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Abstract Many studies have demonstrated that the
properties of enzymes expressed in eukaryotes can be
affected by the position and extent of glycosylation on
enzyme. In this study, two potential glycosylation sites (the
8th and the 58th asparagine) were identified and the effect
of propeptide glycosylation on Rhizomucor miehei lipase
(RML) expressed in Pichia pastoris was investigated. To
better understand the effect of glycosylation on the activity
of RML, three mutants (M1, generated by N8A; M2,
generated by N5S8A; and M3, generated by N8A and
N58A) were designed to generate deglycosylated enzymes.
The results showed that deglycosylated RML exhibited a
twofold higher activity compared to the wild type. How-
ever, it was also found that glycosylation on the propeptide
was important for the removal of the propeptide by Kex2
protease and secretion of the enzyme. Thus, our study
provided a further understanding into the role of glyco-
sylation on enzyme function.

Introduction

Lipases are biotechnologically important enzymes capable
of catalyzing a wide array of esters with wide substrate
specificity [22]. Rhizomucor miehei lipase (RML, Gene-
bank accession No. A34959) is a particularly important
enzyme in the food industry due to its ability to hydrolyze
1,3-position C(O)-O bonds in triglyceride esters [15], and
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is generated with 24 amino acid residues of signal peptide
and 70 amino acid residues of propeptide ahead of its
functional region [4]. Up until now, there have been many
reports aimed at optimizing and demonstrating the func-
tionality of various hosts for the large-scale production of
RML in an industrial setting [8, 9, 20, 22]. Pichia pastoris
has been found to be an ideal host for the secretory
expression of RML and other genes from fungi due to its
simple purification process.

It is reported that two forms of native RML from R.
miehei, RML-A and RML-B, exist in fermentation broth.
RML-A is glycosylated and exhibits a higher activity
toward olive oil than the non-glycosylated RML-B [4].
However, little is known about the glycosylation of RML,
such as the position or extent of glycosylation. In our
previous study, only one form of RML was expressed using
Escherichia coli as a host [20], while two forms of RML
were found when using P. pastoris as a host. It is well
known that E. coli lacks a post-translational modification
system, so these results led us to speculate that one of two
forms of RML expressed in P. pastoris was also glycos-
ylated. In addition, two potential glycosylation sites were
found in the propeptide of RML through Glycomod (http://
web.expasy.org/glycomod/). It has been well documented
that the glycosylation of proteins can enhance enzymatic
activity depending on the position and extent of glycosyl-
ation on the enzyme [1, 13, 16, 18, 19]. It is also known
that the propeptide of RML acts as an intramolecular
chaperone [6, 7, 17] and is essential for the expression of
RML [20]. In a previous study of carboxypeptidase Y
(CPY) from Saccharomyces cerevisiae, it was shown that
pro-CPY was less stable toward denaturation compared to
mature CPY [21]. In turn, these findings inspired us to
explore whether glycosylation exists in the propeptide of
RML and how glycosylation affects the function of RML.
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In this study, the wild type (WT) and three deglycosy-
lated mutants (M1, M2, and M3; M1, deglycosylated
mutant 1 generated by N8A; M2, deglycosylated mutant 2
generated by N58A; and M3, deglycosylated mutant 3
generated by N8A and N58A) of RML were expressed in
P. pastoris. Then, a Kex2 protease recognition site was
introduced between the propeptide and the functional
portion of the enzyme to explore whether the glycosylation
of propeptide could affect the cleavage of propeptide.

Materials and Methods
Materials

pET30a-pro-RML plasmid was constructed in our lab as
described previously [20]. E. coli strain Top 10, the
pPIC9K vector, and P. pastoris strain GS115 were pur-
chased from Invitrogen (USA). Olive oil, T4 DNA ligase,
restriction enzymes, and the BCA Protein Assay kit were
purchased from Sangon Biotechnology (Shanghai, China).
The filter used to concentrate the crude protein in the
medium was purchased from Millipore. DNA polymerase
was purchased from TaKaRa (Japan). The enzyme PNG-
aseF was purchased from New England Biolabs (Beijing).
Plasmids were transformed into yeast by using an Eppen-
dorf Electroporator 2510 (Germany). Column chromatog-
raphy for enzyme purification was performed using the
AKTA system (GE Healthcare) equipped with a Ni-NTA
column (Bio-Science AB, Sweden). YPD medium (1 %
yeast extract, 2 % peptone, and 2 % dextrose) was used for
the growth of P. pastoris GS115, and all transformants
were selected on MD plates (1.34 % yeast nitrogen base,
4 x 107> % biotin, and 2 % dextrose). BMGY (1 % yeast
extract, 2 % peptone, 1.34 % yeast nitrogen Dbase,
4 x 107> % biotin, 100 mmol/l potassium phosphate, pH
6, and 1 % glycerol) and BMMY (BMGY with 0.5 %
methanol instead of 1 % glycerol) were used to express the
recombinant P. pastoris.

