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Abstract

The extracellular production of activhizopus oryzae lipase (ROL) was carried out by the expression of FneROL
gene encoding a pro-form of ROL (ProROL) using preprfactor in Saccharomyces cerevisiae. Two forms of recombinant
ROL (rROL), rProROL by the expression of tfReoROL gene and r28ROL which was a processed form of rProROL in
the prosequence, were produced. Such a processing of rROL was catalyzed by the Kex2 membrane-bound endoprotease
(Kex2p) in the late Golgi compartment. The ProROL and r28ROL could be produced independently as a single protein by
the Kex2-engineereds. cerevisiae. Comparison of the properties of purified rROL showed that the prosequence modified
some properties of ROL, and implied that the prosequence might play an physiologically important role in vivo. When only
mature ROL (mROL) without the prosequence fused to theopfaetor leader sequence was expressesl serevisiae, the
enzyme activity was not observed in both the medium and cells. However, when the mROL was co-exptessedith the
prosequence fused to the prefactor leader sequengdbe activity was recovered. The results showed that the prosequence may
facilitate the folding of mMROL, and the covalent linkage of the prosequence to the mROL was not necessary for the function.
As the result of the deletion analysis at the N-terminus in the prosequence, the prosequence might work as an intramolecular
chaperone. By the cell surface engineering using the gene encoding the C-terminal half @fggglsitinin and the insertion
of linker peptides, a novel strain displaying lipase on the cell surface was also constructed. ABhoeghisiae itself is
unable to utilize triolein, the transformant strain could grow on triolein as the sole carbon source. The cell surface-engineered
yeast displaying ROL might be used as a potent bioctalyst. © 2002 Elsevier Science B.V. All rights reserved.

Keywords. Rhizopus oryzae lipase (ROL);Saccharomyces cerevisiae; Prosequence; Intramolecular chaperone; Cell surface engineering

1. Introduction since enzymes have high substrate specificity and
reaction specificity, the separation of aimed products
In general, the bioprocesses using enzymes or mi- is relatively easy.
croorganisms are the energy-saving processes which Lipases (triacylglycerol acylhydrolase, EC 3.1.1.3)
do not require high temperature and high pressure in can catalyze not only hydrolysis of ester bonds under
comparison with chemical processes. Additionally, agueous conditions but also synthesis of ester bonds,
namely ester synthesis, under microagueous condi-
"+ Corresponding author. Tek+81-75-753-5554; fcions. These_two bagic processes can then be compined
fax: +81-75-753-5534. in a sequential fashion to give rise to a set of reactions
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particular starting point in terms of substrates, one proteins, foldases or activator proteins”. These private
may say that it is acidolysis, alcoholysis, glycerolysis, chaperones are encoded by complete different genes
or transesterification. These reactions in chemical pro- that located immediately downstream of the lipase
cesses are high-energy-consuming reactions that needtructural genes, and they could actrians. The pro-
the high temperature and high pressure. Additionally, teins are not part of the active lipase enzymes, which
the resulting products are often unusable as obtainedare composed of single polypeptide chains [16].
and require re-distillation to remove impurities and Eukaryotic lipasesRhizopus lipases, are synthe-
degradation products. Moreover, highly unsaturated sized as pre-pro-proteins. In vivo expression and in
heat-sensitive oils cannot be used in this process vitro refolding experiments dR. oryzaelipase showed
without prior hydrogenation. Since lipases have high that the prosequence is necessary for the production
regio- and stereo-selectivity, they can catalyze the of the active lipase [17]. Therefore, it causes the pos-
various specific reactions, stereoselective hydrolysis sibility that the prosequence of the lipase might act as
of esters, stereoselective esterification of alcohols, an intramolecular chaperone.
and stereoselective and regioselective ester synthesis, Although many proteases require their prose-
for the production of optically active compounds. quences to facilitate their folding, these findings do
Due to such characteristics, systems producing a largenot constitute a rule. In addition to proteases, pro-
amount of active lipases are demanded for industrial teins such as growth factors [18], neuropeptides [19],
applications and understanding their fundamental hormones [20], and plasma proteins [21] also require
characteristics for improving the properties. their prosequences for their correct folding. The fold-
The physiological properties and biochemical fea- ing mechanisms of subtilisin E frofacillus subtilis
tures of lipases have been investigated extensively. [22], a-lytic proteases fronbysobactor enzymogenes
The three-dimensional structures have been presented23], and carboxypeptidase Y frof cerevisiae [24]

for lipases fromRhizomucor miehel [1], Rhizopus are well studied and gave vital information regarding
niveus [2], Humicola lanuginosa [3], Geotrichum the mechanism of prosequence-mediated folding. In
candidum [4], Candida rugosa [5], C. antarctica [6], vitro studies of them have shown thedytic protease
Pseudomonas glumae [7], Penicillium camembertii and subtilisin E are folded into partially structured

