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Abstract

We constructed a novel system for periplasmic localization of target proteins, using yeast external invertase (INV) as anchor protein, in
which the C- or N-terminal of the target protein was fused to the invertase and the fusion proteins expressed under the control of the constitutive
glyceraldehyde-3-phosphate dehydrogenase promoter (GAPDH). Unlike in conventional cell-surface display, the system enables the target
fusion protein to localize in yeast periplasm in a free state. As a model, enhanced green fluorescence protein (EGFP) was localized in yeast
periplasm using the new system. Yeast-periplasm localization of INV-EGFP and EGFP-INV fusion proteins was confirmed by fluorescence
microscopy and immunoblotting: green fluorescence was observed at the cell outline and, in western blot analysis, most fusion proteins were
detected in the cell-surface fraction, indicating that the fusion proteins had been transported to the cell-surface layer. In addition, in both C-
and N-terminal fusion, invertase showed activity, indicating dimer formation. These results demonstrate that invertase is a useful anchor for
localizing target protein in the yeast periplasm.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction of the Flol gene[3]. In addition to the cell wall, the
periplasm, which is the space between the cell wall and
Cells that display enzymes on their surface can be usedthe plasma membrane, is also advantageous for localizing
as whole-cell biocatalyst, and systems for display of het- target proteins. For instance, a whole-cell biocatalyst can
erologous proteins on the yeast cell-surface have thereforeachieve high activity through accumulation of enzyme in
recently been widely studied—5]. By combining the dis-  the periplasm layer, as such an arrangement circumvents
played enzymes with a metabolic pathway, it is possible to the problem of substrate diffusion through the periplasm
catalyze sequential reactions. For example, a yeast display-membrane. Moreover, by combining this novel periplasmic
ing endoglucanase Il ar@tglucosidase on the cell-surface localization system with widely used cell-surface display
can produce ethanol directly from cellulosic mater[tl systems, it will be possible to localize more enzymes
Yeast-based cell-surface display systems have the advanin the cell-surface layer, namely outside of the plasma
tages of safety, simplicity of genetic manipulation, and rigid- membrane.
ity of cell-surface structure. In the present study, we developed a novel cell-surface lo-
In widely used cell-surface display systems, the tar- calization system based on the inverta@en{fructofurano-
get protein is immobilized on the cell wall using the side fructohydrolase, E.C.3.2.1.26; INV) fror8accha-
glycosylphosphatidylinositol (GPI)-anchor attachment sig- romyces cerevisiaesince yeast external invertase localizes
nal sequencg6] or the flocculation functional domain in the periplasn{7,8], it is possible to localize target pro-
tein in the periplasm using invertase as an anchor protein.
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to investigate whether these latter could be used to achieveAACTTGTC-3). PCR was carried out usingfu hotstart

periplasmic localization of the protein.

2. Experimental

2.1. Strains and media

Escherichia coliNovaBlue (Novagen Inc., Madison, WI,

USA) was used as the host strain for recombinant DNA ma-

nipulation. TheSUC2gene was cloned fror. cerevisiae
ATCC60715 MATa FLO8 his4 leu2-3 leu2-112 STA1l
S. cerevisiadMT8-1 (MATa ade his3 leu2 trpl urg83was
used for production of INV/EGFP fusion proteiris. coli

turbo polymerase (Stratagene Cloning Systems, La Jolla,
CA, USA). The amplified fragment was digested with
Sad and Sal and inserted into th&ad and Sal site of
pWGP3[9] (Fig. 19. The resulting plasmid was named
pWGP3-SUC2Fig. 1b).

2.2.2. Construction of plasmid pWGP3-ES for expression
of EGFP-INV fusion protein

The secretion signal sequence and mature regi@uai2
were amplified fronS. cerevisiadTCC60715 chromosomal
DNA by PCR with the following primers: SUC2-f\%ad
and SUC2(signal)-reBglll-ctc-sall (5'-cgatgtcgacgagagat-
CtTGATGCAGATATTTTGGCTGC-3 for the secretion