Expression of RML

The maturation region of the RML gene (MR-RML) was
amplified from pET30a-pro-RML by using the primers
noproF and pasR (Table 1). RML, along with its propep-
tide, was amplified by using the primers pasF and pasR
(Table 1). The PCR reaction mixtures contained 10 pl
5% primeSTAR buffer (Mg>" plus), 4 pl dNTP mixture
(2.5 mM), 1 pl of both the forward (noproF) and reverse
(pasR) primers (10 pM each), 1.25 U PrimeSTAR HS
DNA Polymerase, 1 ng template, and ddH,O in a total
volume of 50 pl. The thermal cycling parameters were
98 °C for 10 s, 55 °C for 15 s, and 72 °C for 1 min for a

total of 30 cycles. MR-RML and Pro-RML were inserted
into the EcoRI-Nofl sites of pPICIK to generate pPICIK-
MR-RML and pPICO9K-WT, respectively. Then, the
resulting plasmids were linearized with Sall and trans-
formed into the P. pastoris by electroporation at 1.5 kV in
a 0.2-cm-gap electroporation cuvette using an Eppendorf
Eporator 2510. The transformants of P. pastoris GS115
were screened by an MD plate. Colonies were picked into
YPD medium and incubated overnight. The 1 ml overnight
culture was transferred into 50 ml BMGY medium for
large-scale cultivation until ODgyy = 2-5. The supernatant
was discarded by centrifugation at 2,000 rpm for 5 min,
and the cells were resuspended at ODgyy = 1 in 50 ml
BMMY medium. Methanol was added every 24 h. After
shaking in flask for 144 h, the supernatant was collected.

Purification of RML and Deglycosylation by PNGaseF

The supernatant was filtered via a membrane (45 pm),
and then purified by a Ni*"-charged 5 ml HisTrap column
using the binding buffer (20 mM sodium phosphate, 0.5 M
NaCl, 20 mM imidazole, pH 7.4) and elution buffer
(20 mM sodium phosphate, 0.5 M NaCl, 0.5 M imidazole,
pH 7.4). The concentration of the enzyme was determined
by a BCA protein kit. The enzyme was deglycosylated by
PNGaseF. The molecular weights of the enzyme before
deglycosylation and after deglycosylation were determined
by SDS polyacrylamide gel electrophoresis (Fig. 2).

Lipase Activity Assay

The activity of RML was determined by titration with olive
oil as the substrate [20]. One unit of RML activity was
defined as the amount of liberated fatty acid from olive oil
per minute per milligram of purified protein.

Constructions of Deglycosylated Mutants

The deglycosylated RML mutant 1 (M1, Fig. 1) was gen-
erated by N8A with the primers M8F and pasR (Table 1).
The deglycosylated mutant 2 (M2, Fig. 1) was generated
by N58A. The primers pasF, pasR, M58R, and MS58F
(Table 1) were used in the overlap extension PCR. Both
M1 and M2 were amplified with the WT as a template. The
deglycosylated mutant 3 (M3, Fig. 1) was generated by
N8A and N58A using M2 as a template, and M8F and pasR
(Table 1) were used as primers.

Introducing a Kex2 Protease Recognition Site Between
the Propeptide and Mature Portion of RML

The propeptide of RML could be removed completely by
Kex2 protease expressed in yeast, which cleaves specifically
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at Lys—Arg sequences [5]. To remove the propeptide and
obtain the mature part of RML, two mutants were generated
by designing a Kex2 protease recognition site with the
primers KexF and KexR (Table 1). The WT and M3 were
used as the template to generate WT (Kex2) and M3 (Kex2),
respectively (Fig. 1).

