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Abstract Expression of proteins on the surface of
yeasts has a wide range of applications in biotech-
nology, such as directed evolution of proteins for
increased affinity and thermal stability, screening of
antibody libraries, epitope mapping, and use as
whole-cell biocatalysts. However, hyperglycosylation

Electronic supplementary material The online version of
this article (doi:10.1007/s10529-008-9807-1) contains
supplementary material, which is available to authorized users.

P. P. Jacobs - S. Ryckaert - S. Geysens -

K. De Vusser - R. Contreras

Department for Molecular Biomedical Research, Unit for
Fundamental and Applied Molecular Biology, VIB,
Technologiepark 927, 9052 Ghent, Belgium

P. P. Jacobs - S. Ryckaert - S. Geysens -

K. De Vusser - R. Contreras

Department of Molecular Biology, Ghent University,
Technologiepark 927, 9052 Ghent, Belgium

N. Callewaert

Department for Molecular Biomedical Research, Unit for
Molecular Glycobiology, VIB, Technologiepark 927,
9052 Ghent, Belgium

N. Callewaert (X))

Laboratory for Protein Biochemistry and Biomolecular
Engineering, Department of Biochemistry,

Physiology and Microbiology, Ghent University,
K.L.-Ledeganckstraat 35, 9000 Ghent, Belgium
e-mail: Nico.Callewaert@dmbr.ugent.be

URL: http://www.dmbr.ugent.be

can interfere with overall protein accessibility on the
surface. Therefore, the less elaborate hyperglycosy-
lation in wild type Pichia pastoris and the
availability of glycoengineered strains make this
yeast an excellent alternative for surface display of
glycoproteins. Here, we report the implementation of
the well-established a-agglutinin-based yeast surface
display technology in P. pastoris. Four heterologous
proteins were expressed on the surface of a wild type
and a glycoengineered strain. Surface display levels
were monitored by Western blot, immunofluores-
cence microscopy, and FACS analysis. The
availability of glycoengineered strains makes P.
pastoris an excellent alternative for surface display
of glycoproteins and paves the way for new
applications.
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Abbreviations

ER Endoplasmic reticulum
PSD Pichia surface display
YSD Yeast surface display

hEPO Human erythropoietin

hGal-1  Human galectin-1

mIFN-f Mouse interferon beta

mIFN-y  Mouse interferon gamma

FACS Fluorescence activated cell sorting
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Introduction

Surface expression of proteins has a wide range of
applications in biotechnology, e.g. directed evolution
of proteins, screening of non-immune antibody
libraries, epitope mapping, and development of
whole-cell biocatalysts (Gai and Wittrup 2007).

Many secreted proteins are post-translationally
modified in the endoplasmic reticulum (ER), e.g. by
N-glycosylation, which is particularly important
because it often assists in the folding of glycoproteins
(Helenius and Aebi 2004). However, it has been
reported that extensive N-hyperglycosylation can
interfere with overall protein accessibility on the
surface of Saccharomyces cerevisiae (Ryckaert et al.
2005). The key hyperglycosylation enzyme is Ochlp,
an o-1,6-mannosyltransferase that initiates hyperman-
nosylation (Nakayama et al. 1992). Hence, OCHI
disruption reduces the extent of N-glycosylation, and
thereby potentially increases the accessibility of the
surface-expressed proteins (Ryckaert et al. 2005).
However, glycoengineered S. cerevisiae strains are
crippled. They are temperature sensitive, prone to
stress, and have a clumpy morphology and doubled
generation time, and so they are very difficult to
handle (Nakanishi-Shindo et al. 1993). Moreover,
strains with a fully humanized N-glycosylation
pathway are not available.

Contrary to that, hyperglycosylation in wild type
Pichia pastoris strains is less elaborate and this is
probably why inactivation of Pichia OCHI does not
severely impede growth (Vervecken et al. 2004).
Hence, a surface-expression system based on glyco-
engineered P. pastoris (Pichia surface display: PSD)
could present a major improvement for the surface
expression of many (glyco)proteins. Furthermore, the
availability of glycoengineered Pichia strains with
fully human N-glycosylation (Vervecken et al. 2004,
Hamilton et al. 2006) paves the way for new
applications.