[8], human pancreas [9], and horse pancreas [10]. molten globule intermediates in the absence of their
Although these lipases have different amino acid prosequences. These stable but inactive intermediates
sequences, they do share some common structuralcan be converted into the active conformations upon
properties. Lipases have a catalytic center that con- addition of their prosequences and the results suggest
tains a triad of three amino acids (Ser—His—Asp/Glu), that the prosequences promote the folding of their
like serine proteases such as chymotrypsin and sub-proteases by direct stabilization of the rate-limiting
tilisin [11,12]. Lipases have a specific sequence mo- transition state of folding. These prosequences seem
tif, a so-called lipase—esterase consensus sequencéo be essential only during late stages of the folding
(Gly—X-Ser—X-Gly). The serine is one of the amino process because they help in overcoming a kinetic
acids in the catalytic center, and this sequence is block in the folding pathway. However, the functional
identical to that in serine proteases [13]. Lipases residues in the prosequences to mediate the folding
show ana/B hydrolase-fold, which is a common are not strictly clear.
three-dimensional-fold in several other hydrolases In the meantime, the expression of proteins on
[14]. Moreover, almost all lipases have a so-called the cell surface of microorganisms as one of the ex-
flexible lid or flap which shelters the catalytic center pression systems of foreign proteins can be used for
in solution in the resting. The lid undergoes a confor- many purposes, such as the production of live vac-
mational change at the lipid—water interface, resulting cines, whole cell adsorbents, display and selection of
in activation of lipase. This phenomenon is called antibody libraries, and whole cell biocatalysts [25].
“interfacial activation” [15]. Surface display of heterologous proteins has been
Prokaryotic lipases,Pseudomonas lipases, need described for a large number of microorganisms. In
specific chaperone-like proteins assisting their correct gram-negative bacteria, outer membrane proteins [26],
folding in the periplasm, which were termed “modular lipoproteins [27], fimbriae [28], and flagellar proteins
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[29] have all been used to immobilize heterologous sequence (Fig. 1). Among a series of triglycerides,
proteins on the cell surface. In gram-positive bacte- ROL exhibited a high activity on medium chain
ria, cell surface localization of several heterologous fatty acids. Recently, structured lipids, which are
proteins is achieved by use of protein A [30], M6 triglycerides with medium chain fatty acids at their
protein [31], and the fibronectine-binding protein [32] 1- and 3-positions and functional fatty acids at the
as anchors. On the other hand, in eukaryotes, display2-position, have become attractive in relation to the
of heterologous proteins is possible by using cell-wall production of medicines and health foods. For
proteins ofS. cerevisiae [33]. the production of structured lipids, lipases specific
The cell surface display of heterologous proteins to the 1- and 3-positions of triglycerides and to the
on S cerevisiae has several advantages for many medium chain fatty acids are desirable. The lipase
reasons in comparison with that on bacteria; the hydrolyzes the ester bonds at teel andsn-3 po-
surface-expressed proteins on the yeast become cositions, but not at then-2 position of triglycerides,
valently linked to the cell-wall, the yeast is relatively and is, therefore, referred to a 1,3-specific lipase [37].
resistance to autolysis because the cell-wall is rigid, The 1,3-specific property has been proved particu-
and it produces only a small amount of proteases larly useful for producing structured lipids [38]. ROL
[34]. Enzymes displayed on the cell surface of yeast seems to have some relationship with the lipases pro-
cells provide a way to develop a new generation of duced byH. lanuginosa, R. miehei, and Fusarium
enzyme reactors [35,36]. Such an enzymatic catalyst heterosporum [39-41]. They constitute a family of
can be simply removed from the reaction medium by closely related proteins, exhibiting many similarities
filtration or centrifugation and, if necessary, can be in structure and biochemical properties. However,
regenerated easily. Construction of a new biocatalyst their substrate specificities, such as fatty acid-chain
displaying lipase with activity on the cell surface of length preference, are different. Therefore, further
S cerevisiae has developed the cell surface expres- investigation of their three-dimensional structures by
sion system and showed the possibility for use in X-ray diffraction is necessary to elucidate the molecu-
application. lar basis of the structure-function relationship. For this
purpose, a high-level-expression system must be de-
veloped because the amount of the enzyme produced
2. Extracellular production of active R. oryzae in the original organism is small and the enzyme is
lipase (ROL) by S. cerevisiae heterogeneous. Although ROL has already been ex-
pressed inEscherichia coli, enzymatically inactive
Lipase produced byR. oryzae (ROL) [37] com- and insoluble aggregates were obtained [42]. On the
prises a signal sequence of 26 amino acids, a prose-other hand, the functional expression and secretion of
guence of 97 amino acids, and a mature lipase regionactive lipases fron@. candidum andF. heterosporum
of 269 amino acids, as deduced from the nucleotide have been reported using cerevisiae as the host

(Primary structure)

pre pro mature ROL

——

1 27 124 392 a.a.

Presequence (26 a.a.) is for protein localization to the endoplasmic reticulum and secretion.

Prosequence (97 a.a.)
The mature lipase (269 a.a.) is secreted as a 30 kDa protein.

Fig. 1. Structure of ROL.
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[43,44]. Furthermore, a novel and strong heterolo-
gous gene expression system Sncerevisiae using
the B-upstream region of the isocitrate lyase gene
(UPR-ICL) from the alkanotrophic yeast. tropi-
calis has been developed [45UPR-ICL-mediated
transcription is repressed by glucose, but strongly
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amino acid sequence of the 46kDa protein was
Val-Pro—Val-Ser-Gly—-Lys—Ser-Gly—Ser—Ser, corre-
sponding to N-terminal amino acids of the prose-
guence of ProROL. On the other hand, the N-terminal
amino acid sequence of the 35kDa protein was
Asp —Asp—Asn-Leu-Val-Gly -Gly—Met-Thr-Leu

induced by non-fermentable carbon sources such aswhich corresponded to the C-terminus of the prose-

glycerol, acetate or ethanol or under the conditions
of derepression [46,47]. THePR-ICL is one of the
powerful promoters irS cerevisiae, similar to GAL1

or GAL7. Using the expression plasmids of ROL,

guence of ProROL. From these results, the 46 kDa
protein was a precursor with the complete prose-
guence (rProROL), while the 35kDa protein was
mMROL attached with 28 amino acids of the C-terminal

production of the active enzymes was assessed by apart of the prosequence (r28ROL) (Fig. 2).

halo formation around the colony on YPD agar plates
containing an emulsion of tributyrin [48]. The impor-
tance of the prosequence for refolding of ROL from
inclusion bodies was also suggestedBncoli. The
prosequence may play important roles in the folding
and transport of the precursor protein in the cellular
secretory pathway. The requirement of the prose-
guence of ROL for efficient expression and secretion
of ROL was confirmed. The highest extracellular li-
pase activity of 2880 U/l (28.0 mg/l) was obtained in
the culture supernatant at 120 h of cultivation.

The rROL purified from the culture supernatant
of the transformant yielded a single protein band on
native-PAGE, and the activity staining on native-PAGE
confirmed that the protein possessed lipase activity.
On SDS-PAGE, this final preparation gave two bands
corresponding to 46 and 35kDa. The N-terminal

M R F P S I F T A V L
VPVSGKSGSS
rProROL: 46 kDa form

S AL P P L I S S R C
K S D L 9 A E P Y Y M
S H G G N L T S I G K
MTLDO»wvP?P s paweewrp
S A l S D G G K V V A A

mature ROL
T K ¥ A G I A A T A Y

The substrate preference of rROL, composed of
rProROL and r28ROL, was examined by titrimetric
assay using a series of simple triglycerides. The rROL
reacted well on tricaprylin (C8), tricaprin (C10),
trilaurin (C12), and trimyristin (C14), but was less
reactive on tributyrin (C4) and tripalmitin (C16), etc.
among a series of triglycerides.