was cultivated in LB medium (1% tryptone, 0.5% yeast signal ofSUC2 and SUC2(mature)-fvgall (5'-atcggtcgac-
extract, and 0.5% sodium chloride) containing 1@@ml ATGACAAACGAAACTAGCGATAGACCTTTG-3) and
ampicillin. Yeasts were grown in complete medium (YPD: SUC2-revsph-Xhd (5'-cgatctcgaggcatgcCTATTTTACTT-
1% yeast extract, 2% peptone, 2% glucose) or selective CCCTTACTTGGAA-3) for the mature region oSUC2
medium (SD: 0.67% yeast nitrogen base supplemented withThe amplified fragments were digested wiad and
appropriate amino acids and nucleotides, 0.5% glucose). Forsal, and with Sal and Xhd, respectively. First the frag-
plate medium, 2% agar was added. ment encoding the secretion signal sequenc8WE2was
inserted into theSad and Sal site of pWGP3 (named
pWGP3-S), and then the fragment encoding the mature
region of SUC2into the Sal and Xhd site of the plas-
mid. The resulting plasmid was named pWGP3-SS. The
gene encoding EGFFEEGFP) was amplified from pEGFP
(Clontech Laboratories Inc., Palo Alto, CA, USA) by PCR
with the following primers: EGFP-fvBglll (5’-atcgagatct-
ATGGTGAGCAAGGGCGAGGAGCTGTTCACC-3 and
EGFPg)-rev-Sal (5'-cgatgtcgacCTTGTACAGCTCGTC-
CATGCCGAGAGTGAT-3). The amplified fragment was

2.2. Construction of expression plasmids

2.2.1. Construction of plasmid pWGP3-SUC2 for
expression of SUC2

SUC2was amplified fron8. cerevisiadTCC60715 chro-
mosomal DNA by polymerase chain reaction (PCR) with
the following primers: SUC2-fwBad (5'-atcggagctcATG-
CTTTTGCAAGCTTTCCTTTTCCTTTTG-3 and SUC2-
rev-Sal (5'-cgatgtcgacCTATTTTACTTCCCTTACTTGG-

ColET ori

TRP1

AmpR

ColE1 on

GAPDH
-terminator

7
SUC2 mature _terminator

(©) (d)

Fig. 1. Control plasmid (a, p?WwGP3) and plasmids for expression of INV (b, pWGP3-SUC2), EGFP-INV fusion protein (c, pWGP3-ES), and INV-EGFP
fusion protein (d, pWGP3-SE).
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digested withBglll and Sal and inserted into th&glll and
Sal site of pWGP3-SS and the resulting plasmid named
pWGP3-ES Fig. 19.

2.2.3. Construction of plasmid pWGP3-SE for expression
of INV-EGFP fusion protein

SUC2 without stop codon was amplified froi8. cere-
visiae ATCC60715 chromosomal DNA by PCR with the
following primers: SUC2-fwsad and SUC2f)-rev-Sal
(5'-cgatgtcgacTTTTACTTCCCTTACTTGGAACTTGTCA-
AT-3'). The amplified fragment was digested wihd and
Sal and inserted into thésad and Sal site of pWGP3
and the resulting plasmid named pWGP3S(EGFP
was also amplified from pEGFP by PCR with the follow-
ing primers: EGFP-fwsal (5'-atcggtcgacATGGTGAGCA
AGGGCGAGGA GCTGTTCATG-3 and EGFP-re\sal
(5'-cgatgtcgacTTACTTGTACAGCTCGTCCATGCCGAG-
AGT-3). The amplified fragment was digested wial
and inserted into thesal site of pWGP3-3f) and the
resulting plasmid named pWGP3-SE(d. 1d).

2.3. Yeast transformation
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Zymolyase (Seikagaku Corp., Tokyo, Japan) was added to
the suspension (5g/g-cell), which was shaken at 90 rpm
and 3C°C for 60 min. After centrifugation at 300R g for

10 min, a supernatant fraction (periplasmic fraction) con-
taining cell-surface proteins was obtained. The pellets were
washed with spheroplasting buffer, resuspended in 5ml of
the same buffer, and the suspension agitated vigorously with
acid-washed glass beads. After centrifugation at 30Q0

for 10 min, a supernatant fraction (intracellular fraction)
containing intracellular proteins was obtained.

2.7. Endo Hf treatment

To removeN-glycosylated carbohydrates from the fusion
proteins, endoglycosidase treatment was carried out by us-
ing Endo Hf (New England BioLabs, Beverly, MA, USA)
according to the protocol specified by the supplier.