Recently, several groups described the use of wild
type P. pastoris for surface-display of heterologous
proteins. Two groups have used the S. cerevisiae
o-agglutinin to anchor their protein of interest at the
Pichia cell surface (Mergler et al. 2004, Wang et al.
2007). Three other groups have used S. cerevisiae
Flolp as an anchor protein (Tanino et al. 2006, Jiang
et al. 2007, Ren et al. 2007). To our knowledge,
however, no reports have been published describing
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the implementation of the commercially available
a-agglutinin-based yeast surface display system
(Invitrogen) in P. pastoris.

Here we report a novel a-agglutinin-based system
for display of heterologous proteins on the cell
surface of P. pastoris and its validation in both wild
type and glycoengineered strains.

Methods
Strains and media

Escherichia coli MC1061 was used as the host strain
for recombinant DNA manipulations. Pichia pastoris
GS115 (Invitrogen) and Man5 strains (Vervecken
et al. 2004) were used for the surface-expression of
heterologous proteins. E. coli was cultivated in LB
medium (10 g Tryptone/l, 5 g yeast extract/l, and 5 g
NaCl/l) containing 100 pg ampicillin/ml or 25 pg
zeocin/ml. P. pastoris was grown in BMGY medium
[10 g yeast extract/l, 20 g peptone/l, 13.4 g yeast
nitrogen base/l, 100 mM potassium phosphate buffer
(pH 6.0), and 10 g glycerol/l] and heterologous
protein expression was induced in BMMY medium
[10 g yeast extract/l, 20 g peptone/l, 13.4 g yeast
nitrogen base/l, 100 mM potassium phosphate buffer
(pH 6.0), and 10 ml methanol/1].

Construction of expression plasmids

The AGA1 ORF (encoding the a-agglutinin anchor
subunit Agalp) was PCR amplified from Saccharo-
myces cerevisiae genomic DNA and ligated to the
Notl/EcoRI-opened P. pastoris vector pPICZA (Invit-
rogen), resulting in pPICZAAGA1l. The AGA2
expression cassette was amplified by PCR using
the S. cerevisiae vector pYDI.1 as a template. The
resultant amplicon was cloned EcoRI/BamHI in
the P. pastoris vector pPIC9 (Invitrogen), yielding
pPIC9AGA2. Plasmid pYDI1.1 was constructed by
digesting the commercially available pYDI1 vector
(Invitrogen) with EcoRI and BamHI, blunting with
T4 DNA polymerase, and religating.

Four heterologous genes were cloned in
pPIC9AGA2: human galectin-1, human erythropoie-
tin, mouse interferon gamma and mouse interferon
beta, resulting in pPIC9AGA2hGal, pPICOAGA2-
hEPO, pPICO9AGA2mIFNy and pPIC9AGA2mIFN,
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respectively. All four ORFs were PCR-amplified with
gene-specific primers (Supplementary Table 1) from
plasmids carrying the ORFs and Xhol/Apal-cloned in
pPIC9AGA2. The human galectin-1 ORF was PCR-
amplified using PSDhGallS and PSDhGallAS as
primers. The human erythropoietin ORF was PCR
amplified using PSDhEPOS and PSDhEPOAS. The
mouse interferon gamma ORF was PCR amplified
using PSDmIFNgS and PSDmIFNgAS. The mouse
interferon beta ORF was PCR amplified using
PSDmIFNbS and PSDmIFNDAS, and cloned in the
Xhol(blunted)/Apal-opened pPICOAGA?2 vector.

Pichia transformation

Linearized vectors were transformed into P. pastoris
as described (Cregg and Russel 1998). Genomic
integration was confirmed by performing PCR on
genomic DNA.

Cultivation conditions

All P. pastoris cells were grown to saturation in 10
ml BMGY medium in 50 ml Falcon tubes at 30°C.
After 48 h of cultivation, the cultures were centri-
fuged at 3,000g for 5 min and resuspended in BMMY
medium. The induction was continued for another 48
h by adding 100 pl of 100% methanol to the cultures
twice daily.