Both unprocessed and partially processed forms, as
in this case, have been demonstrated for several het-
erologous proteins secreted 8ycerevisiae. This pro-
cessing could be catalyzed by a protease like Kex2
endoprotease in the late Golgi compartment. Such as-
sembly of unprocessed and partially processed pro-
teins derived from the same expression products, as
demonstrated by native-PAGE, may occur as a result
of some non-covalent force, for example, the interac-
tion between glycosyl side chains.

F A A S S A L A -19
T AV S A S D N -38
A P P S N K G S -57
O K N T E W Y E -76
rRID D NLV G G-9s
r28ROL: 35 kDa form
I S L S G S T N -114
T T A Q I Q E F -133
C R S V V P G N -152

Fig. 2. N-terminal amino acid sequence of rROL producedShygerevisiae. Large and bold letters represent the N-terminal amino acid
sequences determined by a sequencer. In this figure, a part of the presequence mentioned in Fig. 1 is also represented.
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The high-level expression and secretiofRobryzae
lipase byS cerevisiaein its active form, unlike the case
in E. coil, was carried outThis expression system is
useful not only for analysis of the structure—function
relationship of the enzyme, but also for improvement
of its functions and properties by protein engineering
[48].

3. Analysis of processing of recombinant R.
oryzae lipase precursorsin S. cerevisiae

The post-translational proteolytic modification in
the secretory pathway is essential for maturation
of precursors of many secretory proteins in eu-
karyote. Enzymes which cleave precursors at the
carboxyl side of pairs of basic residues or similar
sites are characteristic of subtilisin-type serine pro-
teases [49,50]. The Kex2 endoprotease (Kex2p) of
S cerevisiae is a prototype of this family and was
discovered through the analysis of mutant strains
lacking the post-translational processing of the pre-
cursors of the mating pheromonrefactor and the
killer toxin [51,52]. Kex2p is a C& -dependent and
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part of secreted proteins still having the prefactor
leader sequence were detected in the culture super-
natant. Therefore, the improvement of the expres-
sion system, for example, the co-expression of the
Kex2p-encoding gene is requested for the complete
processing.

A Kex2-613 gene expression product, which is the
soluble form of Kex2p (sKex2p) lacking C-terminal
201 amino acids corresponding to the Ser/Thr-rich
region, the TMD and the C-terminal cytosolic tail,
was secreted in a considerable quantity into the cul-
ture medium and still retained the enzymatic activity
[57]. Each gene encoding Kex2p or sKex2p was ex-
pressed under the control 0PR-ICL. To demonstrate
whether Lys¢30)-Arg(—29) in the prosequence of
ROL was a recognition site by Kex2p, a mutation was
introduced into the gene coding for ArgR9) to Lys.
According to the specificity of Kex2p, the degree of
the cleavage of ROL might be decreased by this mu-
tation. Analysis of the secreted proteins in the culture
supernatant using thex2 strain showed that r28ROL
(835kDa protein) completely disappeared, and that
only rProROL (46 kDa protein) was observed [58].
These results strongly indicated that Kex2p was re-

membrane-bound endoprotease, which localizes in thesponsible to the cleavage. In yeast, Kex2p, Yap3p, and

late Golgi compartment, and initiatesfactor matu-
ration by cleaving the spacer region at Lys—Arg diba-
sic site [51]. Kex2p consists of pre signal sequence,
prosequence, subtilisin domain, a Ser/Thr-rich region,
a transmembrane domain (TMD), and a C-terminal
cytosolic tail [53]. The TMD and the C-terminal cy-
tosolic tail are essential for localization in the late
Golgi compartment [54]. From the deletion analysis
of C-terminal part of Kex2p, it has been shown that
the Ser/Thr-rich region, the TMD, and the C-terminal
cytosolic tail are not required for enzymatic activity
[55]. Since Kex2p has a high site-specificity, it has
been shown in vitro that Kex2p can be one of the use-
ful tools to cleave recombinant fusion proteins with
poly His tags, which are introduced for the simple
and rapid purification of expressed proteins by affinity
chromatography on chelated metal ion columns [56].

Mkc7p have been reported as endoproteases which
cleave the proteins at dibasic amino acids [59,60].
However, the protein secreted from thex2 cells
was only rProROL, indicating that Kex2p is a central
enzyme of the processing in the secretory pathway.
In fact, the latter two endoproteases can complement
the function of Kex2p only in the case of their excess
expression. Furthermore, in the case of the mutated
ROL gene, the major protein secreted was rProROL,
although a small amount of r28ROL was observed.
These results demonstrated that 1y30)-Arg(—29)

in the prosequence of rProROL was the recognition
sequence. Kex2p secreted by deleting the C-terminal
amino acids for membrane anchoring was used in
vitro for cleavinga-factor leader fusion proteins and
His-tag fusion proteins bearing the Kex2p cleaving
site. Unlike such experiments in vitro, the complete

Many successful examples have been reported oncleavage of rProROL was carried out in situ when

the secretion system of fusion proteins with yeast the ROL gene and the gene encoding sKex2p were
preproe-factor leader sequence, which bears the co-expressed. In this case, most of the target protein
Kex2p cleavage site. When these proteins are correctly might be cleaved by sKex2p in the secretory process,
processed at the target site, the reaction of Kex2p canprobably, in the closed area like the Golgi appa-

be rate-limiting in processing and secretion. In fact, a ratus and/or secretory vesicles, although there is a
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possibility that a part of the target protein is processed with Endo H. However, the stability of rProROL was
after secreted into the culture medium. In fact, when not affected by de-glycosylation. Lipases secreted by
the active sKex2p was co-produced with the target S. cerevisiae are often glycosylated [62]. For exam-
protein, the processing of rProROL was completely ple, the lipases oP. camembertii and G. candidum

performed.