2.8. Western blot analysis of EGFP
Sodium dodecil sulfate-polyacrylamide gel electrophore-

sis (SDS-PAGE) using an 8% (w/v) gel was carried
out. The proteins separated on the gel were electroblot-

The expression plasmids prepared above were trans-ted on a polyvinylidene difluoride (PVDF) membrane

formed intoS. cerevisiaeells using Yeast MakéM (Clon-

(Millipore Co., Boston, MA, USA) and allowed to re-

tech Laboratories Inc.) according to the protocol specified act with primary rabbit anti-GFP IgG antibodies (In-

by the supplier.

2.4. Cultivation

vitrogen Co., Carlsbad, CA, USA) and secondary goat
anti-rabbit 1gG alkaline phosphatase-conjugated antibod-
ies (Vector Laboratories Inc., Burlingame, CA, USA). The
membrane was then stained with nitro-blue tetrazolium

Yeast transformants were precultivated in SD medium at chloride (NBT, Promega Co., Madison, WI, USA) and

30°C for 30 h (ODygp > 1.5) and used as starters to inocu-
late 100 ml of SDCH medium (SD medium containing 2%

casamino acids, 50 mM HEPES) in a 500 ml shaking flask

to give initial ODspg of 0.03.
2.5. Measurement of EGFP fluorescence

FACS Calibur (Becton Dickinson, Franklin Lakes, NJ,

5-bromo-4-chloro-3-indolylphosphate toluidine salt (BCIP,
Promega Co.).

2.9. Invertase activity measurement
A modified version of the procedure of Goldstein and

Lampen[10] was used. Substrate buffer was obtained by
mixing 100l of 50 MM sodium acetate buffer (pH 5.0)

USA) was used to determine the fluorescence intensity of containing 10% sucrose with 8@® of 50 mM sodium ac-
EGFP. Event rate was maintained at 500 cells per secondetate buffer to obtain substrate buffer, which was incubated

and data for 10,000 events collected.

2.6. Fractionation of cell-surface proteins and
intracellular proteins

Cells cultivated in SDCH medium for 72h at 30
were collected by centrifugation at 3060¢ for 10 min,
washed twice with PBS buffer (58 mM NEPOy, 17 mM
NaH,PO4, 68 mM NaCl, pH 7.4), and resuspended in
10 ml/g-cell Tris—SQ buffer (Tris 200 mM, 20 mM DTT, pH

9.4). The cell suspension was shaken (90 rpm) for 15 min at

30°C, washed with 50 ml of sorbitol/K—Pi buffer (16 mM
KoHPQy, 4mM KHoPO, 1.2M sorbitol, pH 7.4), and
resuspended in 5ml spheroplasting buffer (sorbitoiRi
buffer containing 1 mM PMSF and Ougg/ml leupeptin).

at 30°C for 5min before use. A cell suspension in 50 MM
sodium acetate buffer (1Qd) was added to the substrate
buffer and the mixture shaken at 30. After 20 min incu-
bation, invertase activity was inhibited by addition of 400

of 1 M Tris—HCI, pH 8.8, and subsequent heating at 400

for 2min. The amount of released fructose was determined
by high-performance liquid chromatography (HPLC).

3. Results

3.1. Detection of EGFP on cell-surface

Yeast MT8-1 transformants harboring the plasmids
pWGP3-SUC2 for overexpression of native type invertase,
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pWGP3-ES for EGFP-INV, pWGP3-SE for INV-EGFP, and
pWGP3 for control were named MT8-1/pWGP3-SUC2,
MT8-1/pWGP3-ES, MT8-1/pWGP3-SE, and MT8-1/
pPWGP3, respectively.

Green fluorescence was clearly observed outlining both
the MT8-1/pWGP3-ESKig. 29 and MT8-1/pWGP3-SE
(Fig. 2d transformants, indicating that EGFP was suc-
cessfully localized at their cell-surface layer. The fluo-
rescence of MT8-1/pWGP3-ES was stronger than that of
MT8-1/pWGP3-SE. In contrast, no fluorescence was de-
tected in the control transformant MT8-1/pWGP3 or in
MT8-1/pWGP3-SUC2Kigs. 2a and p

Fig. 2. Differential interference contrast micrographs (left panels)
and fluorescence micrographs (right panels) of yeast cells. (A and
a) MT8-1/pWGP3; (B and b) MT8-1/pWGP3-SUC2; (C and c)

MT8-1/pWGP3-ES; (D and d) MT8-1/pWGP3-SE.
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Fig. 3. Time course of average fluorescence intensity of MT8-1/
pPWGP3-ES (squares), MT8-1/pWGP3-SE (diamonds), MT8-1/pWGP3
(triangles) and MT8-1/pWGP3-SUC2 (circles) during cultivation.