Immunofluorescence microscopy and FACS
analysis

Induced cells were washed twice in ice-cold water
and resuspended at 4°C in PBS (pH 7.2) supple-
mented with 0.5 mg BSA/ml. The cells from 1 ml
culture at ODgogp = 1 (about 2 x 10 c.f.u.) were
incubated with a 1:1,000 dilution of antibody (anti-
Xpress or anti-V5) (Invitrogen) for 30 min at 4°C.
After washing twice with PBS (pH 7.2) supplemented
with 0.5 mg BSA/ml, the cells were incubated in the
same buffer with a 1:1,000 dilution of a secondary
goat anti-mouse antibody conjugated with Alexa fluor
488 (Molecular Probes, Eugene, OR) for 20 min at
4°C. After two more washing steps the cells were
examined with an Axiophot fluorescence microscope
(Zeiss) or with a FACSCalibur fluorescence activated
cell sorter (Becton Dickinson).

The percentage of positive cells is indicated in the
FACS histograms for each strain-protein combina-
tion. This number corresponds to the percentage of
cells that fell outside a FL1/FSC gate encompassing
>99% of the negative control cells. The increase in
fluorescence relative to autofluorescence of the
negative control was also calculated for each strain-
protein combination.

Western blot analysis

Approximately 10% induced cells (277 pl from cul-
ture at ODgog = 18) were washed twice with ice-cold
water, resuspended in PBS supplemented with 10
mM DTT, and incubated for 3 h at room temperature
to reduce the disulfide bonds between Aga2p and
Agalp. They were pelleted by centrifugation and the
supernatant was precipitated with 10% (w/v) trichlo-
roacetic acid (TCA) and 0.5 mg desoxycholate/ml.
Proteins were separated by 15% SDS-PAGE and
transferred to a Hybond-C membrane (Amersham).
Aga2-mIFN-y was detected with anti-V5 monoclonal
antibody (1:5,000 dilution; Invitrogen). The second-
ary antibody was horseradish peroxidase-conjugated
goat anti-mouse IgG (1:10,000), and detection was
performed with chemiluminescence (Western Light-
ning Chemiluminescence Reagent Plus kit, Perkin-
Elmer).

Results and discussion
Vector control experiments

The commercially available yeast surface display
(YSD) system (Invitrogen) uses the heterodimeric
S. cerevisiae a-agglutinin adhesion receptor to display
proteins on the cell surface of S. cerevisiae (Fig. 1a).
To adopt this system in P. pastoris, we constructed two
vectors. The first, pPPICZAAGAL, contains the AGAI
gene under transcriptional control of the methanol-
inducible AOX1 promoter (Fig. 1b). Transformation of
this vector into the P. pastoris GS115 and Man5 strains
resulted in GS115*" and ManSAl, respectively. Man5
is a glycoengineered strain derived from the GS115
wild type strain (Vervecken et al. 2004) and modifies
its glycoproteins predominantly with MansGlcNAc,
N-glycans. The second vector, pPIC9AGA?2, is derived
from the commercially available YSD vector pYD1
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Fig. 1 (a) Yeast surface
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(Invitrogen) and contains the AGA2 gene under AOX1
transcriptional control (Fig. 1c). Cloning the gene of
interest (termed X) in frame with AGA2 produces
pPICO9AGA2X. Upon transformation of pPICI9A-
GA2X into GS115*' and Man5"' two new strains
are generated: GS115*'4?X and Man5*'4?% | respec-
tively. Both strains display protein X on their surface
upon methanol induction. The Aga2p-Xp fusion pro-
tein contains three epitope tags for detection: an Xpress
tag between Aga2p and Xp, and a V5 and a 6xHis tag at
the C-terminus of Xp (Fig. 1a).