4. Characterization of recombinant ROL
produced by KEX2-engineered strains
of S. cerevisiae

The production of two different molecular forms
of recombinant lipases using ttkex2 strain and the

produced byS cerevisiae were modified byN-linked
glycosylation [63,64]. The ROL has three potential
N-glycosylation sites. One site is in the prosequence
portion, and the others are in the mature portion. Since
the molecular mass of rProROL but not r28ROL was
decreased by the Endo H treatment, only one glycosy-
lation site in the prosequence of rProROL was shown
to be modified by arN-linked carbohydrate chain.
The effect of glycosylation on thermostability has

strain harboring the gene encoding a soluble form been investigated using several proteins secreted by
of Kex2 endoprotease (sKex2p) became to be possi- S cerevisiae [65,66]. As the thermostability of rPro-

ble. To individually purify these two forms of rROLs
(rProROL and r28ROL), such tw&EX-engineered

ROL was not decreased by the Endo H treatment, the
higher thermostability of rProROL could not be due

host cells were used. The rProROL was produced asto the N-glycosylation. The difference in thermosta-

a single protein by th&ex2 strain, and secreted into

bility was also observed when ROL was expressed

the culture supernatant. On the other hand, r28ROL and refolded inE. coli. Since proteins expressed in
was prepared from the culture supernatant obtained by E. coli are not modified by glycosylation, the ther-
co-expression of skex2p. Based on the specific lipase mostability of rProROL might be obtained by the

activity of each purified rROL, the amounts of the en-

presence of the prosequence. These results indicated

zymes secreted were estimated as 78.8 mg/l broth forthe possibility that the prosequence itself, especially

rProROL and 38.3 mg/l broth for r28ROL [61].
The result obtained from the determination of the

molecular masses of rProROL and r28ROL on a

the region cleaved by sKex2p, stabilized the overall
conformation of ROL [61].
The rProROL was stable between pH 2.2 and 8.0,

Sephadex G-200 column suggested that the nativeand r28ROL between pH 3.0 and 10.0. The rProROL
rROL was a monomeric form. The rProROL has three was more stable than r28ROL under acidic conditions

potential consensus sequences Nglycosylation
(N-X-S/T, where X is any amino acids except for pro-
line) in which one is located only in rProROL. The

(pH 2.2), and r28ROL was more stable than rPro-
ROL under alkaline conditions (pH 9.0 and 10.0).
The substrate specificity was determined by the spec-

rROLs were treated with endoglycosidase H (Endo trophotometric method using-nitrophenyl esters

H) to hydrolyze theN-linked carbohydrate chains.

After this treatment, the decrease (3 kDa) in molec-

(p-NE) as substrates. The rProROL had its highest
esterase activity towarg-nitrophenyl laurate (C12)

ular mass was observed in rProROL, whereas, the and lower activity toward-nitrophenyl acetate (C2)

molecular mass of r28ROL did not change [61].

The rProROL had its highest activity at 30,
while r28ROL at 25C. The optimum reaction tem-
perature of r28ROL was slightly lower than that of
rProROL. Thermostability was examined by incubat-
ing each rROL at various temperatures for 30 min
and measuring the residual activity at“& T50 (the
temperature resulting in 50% loss of the original ac-
tivity) was about 55C for rProROL and 40C for
r28ROL, respectively. As rProROL was glycosylated
but r28ROL was not, the effect of glycosylation on

and p-nitrophenyl stearate (C18), whereas, r28ROL
had its highest esterase activity towgrehitrophenyl
caprylate (C8) and lower activity towapdnitrophenyl
acetate (C2). A remarkable difference in substrate
specificity (in the esterase activity) between rPro-
ROL and r28ROL was observed gomnitrophenyl
stearate (C18). The low activity of rProROL might
be due to steric hindrance between the prosequence
and a substrate with a long chain. Furthermore, in-
terestingly, the specific esterase activity of rProROL
toward p-nitrophenyl esters was almost 10-20 times

increased thermostability was examined by treatment lower than that of r28ROL, although lipase activity
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was not so different when measured with Lipase Kit N-terminus (ProROL) was expressedSncerevisiae
S (Dainippon Pharmaceutical Co. Ltd., Osaka). These (cis-expression) [69]. Therefore, the prosequence
results indicated that the prosequence had some effectmight support the correct folding of its mature portion
on the esterase activity [61]. in S cerevisiae. In the function of the prosequence of
the subtilisin E fromB. subtilis on its correct fold-
ing, the covalent linkage between its mature portion
5. Function of the proseguence of ROL as an and the prosequence was not necessary. To exam-
intramolecular chaperonein S. cerevisiae ine whether or not the covalent linkage between the
prosequence of ROL and mROL is essential for the
When ROL was expressed B coli [17,67], the formation of the active ROL, the prosequence and
prosequence of ROL was shown to have the function mROL were co-expressed tnans (individually and
to protect the cells from the toxic activity of the mature coincidentally) inS. cerevisiae kex2 strain The activ-
portion. Additionally, the prosequence was necessary ity was not detected when only mROL was expressed,
for the formation of the active ROL in vivo and invitro, whereas the significant activity was detected in the
and it could act irtrans in vivo. In E. coli, the prose- culture supernatant and in the cells when mROL was
guence of ROL might play a same manner as the pros- co-expressed irtrans with the prosequence. These
equence of bovine pancreatic trypsin inhibitor (BPTI) results showed that the covalent linkage between the
[17] in folding these mature portions. These prose- prosequence and mROL was not essential for the
guences seem to facilitate the folding by providing an formation and secretion of the active ROL [69].
intramolecular thiol-disulfide reagent [68]. However, To clarify the functional region of the prosequence
the function in eukaryotic cells is not clear yet. on the secretion and the formation of active ROL,
When the mature portion of ROL (mROL) fused the N-terminus of the prosequence was truncated
to the prea-factor leader sequence was expressed in (Fig. 3) [69]. The genes encoding the deleted pros-
S cerevisiag, the lipase activity was not detected in equences fused to the psefactor leader sequence
both the culture supernatant and the cell homogenate,were co-expressed itrans with mROL in S cere-
although the activity was detected in both fractions visiae kex2 strain. The sufficient activity was still ob-
when the mROL having the prosequence at the served in the culture supernatants of the mutants with