3.2. Measurement of EGFP fluorescence intensity

To quantitatively analyze the amount of EGFP-INV and
INV-EGFP, the fluorescence intensity of EGFP was mea-
sured using a flow cytometefig. 3 shows the time course
of the average fluorescence intensity during cultivation.
In both transformants, the average fluorescence intensity
increased with time. The average fluorescence intensity of
MT8-1/pWGP3-ES exhibited maximal value at approxi-
mately 72h and was approximately 3.5-fold greater than
that of MT8-1/pWGP3-SE.

3.3. Western blot analysis of cell-surface and
intracellular fraction

To determine the localization of the fusion protein,
cell-surface proteins and intracellular proteins were frac-
tionated. S. cerevisiaeexternal invertase appeared to be
a dimer of 270kDa with approximately 50%-mannose
attached to the protein as 18-20 aspargine-linked polysac-
charide units, and 9-10 units per protein sub(ibit—13]
Endo Hf treatment of the fractions was therefore carried out
to removeN-glycosylated carbohydrates from the fusion
proteins and analyze the molecular weight of protein. As
shown inFig. 4, most of the fusion proteins in the periplas-
mic fractions were detected at a position of approximately
87 kDa, which represents a similar molecular weight to the
value calculated from the predicted amino acid sequence
(85.9kDa). On the other hand, only a very weak band was
detected in the intracellular fraction.

3.4. Activity measurement of fusion invertase

Invertase activity was measured to determine whether
fusion protein was secreted to the cell-surface in oligomeric
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Fig. 4. Immunoblotting of cell-surface fraction (left panel) and intracellular fraction (right panel). Lane 1: MT8-1/pWGP3; lane 2: MT8-1/pWGPE3-S
lane 3: MT8-1/pWGP3-ES; lane 4: MT8-1/pWGP3-SE. Arrows show molecular weight markers.
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Fig. 5. Time course of invertase activity of MT8-1/pWGP3-ES (squares), MT8-1/pWGP3-SE (diamonds), MT8-1/pWGP3 (triangles) and
MT8-1/pWGP3-SUC2 (circles) during cultivation.

form, as dimerization is required and sufficient to generate cells. In the present study, as shownHiy. 2, EGFP was
invertase enzymatic activityl4]. Fig. 5 shows the time localized in active form by either N- or C-terminal fusion
course of the invertase activity of MT8-1/pWGP3-ES and with invertase. This system is expected to be effective for
MT8-1/pWGP3-SE. In both transformants, the invertase a wide variety of target proteins possessing functional do-
activities of yeast whole cells were clearly detected, al- mains near to the C- or N-terminal.
though they were lower than that of MT8-1/pWGP3-SUC2.  In both the MT8-1/pWGP3-ES and MT8-1/pWGP3-SE
The lower activity of MT8-1/pWGP3-SE compared with transformants, fluorescence was strongly localized at the
MT8-1/pWGP3-ES is consistent with the lower fluores- cell outline Fig. 2c and ¢, and both INV-EGFP and
cence intensity of cells shown Figs. 2 and 3 EGFP-INV fusion proteins were released from cells by
Zymolyase treatmentHg. 4). In addition, the intracellu-
lar fraction of MT8-1/pWGP3-ES and MT8-1/pWGP3-SE
4. Discussion (Fig. 4 showed a very low signal. These results indicate
that the major part of the fusion protein is secreted and
In the present study, we successfully developed a novellocalized in the periplasm in free state.
periplasmic localization system for target proteins utilizing ~ As shown inFig. 4, after the removal oR-glycoside link-
the yeast external invertase as anchor protein. Previously,age, most fusion proteins in periplasmic fractions were de-
Li et al. [15] have reported thaBUC2secretion signal se-  tected at a similar molecular weight (87 kDa) to the value cal-
guence fusion to EGFP does not result in the localization culated from the predicted amino acid sequence (85.9 kDa).
at periplasm. Kunze et aJ16] have reported that invertase In a previous study, the carbohydrate-digested external in-
fused to the N-terminal of GFP is expresse&ircerevisiag vertase by endoglucosaminidase H was reported to be com-
and that green fluorescence is observed in the outline of theposed of two identical protein subunits of 60 kP4]. Since
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