As proof of principle, we transformed the “empty”
pPIC9AGA?2 vector (i.e., no heterologous gene
inserted) into the GS115*! and Man5*' strains.
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a-Agglutinin surface expression was detected by
indirect immunofluorescent labeling of the Xpress
epitope tag and flow cytometry. Over 95% of the cells
expressed a-agglutinin on their surface, in both the wild
type and the Man5 strain (Fig. 2). This indicates that
altering the N-glycosylation pathway of P. pastoris has
very little influence on its surface display capabilities.
However, a small difference between the two strains
became apparent, especially when inducing for <24 h:
on average, the wild type strain showed 2 to 3-fold
more fluorescence than the Man5 strain. These data
demonstrate that the S. cerevisiae a-agglutinin can be
expressed on the surface of P. pastoris. However, as
observed for secreted protein yields, the extent of
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surface display was influenced by general growth
conditions, such as the duration of the methanol
induction phase.

Surface expression of four mammalian proteins

To further evaluate the PSD technology, we expressed
four mammalian proteins on the surface of P. pastoris:
human erythropoietin (hEPO), mouse interferon beta
(mIFN-f), mouse interferon gamma (mIFN-y), and
human galectin-1 (hGal-1). We focused on cytokines
and cytokine-like proteins that are, according to the
literature and to our unpublished results, difficult to
produce as secreted proteins in P. pastoris. Human
galectin-1 was included because it can be expressed at
high levels on the surface of S. cerevisiae (Ryckaert
et al. 2008).

Four vectors were constructed. pPIC9AGA2hEPO,
pPICOAGA2mIFNfS and pPICO9AGA2mIFNy were
transformed into both the GS115*' and Man5*'
strains, whereas pPIC9AGA2hGal was transformed
only into the Man5™' strain. For each vector-strain
combination, 10-20 clones were analyzed genomi-
cally by PCR (data not shown). Subsequently, 5-10
positive clones were analyzed by FACS screening.
The results are shown in Fig. 3. For all the proteins we
tested, the Man5 strains generated somewhat stronger
fluorescent signals during FACS analysis than the
GS115 strains. One explanation is the better accessi-
bility of fusion proteins on the Man5 strains due to
absence of hyperglycosyl structures on the surface-
expressed heterologous proteins and on the manno-
proteins that constitute the outer layer of the cell wall.
Alternatively, the heterologous proteins may be more

Log fluorescence

abundant on the Man5 strain, but this is less likely
because expression studies of several heterologous
glycoproteins in the GS115 and the Man5 strains
showed no differences in protein yield (our unpub-
lished results).

Immunofluorescence microscopy and western blot
analysis

Figure 4a shows the light and immunofluorescence
micrographs of Man5'A*™ " cells. Daughter cells
express more IFN-y on their surface than mother
cells do. This phenomenon has been reported for
S. cerevisiae as well and was suggested to be due to
the polarized growth morphology of yeast (Feldhaus
et al. 2003). Cell wall biosynthesis in daughter cells
probably results in greater incorporation of a-agglu-
tinin in the cell wall.

Finally, the presence of mIFN-y on the Pichia cell
surface was determined by Western blot analysis. The
results are shown in Fig. 4b. The Aga2-mIFN-y fusion
protein was detected in the DTT-extracted fractions of
the GS1151A2™FN7 and Man5*!A2™FN strains. Upon
longer incubation times, the additional lower molec-
ular weight bands present in the DTT-extracted
fraction of the GSI154'42™FN7 gtrain could be
revealed in the DTT-fraction of the Man5*'A*™ as
well (data not shown). The Aga2-mIFN-y specific band
in the culture medium of the Man5™'A2™™ N7 gtrain
could be detected in the GS115*'4*™™7 culture
supernatant as well when longer exposure times were
used (data not shown). Since a-agglutinin is covalently
linked to the f-glucan in the cell wall, the altered
composition of the cell wall of the glycoengineered
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Fig. 3 FACS analysis of surface-expressed mammalian
proteins. Expression levels of the four mammalian test proteins
on the surfaces of GS115 and Man5 cells as determined by flow
cytometry. Human galectin-1 was most abundant on the Man5
strain, with about 95% of the cells expressing the protein on
their cell wall and exhibiting 16-fold more fluorescence than
the negative control. Mouse IFN-fi was the least well
expressed; only about 5% of Man5 cells and less than 1% of

Man5 strain might result in partial secretion of the a-
agglutinin-mIFNy fusion protein into the culture
medium. The hyperglycosyl N-glycans are a major
constituent of the outer layer of the yeast cell wall and
serve mainly as a permeability barrier (Klis et al.
2002). In the Man5 strain, however, these hypergly-
cosyl structures have been trimmed to MansGIcNAc,
oligosaccharides, thereby increasing the permeability
of the outer cell wall layer and potentially decreasing
the time available for cell wall proteins, such as a-
agglutinin, to attach to the f-glucan.