A B
~
[Prosequence of ROL |
Pre-o-factor leader sequence \
5 - (PDWild-type prosequence @ Pro89
l:_:—:ﬁ l Wuld—typ@prosequence:wammoamdsL@ VPVSGKSG GISSITAV

GAPDH promoter ||
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Fig. 3. Schematic representation (A) and amino acid sequences (B) of the N-terminal deletion of the prosequence of ROL.
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the prosequences deleted 8 (Pro89) and 19 residuegperformed similarly to that in theis-expression. As
(Pro78) from the N-terminus. The activity was de- the result, the correct folding of mMROL tnans could
creased by the deletion of 8 residues, and recovered bybe performed.
the deletion of 19 residues, whereas the activity inthe  The prosequence playing the role as an intramolec-
culture supernatant was markedly reduced by deletion ular chaperone has also been observed in several
of more than 37 residues (Pro60). However, the suf- proteases, such as subtilisin [22);lytic protease
ficient activity, in the case of Pro60, was observed in [23], aqualysin [70], and carboxypeptidase Y [24].
the cells. Deletion of more than 57 residues (Pro40) The prosequences in these proteases, however, have
markedly reduced the activity both in the cells and in no significant sequence similarity to known molecular
the culture supernatant [69]. These results indicated chaperones. It is reported that many charged amino
that the region from 38 (Pro60) to 57 (Pro40) residues acids are presented in the prosequences of such pro-
was necessary for the formation of the active ROL. teases and play an important role in the folding [71].
From the results of Western blot analysis [69], it can The prosequence of ROL has no significant similarity
be confirmed that the region from 20 to 37 residues to the prosequences of proteases and other molecular
of the prosequence is essential for the secretion of chaperones. Additionally, the prosequence does not
the mature portion, and that the region from 38 to 57 have many charged amino acids; 17.5% (6Asp, 3Glu,
residues is necessary for the correct folding to form 5Lys, 1His and 2Arg; net charge;1) compared to
the active ROL. As a conclusion, the region from 20 the mature portion; 19.7% (15Asp, 9Glu, 15Lys, 7His
to 57 residues would be significant for in vivo folding and 9Arg; net charget9). It is quite interesting that
and secretion of active mROL, and the region from the prosequences of lipases and proteases have the
38 to 57 residues in that portion might play a role similar function on folding, because they are func-
as an intramolecular chaperone (Fig. 4). The possible tionally, structurally and also evolutionarily different
function of the prosequence of ROL is clear as an in- enzymes except for that the lipases have catalytic
tramolecular chaperone on the secretion and the for-amino acids (Ser—His—Asp), like serine proteases,
mation of its mature portion in the expression system such as chymotrypsin and subtilisin.
usingS cerevisiae as a host [69]. Despite the putatively functional role of the prose-
In general, secretory proteins that are not folded quences of proteases in folding, very little is known
correctly are retained in the ER lumen. Therefore, it about the specific regions important for this function.
is presumed that mROL folded incorrectly is retained Kobayshi and Inouye [72] identified three hydropho-
in the ER lumen and degraded. However, the folding bic regions within the subtilisin E prosequence from
of mROL in the trans-expression was successfully B. subtilis, which plays an important role in the

Intramolecular chaperon

Prosequence: 97 amino acids

1 20 38 58 97

Pre-a-factor Mature ROL

leader sequence

Essential region k

for secretion for folding

Essential region ]

Fig. 4. Role of the prosequence of ROL as the intramolecular chaperon.
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folding of prosubtilisin, presumably by interac-
tion of these regions with a portion of the mature
enzyme.

In the case of ROL, Beer et al. [17] presumed that
cysteine-30 (Cys-30) in the prosequence might play
a key role in facilitating the folding of the enzyme
and work as an intramolecular-disulfide reagent, anal-
ogously to the role of the cysteine residue in the pro-
sequence of pro-BPTI [68]. Although the secretion of
the active mROL was greatly reduced by the deletion
of the residues from 20 to 37 containing Cys-30 in the
prosequence, the activity was still observed in the cell.
In addition, the mutation from Cys-30 to serine did not
affect the activity in both extra- and intra-cellular frac-
tions. On the other hand, the activity in the cell was
greatly reduced by the deletion of residues from 38
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(GPI)-anchor attachment signal sequence of the native
cell-wall anchored proteing-agglutinin, are geneti-
cally fused to N-terminal and C-terminal regions of
the target protein, respectively. Theagglutinin is a
mannoprotein involved in the sexual adhesion of mat-
ing typea S cerevisiae cells with mating typen cells.

On the secretory pathway, the GPI-anchor is attached
to the fused protein after digesting the GPIl-anchor
attachment signal sequence, and the protein is cova-
lently linked to cell-wall through the GPI-anchor. The
system that immobilizes an enzyme genetically on the
cell surface has a lot of advantages, easy to reproduce
displayed biocatalysts, easy to separate products from
catalyst, and so on. As various kinds of proteins and
peptides can be displayed on the yeast cell surface,
this system is expected to lead preparing tailor-made

to 57 in the prosequence, suggesting that the residuesbiocatalysts. From these advantages, “cell surface

from 38 to 57 are essential for the formation of the
active ROL in vivo, although only the fragment from

20 to 57 residues was functional in the co-expression

of mROL with the fragment of the prosequence. The

engineering” could be applied in a lot of fields in
biotechnology.

Display of lipase on the yeast cell surface is of
great interest in constructing a novel biocatalyst.

secondary-structure analysis using the method of Chou Lipase-displaying yeast might be applied even to

and Fasman [73] predicted that the region from 38 to
57 residues constitutes omehelical structure. This

the established processes. Further, siigecere-
visae and lipase ofR. oryzae are both confirmed

is a common structural feature of prosequences for in human oral use, this biocatalyst could be suitable
which chaperone-like function have been suggested for food-producing processes. Although cell surface
[71]. There is a speculation that the prosequence is display of lipase fromH. (Thermomyces) lanugi-

aligned to form the conserved face interacting with
the mature domain during folding. The prosequence

nosa and cutinase fronf. solani f. sp. pisi, fused to
a-agglutinin, was tried before and the enzymes were

could act as a scaffold to reduce the activation energy detected immunologically on the cell surface &f

barrier to the native lipase.
The active production of mMROL was not succeeded
in E. coli [17,37]. Furthermore, in vitro refolding ex-

cerevisiae, the displayed enzymes exhibited no ac-
tivity towards an emulsion of olive oil, even though
a very low enzymatic activity was demonstrated to-

periment showed that the prosequence was essentiawards p-nitrophenyl butyrate [25]. The lack of the

for the active formation of mMROL. Also, as described

enzymatic activity was assumed to be caused by

above, it was shown that the prosequence of ROL was hindrance of lipid-binding to the enzymes, because

essential for the formation and the secretion of active
ROL by S cerevisiae [69].