Results and Discussion

Expression of RML in P. pastoris and Deglycosylation
by PNGaseF

When the maturation region of the RML gene (MR-RML)
was inserted into P. pastoris, no RML was expressed,
which yielded the same result as the E. coli group in our
previous study [20]. These results demonstrated that the

Table 1 Primers used in the work

propeptide of RML played a crucial role in protein
expression. Our findings were also consistent with the
theory that the propeptide could lower the activation
energy barrier of protein folding [2, 7, 17]. However, when
RML with the propeptide (WT) was cloned into pPIC9K,
the purified enzyme of wide-type RML gave two major
bands (Fig. 2, lane 1) at about 66 kDa and about 30 kDa.
The molecular weight of RML without propeptide is
30 KDa, and the molecular weight of RML with the pro-
peptide is about 37 kDa, which is much less than the
66 kDa obtained. Thus, we speculated that the smaller
30 kDa band was the mature RML without the propeptide
while the larger band was the glycosylated form of RML
with the propeptide. The enzyme produced by WT treated
with PNGaseF gave two bands at 37 and 30 kDa (Fig. 2,
lane 2). The band in 37 kDa was consistent with molecular
weight of RML plus its propeptide. This suggested that

Name sequence

noproF 5'-CGCGGAATTCATGAGCATTGATGGTGGTATC-3'

pasF 5'-CGCGGAATTCATGGTGCCAATCAAGAGACAATC-3'

pasR 5'-GCCGGCGGCCGCTTAATGATGATGATGATGATGAGTACAGAGGCCTGTGTTGA-3'

MBSF 5'-CGCGGAATTCGTGCCAATCAAGAGACAATCAAACAGCACGGTGGAT-3'

MS58F 5'-TATGGCATGGCTTTGGCTGCTACTTCCTATCCGGATTCT-3’

M58R 5'-CGGATAGGAAGTAGCAGCCAAAGCCATGCCATATTTAGT-3’

KexF 5'-GTGGTCCAAGCAATGAAACGTGAAGCGGAAGCGAGCATTGATGGTGGTATCCGCGCTG-3'
KexR 5'-ACCACCATCAATGCTCGCTTCCGCTTCACGTTTCATTGCTTGGACCACAGAATCCGGA-3’

Restriction sites are underlined

Fig. 1 Mutants constructed in
the work. a Deglycosylated
mutants. WT, wild type; M1,
deglycosylated mutant 1
generated by N8A; M2,
deglycosylated mutant 2
generated by N58A; M3,
deglycosylated mutant 3
generated by N8A and N58A;
b Introducing a Kex2 protease
recognition site between the
propeptide and mature portion
of RML
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Fig. 2 SDS-PAGE for expression of RML. M, protein marker; lane
1, wild type; lane 2, wild-type RML treated with PNGaseF.
A glycosylated RML on its propeptide; B deglycosylated RML on
its propeptide C enzyme PNGaseF; D the mature region of RML

RML was glycosylated when expressed in P. pastoris, and
that the glycosylation site of RML was in the propeptide.
PNGaseF treatment of M3 did not cause further shifts in
mobility, which can be explained by the lack of N-glyco-
sylation sites in the mature RML (data not shown).

Effect of Deglycosylation on Enzyme Activity

To explore whether the glycosylation of RML could affect
enzyme activity, three mutants (M1, M2, and M3) were
generated by mutating two asparagine residues in predicted
N-glycosylation sites within the propeptide domain to
alanine residues. Alanine residues were chosen to avoid
generating new hydrogen bonds or charge interactions. The
SDS-PAGE gel electrophoresis showed that the 8th residue
of asparagine was glycosylated more severely than the 58th
residue of asparagine (Fig. 3). M1 presented two bands at
40 and 30 kDa (Fig. 3, lane 2), while M2 showed two
bands at about 63 and 30 kDa (Fig. 3, lane 3). When both
the 8th site and 58th site were deglycosylated (M3), the
mutant produced two bands at 37 and 30 kDa (Fig. 3, lane
4), which was the same as the WT treated with PNGaseF.
The results indicated that the oligosaccharide chain cova-
lently linked to the asparagine residue of the WT was
removed. Furthermore, the enzyme activities of the three
mutants were increased due to the deglycosylation of the
propeptide in RML (Fig. 4). This result indicated that the
individual removal of a glycosylation site in the propeptide
of an enzyme can enhance its activity. There might be two
possible reasons for this: first, the site of the glycosylation
did not exist in the active center, and thus it cannot help
enhance enzyme activity; second, the glycosylation has
influences over the occupancy, structure, and folding of
protein [14], so the fungi used might have produced high
mannose-type N-glycans up to 100 sugars [3] to cover the

mutants. M, protein marker; lane 1, wild type; lane 2, M1 with
mutation N8A; lane 3, M2 with mutation N58A; lane 4, M3 with
mutation N8A and N58A. A glycosylated RML on its propeptide;
B deglycosylated RML (N8A); C deglycosylated RML (N58A);
D deglycosylated RML (N8A and N58A); E the mature region of
RML

active center, which resulted in a negative effect on the
activity.

