 40 °C for 1 h, and retained 78.4% of'its
original activity after incubation at 60 °C for 1 h. The thermo-
stability was further examined by incubating the displayed ANL
at the relatively high temperature of 50 °C for 1—6 h. As shown in
Figure 5B, the displayed ANL retained >95% of its activity after
incubation for4hand > 80% ofits activity after 6 h. These results
coincided with the purified free form of the enzyme from the wild
strain of A. niger F044 (22). They were better than the free lipases
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Figure 5. Thermostability of displayed lipase. (A) The displayed ANL was
incubated at controlled temperature from 30 to 60 °C forupto 1 hin 50 mM
potassium phosphate buffer (pH 7.0). Then the residual lipase activity was
measured by spectrophotometric method. (B) The displayed ANL was
incubated for 1—6 h at 50 °C in 50 mM potassium phosphate buffer
(pH 7.0). Then the residual lipase activity was measured by spectro-
photometric method. Relative activity was calculated by assuming the
original activity to be 100% (43.8 U/g of dry cell weight).

from the wild type strain BTL of A. niger (that retained about
50% of the original activity after incubation at 50 °C for 0.5 h) (32)
and the A. niger strain from Hindustan Lever Research Centre
(Bombay, India) (that retained about 50% of the original activity
after incubation at 60 °C for 1 h) 33).

The effect of Ca®" was also examined. The surface-displayed
ANL was sensitive to the presence of Ca®". The enzymatic
activity with 2 mmol/L Ca*" was 2.3-fold higher than that
without Ca>"; this result is similar to that obtained with the
purified free ANL from A. niger F044 (22) and the free ANL
reported by Sugihara et al. (34).

The substrate specificity of the cell surface lipase was also
explored. The displayed ANL showed a marked preference for
medium-chain fatty acid p-nitrophenyl esters. The highest activity
of the displayed ANL was detected when p-nitrophenol decanoate
(C10) was used as a substrate (Figure 6). The lipase activity
toward p-nitrophenol caprylate (C8) and p-nitrophenol laurate
(C12) was also relatively high, reaching 84.0 and 62.5% that
of C10, respectively. However, the activity of displayed ANL
toward p-nitrophenol palmitate (C16) was relatively low, only
23.5% of that of C10.

In conclusion, ANL was successfully displayed on the surface
of S. cerevisiae cells for the first time using the a-agglutinin
anchor system. The displayed ANL showed high activity (43.8
U/g of dry cell weight) and excellent thermostability. It retained
almost 80% activity after incubation at 60 °C for 1 h and did not
lose any significant activity after incubation at 50 °C for 4 h.
In addition, the displayed ANL could be recycled simply and
saved time spent on the purification of immobilized enzymes.
Therefore, whole-cell catalysts with good catalytic properties
can be prepared simply and inexpensively and will have many
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Figure 6. Substrate specificity of displayed lipase. The enzyme activity
was determined at 45 °C using different p-nitrophenyl esters (C4—C16) as
substrates in 50 mM potassium phosphate buffer (pH 7.0) for 10 min.
Relative activity was calculated by assuming the activity obtained using
C10 as substrates to be 100% (53.2 U/g of dry cell weight).

applications in biotechnology including organic synthesis and
food processing.

ABBREVIATIONS USED

ANL, Aspergillus niger lipase; pNPC, p-nitrophenyl caprylate;
GRAS, generally regarded as safe; GPI, glycosylphosphatidyli-
nositol; FITC, fluorescein isothiocyanate.
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