6. Application of lipase by cell surface
engineering

Recently, “cell surface engineering”, which en-

analysis of the three-dimensional-structureRbizo-
pus lipase indicated that the active site is located at
the C-terminal region.

The spacer-mediated display of ROL (ProROL) on
the yeast cell surface was examined (Fig. 5) [74]. The
ROL-displaying cells surely exhibited a high lipase
activity towards triolein. The insertion of the spacer
(linker peptides composed of a Ser/Gly repeat se-

ables host cells to obtain new functions such as the quence) with different lengths between ROL and the

abilities to utilize starch and cellulosic materials, has

C-terminal half ofa-agglutinin was demonstrated to

been progressed [35,36]. In yeast systems, a secretiorcontribute the increase in the lipase activity displayed
signal sequence and the glycosylphosphatidylinositol on the cell surface.
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ROL prosequence gene
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3'-half of a-agglutinin gene

mature ROL gene

pre-a-factor leader

sequence gene (Linker0 \i*
Linker2 GS i
Linker7 GSSGGGS !
Linker9 GSSGGSGGS ?
Linkerl11 GSSGGSGGSGS
Linkeri4 GSSGGSGGSGGSGS j
Linker17 GSSGGSGGSGGSGGSGS|

Fig. 5. Gene structure for display of ROL on the yeast cell surface.

To confirm the localization of ROL on the yeast cells, suggesting that the enzyme displayed on the
cell surface, immunofluorescent labeling of the cells cell surface reacted with the emulsion of triolein and
was conducted with the anti-ROL antiserum as the hydrolyzed ester bonds. Each cell displaying ROL
primary antibody and the fluorescein isothiocyanate on the cell surface hydrolyzed triolein, and there was
(FITC)-conjugated goat anti-rabbit IgG as the second a tendency to become the activity higher as linker

antibody. These results indicated that ROL expressed peptides were longer. When triolein is hydrolyzed

was localized on the surface of the respective cells.
The pellet of the ROL-displaying cells exhibited the
lipase activity to convert 2,3-dimercaptopropan-1-ol
tributyl ester (BALB) to 2,3-dimercaptopropan-1-ol,
while the activity in the culture supernatant was not
detectable. Insertion of the linker peptides between
ROL anda-agglutinin resulted in the increase of the
enzyme activity: Therefore, it can be concluded that
ROL displayed on the cell-wall exhibited the enzyme
activity towards BALB, and the linker peptides en-
hanced the enzyme activity [74].

ROL-displaying cells could hydrolyze the emulsion
of triolein (C18:1). The transformants were cultivated
aerobically in the medium containing 1% (w/v) tri-
olein as a sole carbon source. The ROL-displaying
cells could grow on triolein as a sole carbon source,
while the control cells could not. To confirm the hy-
drolysis of triolein, the oil fractions in the culture
media were analyzed by thin-layer chromatography
and gas chromatography. The 1,3-diolein, 1,2-diolein,
and oleic acid were detected in the oil fractions of
the culture media of the ROL-displaying cells, al-

by the lipase displayed on the yeast cell surface, the
primary product is oleic acid. In fact, cell growth in
0.96% (w/v) oleic acid-containing medium reached
the same level as that in 1% (w/v) triolein-containing
medium [74].

Insertion of spacers between ROL and the
C-terminal half ofa-agglutinin gave us an attractive
information. The linker peptide sequences consisting
of Gly/Ser repeats are often used because of their
conformational flexibility and hydrophilic feature
[70,75-77]. Linker peptides gave a significant effect to
enhance the hydrolyzing activity towards BALB and
triolein of the ROL-displaying cells. The spacer on
the cell surface of the ROL-displaying cells seems to
contribute to the separation of the active moiety from
the cell-wall binding moiety. As the fatty acid-binding
site of ROL is located near the C-terminal, the inser-
tion of the spacer would help the RQt-agglutinin
fusion protein to make a space for the access of sub-
strates. This tendency was clear for BALB. It should
be noted that longer linker peptides (17 amino acids)
yielded a high activity towards triolein, which was

though no hydrolysate was observed on the control higher than that of the cells secreting ROL [74]. This
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difference in the enzyme activity may be resulted
from the necessity of the enzyme flexibility toward
bulky and soluble BALB and insoluble triolein, that
is, there would exist the best length of the linker
peptides depending on the kinds of substrates.

The cell surface display eliminates a purification
step of the enzyme, leading to the cost-down in
the preparation of the biocatalyst. In addition, cell
surface-displayed ROL exhibited the same and/or
higher level of the enzyme activity compared to extra-
cellularly produced ROL towards triolein. Thus, the
processes with biocatalysts prepared by “cell surface
engineering” have a possibility to substitute for the
established processes. As “cell surface engineering”
is a newly developed method to construct biocatalysts
conveniently, there is a lot of possibility of expansion.
The results demonstrated here would give further
applications in biotechnology [78].

References

[1] Z.S. Derewenda, U. Derewenda, G.G. Dodson, J. Mol. Biol.
227 (1992) 818.

[2] M. Kohno, J. Funatsu, B. Mikami, W. Kugimiya, T. Matsuo,
Y. Morita, J. Biochem. (Tokyo) 120 (1996) 505.

[3] U. Derewenda, L. Swenson, Y. Wei, R. Green, P.M. Kobos, R.
Joerger, M.J. Haas, Z.S. Derewenda, J. Lipid Res. 35 (1994)
524.

[4] J.D. Schrag, M. Cygler, J. Mol. Biol. 230 (1993) 575.