In Fig. 3, the proportion of the enzyme without the pro-
peptide was gradually reduced in the total enzyme, which
showed that the deglycosylation of the propeptide had a
negative effect on the truncation of the propeptide. In
addition, we speculate that the lower activity of the WT
(Fig. 3, lane 1) was caused by glycosylation. Although other
reports have investigated glycoproteins expressed in mam-
malian cells [12], the glycosylation of the lipase family had
been seldom deliberated. Furthermore, the effect of pro-
peptide glycosylation on enzyme activity has not been fully
ascertained, though the majority of reported glycosylation
events exhibited positive effects on enzyme activity. Brigitte
and Huge successfully separated RML-A and RML-B in
Mucor miehei fermentation, in which RML-B was formed
by partial deglycosylation of RML-A, and found that the
specific activity of RML-B toward olive oil was far less than
that of RML-A (1,900 U/mg protein compared to 3,500 U/
mg protein) [10]. In our work, the deglycosylated enzyme
(M3) exhibited nearly the same activity (3,679 £ 300 U/mg
protein) compared to the native enzyme RML-A. A com-
parison of results between the two studies demonstrated that
the effect of deglycosylation was different for different
hosts. In addition, the concentration of M1 and M2 in their
supernatants was nearly the same as that of the WT, while
M3 was less than that of the WT (Fig. 5a), as shown in the
SDS-PAGE assay (Fig. 5b). These results indicated that
deglycosylation on the propeptide site could decrease the
secretion level of the recombinant protein.

Effect of Glycosylation on Propeptide Removal

To further study the mature portion of RML, a Kex?2 protease
recognition site was introduced between the propeptide and
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Fig. 5 The amount of the crude proteins in the supernatants.
a Concentration of crude protein produced by WT, M1, M2, and
M3 b SDS-PAGE for the crude protein in the medium; M, protein
marker; lane 1, wild type; lane 2, M1 with mutation N8A; lane 3, M2
with mutation N58A; lane 4, M3 with mutation N8A and N58A.
A Glycosylated RML on its propeptide; B Deglycosylated RML
(N8A); C deglycosylated RML (N58A); D deglycosylated RML
(N8A and N58A); E the mature region of RML

the mature portion. The propeptide was successfully
removed in the WT (Fig. 6, lane 1), and the specific activity
of the mature portion in the WT was the same as the enzyme
without N-glycosylation (M3, Fig. 4). This result indicated
that the enzyme with and without the propeptide could
produce the same enzyme activity. Furthermore, this also
indicated that RML with glycosylation in its propeptide
presented a lower enzyme activity than RML without gly-
cosylation in its propeptide.

@ Springer
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Fig. 6 SDS-PAGE for the expression of WT (Kex2) and M3 (Kex2).
M, protein marker; lane 1, the propeptide completely truncated in WT
(Kex2); lane 2, the propeptide partially truncated in M3 (Kex2).
A deglycosylated RML on its propeptide by mutation N8A and N58A;
B the mature region of RML

However, when a Kex2 protease recognition site was
introduced in M3, the propeptide could not be removed
completely (Fig. 6, lane 2). This suggested that the gly-
cosylation could affect the efficiency of Kex?2 protease, and
that the glycosylation in the propeptide could contribute to
the removal of the propeptide. The activities of the WT
(Kex2) and M3 (Kex2) were about 3,600 U/mg protein
(Fig. 4), which was the same as M3 and approximately
twice that of WT.

There can also be two forms of glycosylation present,
N-glycosylation on asparagine and O-glycosylation on
serine or threonine, though O-glycosylation have not been
studied in detail [11]. One of the functions of glycosylation
is the stabilization of the protein conformation [12]. In our
study, it was found that the glycosylation of RML could
help remove the propeptide of RML in order to form
mature RML, which exhibited a higher activity compared
to RML containing its oligosaccharide chain. In M1, M2,
and M3, the propeptide was not removed easily with the
reduction of the oligosaccharide in the propeptide, which
indicated that the glycosylations on the propeptide could
facilitate the formation of mature RML. This finding
inspired us to demonstrate that the glycosylation of the
propeptide can help form a more stable structure of RML
for improved function and extracellular secretion.

Conclusion

This work presented the first research on the effect of
propeptide deglycosylation in RML expressed in P. pas-
toris. The results demonstrated that deglycosylation of the
propeptide could greatly enhance enzymatic activity,
though glycosylation of the propeptide is required for the
removal of propeptide by Kex2 protease. This result also
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led to the hypothesis that the glycosylation of propeptides
in other lipases might also have an effect on their activity.
Finally, this work provides potential insights into further-
ing other properties of the lipase such as thermal stability
and pH stability. Ultimately, we hope the concept of pro-
peptide deglycosylation will pave the way for future
development of new enzymatic modification strategies.
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