[5] P. Grochulski, Y. Li, J.D. Schrag, F. Bouthillier, P. Smith, D.
Harrison, B. Rubin, M. Cygler, J. Biol. Chem. 268 (1993)
12843.

[6] J. Uppenberg, S. Patkar, T. Bergfors, T.A. Jones, J. Mol. Biol.
235 (1994) 790.

[7] M.E.M. Noble, A. Cleaby, L.N. Johnson, M.R. Egmond,
L.G.J. Frenken, FEBS Lett. 331 (1993) 123.

[8] U. Derewenda, L. Swenson, R. Green, Y. Wei, S. Yamaguchi,
M.J. Haas, Z.S. Derewenda, Struct. Biol. 1 (1994) 36.

[9] F.K. Winkler, A. DiArcy, W. Hunziker, Nature 343 (1990)
771.

[10] Y. Bourne, C. Martinez, B. Kerfelec, D. Lombardo, C.
Chapus, C. Cambillau, J. Mol. Biol. 238 (1994) 709.

[11] L. Brady, A.M. Brzozowski, Z.S. Derewenda, E. Dodson,
G. Dodson, S. Tolley, J.P. Turkenburg, L. Christiansen, B.
Huge-Jensen, L. Norskov, L. Thim, U. Menge, Nature 343
(1990) 767.

[12] J.D. Schrag, Y. Li, S. Wu, M. Cygler, Nature 351 (1991) 761.

[13] S. Brenner, Nature 334 (1988) 528.

[14] D.L. QOllis, E. Cheah, M. Cygler, B. Dijkstra, F. Frolow, S.M.
Franken, M. Harel, S.J. Remington, I. Silman, J. Schrag, J.L.
Sussman, K.H.G. Verschueren, A. Goldman, Protein Eng. 5
(1992) 197.

123

[15] A.M. Brzozowski, U. Derewenda, Z.S. Derewenda, G.G.
Dodson, D.M. Lawson, J.P. Turkenburg, F. Bjorkling, B.
Huge-Jensen, S.A. Patkar, L. Thim, Nature 351 (1991) 491.

[16] A.H. Hobson, C.M. Buckley, J.L. Aamand, S.T. Jorgensen, B.
Diderichsen, D.J. McConnell, Proc. Natl. Acad. Sci. U.S.A.
90 (1993) 5682.

[17] H.D. Beer, G. Wohlfahrt, R.D. Schmid, J.E.G. MacCarthy,
Biochem. J. 319 (1996) 351.

[18] A.M. Gray, A.J. Mason, Science 247 (1990) 1328.

[19] U. Suter, C. Angst, C.L. Tien, C.C. Drinkwater, R.M. Lindsay,
E.M. Shooter, J. Neurosci. 12 (1992) 306.

[20] J.L. Clark, D.F. Steiner, Proc. Natl. Acad. Sci. U.S.A. 62
(1960) 278.

[21] J. Voorberg, R. Fontijin, J. Calafat, H. Janssen, J.A. van
Mourik, H. Pannekoek, EMBO J. 12 (1993) 749.

[22] X. Zhu, Y. Ohta, F. Jordan, M. Inouye, Nature 339 (1987)
483.

[23] J.L. Silen, D.A. Agard, Nature 341 (1989) 462.

[24] J.R. Winther, P. Sorensen, M. Kielland-Brandt, J. Biol. Chem.
269 (1994) 22007.

[25] M.P. Schreuder, A.T.A. Mooren, H.Y. Toschka, C.T. Verrips,
F.M. Klis, Trends Biotechnol. 14 (1996) 115.

[26] M. Agterberg, H. Adriaanse, H. Lankhof, R. Meloen, J.
Tommassen, J. Vaccine 8 (1990) 85.

[27] J.L. Harrison, I.M. Taylor, S.D. O’Connor, Res. Microbiol.
141 (1990) 1009.

[28] L. Hedegaard, P. Klemm, Gene 85 (1989) 115.

[29] S.M.C. Newton, C.O. Jacob, B.A.D. Stocker, Science 244
(1989) 70.

[30] E. Gunneriusson, P. Samuelson, M. Uhin, P.A. Nygren, S.
Stahl, J. Bacteriol. 178 (1996) 1341.

[31] G.M.R. Pozzi, R. Oggioni, R. Manganelli, D. Medaglini,
V.A. Fischetti, D. Fenoglio, M.T. Valle, A. Kunkl, F. Manca,
Vaccine 12 (1994) 1071.

[32] E. Hanski, P.A. Horwitz, M.G. Caparon, Infect. Immun. 60
(1992) 5119.

[33] J.M. van der Vaart, R. te Biesebeke, J.W. Chapman, H.Y.
Toschka, F.M. Klis, C.T. Verrips, Appl. Environ. Microbiol.
63 (1997) 615.

[34] M.A. Romanos, C.A. Scorer, J.J. Clare, Yeast 8 (1992) 423.

[35] M. Ueda, A. Tanaka, Biotechnol. Adv. 18 (2000) 121.

[36] M. Ueda, A. Tanaka, J. Biosci. Bioeng. 90 (2000) 125.

[37] H.D. Beer, J.E.G. McCarthy, U.T. Bornscheuer, R.D. Schmid,
Biochim. Biophys. Acta 1399 (1998) 173.

[38] Y. Shimada, A. Sugihara, K. Maruyama, T. Nagao, S.
Nakayama, H. Nakano, Y. Tominaga, J. Ferment. Bioeng. 81
(1996) 299.

[39] D.M. Lawson, A.M. Brzozowski, R.E. Dodson, B. Huge-
Jensen, E. Boel, Z.S. Derewenda, in: P. Woolley, S.B.
Petersen. (Eds.), Lipases, Cambridge University Press,
Cambridge, 1994, p.77.

[40] E. Boel, B. Huge-Jensen, M. Christen, L. Thim, N.P. Fill,
Lipids 23 (1988) 701.

[41] T. Nagano, Y. Shimada, A. Sugihara, Y. Tominaga, J.
Biochem. (Tokyo) 116 (1994) 536.

[42] R.D. Joerger, M.J. Hass, Lipids 28 (1993) 81.

[43] M.C. Bertolini, J.D. Schrag, M. Cygler, E. Ziomek, D.Y.
Thomas, T. Vernet, Eur. J. Biochem. 228 (1995) 863.



124

[44] T. Nagao, Y. Shimada, A. Sugihara, Y. Tominaga, J. Ferment.
Bioeng. 81 (1996) 488.

[45] T. Kanai, H. Atomi, K. Umemura, H. Ueno, Y. Teranishi,
M. Ueda, A. Tanaka, Appl. Microbiol. Biotechnol. 44 (1996)
759-765.

[46] K. Umemura, H. Atomi, T. Kanai, Y. Teranishi, M. Ueda, A.
Tanaka, Appl. Microbiol. Biotechnol. 43 (1995) 489.

[47] K. Umemura, H. Atomi, T. Kanai, Y. Teranishi, M. Ueda, A.
Tanaka, J. Ferment. Bioeng. 80 (1995) 529.

[48] S. Takahashi, M. Ueda, H. Atomi, H.D. Beer, U.T.
Bornscheuer, R.D. Schmid, A. Tanaka, J. Ferment. Bioeng.
86 (1998) 164.

[49] K. Mizuno, T. Nakamura, T. Ohshima, S. Tanaka, H. Matsuo,
Biochem. Biophys. Res. Commun. 156 (1988) 246.

[50] D.F. Steiner, S.P. Smeekens, S. Ohagi, S.J. Cha, J. Biol.
Chem. 267 (1992) 23435.

[51] D. Julius, A. Brake, L. Blair, R. Kunisawa, J. Thorner, Cell
37 (1984) 1075.

[52] M.J. Leibowitz, R.B. Wickner, Proc. Natl. Acad. Sci. U.S.A.
73 (1976) 2061.

[53] C. Brenner, R.S. Fuller, Proc. Natl. Acad. Sci. U.S.A. 89
(1992) 922.

[54] C.A. Wilcox, K. Redding, R. Wright, R.S. Fuller, Mol. Biol.
Cell 3 (1992) 1353.

[55] R.S. Fuller, A. Brake, J. Thorner, Proc. Natl. Acad. Sci.
U.S.A. 86 (1989) 1434.

[56] S. Ghosh, J.M. Lowenstein, Gene 176 (1996) 249.

[57] P.G. Seeboth, J. Hein, Appl. Microbiol. Biotechnol. 35 (1991)
771.

[58] S. Takahashi, M. Ueda, A. Tanaka, J. Mol. Cat. B: Enzyme
10 (2000) 233.

[59] A.V. Azaryan, M. Wong, T.C. Friedman, N.X. Cawley, F.E.
Estivariz, H.C. Chen, Y.P. Loh, J. Biol. Chem. 268 (1993)
11968.

[60] H. Komano, R.S. Fuller, Proc. Natl. Acad. Sci. U.S.A. 92
(1995) 10752.

M. Ueda et al./Journal of Molecular Catalysis B: Enzymatic 17 (2002) 113-124

[61] S. Takahashi, M. Ueda, A. Tanaka, Appl. Microbiol. Bio-
technol. 52 (1999) 534.

[62] M.A. Kukuruzinska, M.L.E. Bergh, B.J. Jackson, Annu. Rev.
Biochem. 56 (1987) 915.

[63] T. Vernet, E. Ziomek, A. Recktenwald, J.D. Schrag, C.
Montigny, D. Tessier, D.Y. Thomas, M. Cygler, J. Biol. Chem.
268 (1993) 26212.

[64] S. Yamaguchi, T. Mase, K. Takeuchi, Biosci. Biotechnol.
Biochem. 56 (1992) 315.

[65] T. Kanai, N. Ueki, T. Kawaguchi, Y. Teranishi, H. Atomi, C.
Tomorbaatar, M. Ueda, A. Tanaka, Appl. Environ. Microbiol.
63 (1997) 4956.

[66] E. Yanez, T.A. Carmona, M. Tiemblo, A. Jimenez, L.M.
Fernandez, Biochem. J. 329 (1998) 65.

[67] M.J. Haas, J. Allen, T.R. Berka, Gene 109 (1991) 107.

[68] J.S. Weissman, P.S. Kim, Cell 71 (1992) 841.

[69] S. Takahashi, M. Ueda, A. Tanaka, Appl.
Biotechnol. 55 (2001) 454.

[70] Y.C. Lee, T. Ohta, H. Matsuzawa, FEMS Microbiol. Lett. 71
(1992) 73.

[71] J.R. Winther, P. Syrensen, Proc. Natl. Acad. Sci. U.S.A. 88
(1991) 9330.

[72] T. Kobayashi, M. Inouye, J. Mol. Biol. 226 (1992) 931.

[73] P. Chou, G.D. Fasman, Adv. Enzymol. 47 (1978) 45.

[74] M. Washida, S. Takahashi, M. Ueda, A. Tanaka, Appl.
Microbiol. Biotechnol. 56 (2001) 681.

[75] C.R. Robinson, R.T. Sauer, Proc. Natl. Acad. Sci. U.S.A. 95
(1998) 5929.

[76] G.J. Lieschke, P.K. Rao, M.K. Gatery, R.C. Mulligan, Nat.
Biotechnol. 15 (1997) 35.

[77] J.S. Huston, M. Mudgett-Hunter, M.S. Tai, J. McCartney, F.
Warren, E. Haber, H. Oppermann, Methods Enzymol. 203
(1991) 46.

[78] M. Ueda, T. Murai, S. Takahashi, M. Washida, A. Tanaka, A.
Durieux, J.-P. Simon (Eds.), Applied Microbiology, Kluwer
Academic Publishers, Vol. 2, 2001, p. 59.

Microbiol.



	Expression of Rhizopus oryzae lipase gene in  Saccharomyces cerevisiae
	Introduction
	Extracellular production of active R. oryzae lipase (ROL) by S. cerevisiae
	Analysis of processing of recombinant R. oryzae lipase precursors in S. cerevisiae
	Characterization of recombinant ROL produced by KEX2-engineered strains of S. cerevisiae
	Function of the prosequence of ROL as an intramolecular chaperone in S. cerevisiae
	Application of lipase by cell surface engineering
	References