V5 versus Xpress

We used the C-terminal V5 tag for detection in all
FACS experiments involving any of the four surface-
expressed heterologous proteins, because a positive
signal ensures that the entire ORF is present. The
same holds true for the 6xHis tag. A positive Xpress
signal, however, demonstrates the presence of Aga2p
on the surface, but the surface-expressed protein
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GS115 cells were positive. Surface expression levels of
mIFN-y (~55% positive cells in both strains and a 5 to 7-
fold increase in fluorescence) and hEPO (7% positive in GS115
and 15% positive in Man5, corresponding to 2.5 and 4-fold
increase in fluorescence, respectively) were intermediate
between those of hGal-1 and mIFN-f. Unlabeled -cells
(negative control) are shown as unfilled histograms

might have been partially or completely degraded by
intra- or extracellular proteases. Hence, analysis
based on the Xpress tag could be misleading. This
is illustrated in Fig. 5 for Trypanosoma cruzi trans-
sialidase expressed on the surface of the Man5 strain.
These data show that proteases released into the
medium by P. pastoris can affect the integrity of the
surface-expressed Aga2p fusion protein in such a way
that the C-terminal tag (V5 or E-tag) is lost while the
Xpress tag is maintained. However, it should be noted
that addition of protease inhibitors did not improve
the V5-signal for all proteins tested. This shows, as
has been reported (Shusta et al. 1999), that intracel-
lular proteases might also be responsible for partial
degradation of the Aga2p-fusion protein, such that
Aga2p appears on the surface without a fusion partner
or with a truncated one. This easy test yields
information on the protease stability of the displayed
protein, and therefore indicates whether adding
protease inhibitors to the culture medium could
increase yields of a given protein during expression.
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Fig. 4 Immunofluorescence and Western blot analysis. Immu-
nofluorescence micrograph (a) and light micrograph (b) of
Man54142mFN7 cells. Daughter cells express more mIFN-y on
their surface than mother cells do; (¢) Western blot analysis of
the GS115%'42™N7 and the Man5'“?™ N7 strains. After
induction, the proteins in the supernatant of 10% cultured cells
were TCA precipitated (medium fraction), while the cultured
cells were treated with DTT to reduce to disulfide bonds
between Agalp and Aga2p. The proteins detached from 108
cells were TCA-precipitated (DTT fraction). The GS115*' and
Man5”! strains were used as a negative control. The Aga2p-
mIFNy fusion protein, with a predicted MW of 33 kDa, was
detected in the DTT-extracted fractions of both strains.
However, some additional lower molecular weight bands were
present in the DTT-extracted fractions of the GS1154!A2mFN7
strain, probably caused by proteolysis. In the culture medium
of the Man5™'2™N? strain, an Aga2-mIFN-y specific band of
the expected size was observed as well

PSD versus YSD

Comparison of our results in P. pastoris with data
from the literature and with our unpublished results in
S. cerevisiae shows some differences between YSD
and PSD.

First, only a subset of the WT surface-displaying
S. cerevisiae cells scored positive in FACS analysis.

This resulted in the invariable presence in histo-
grams of two clearly distinct populations of cells,
i.e. expressers and non-expressers. The existence of
a non-expressing population can be ascribed to
several causes: (1) plasmid loss; pYDl is an
episomal vector and loss of selective pressure will
result in curing of the plasmid; (2) mother cells that
do not express the fusion protein on their cell walls
due to the polarized growth morphology of yeast;
(3) cells at a stage of growth or induction that are
incapable of expressing a surface fusion protein
(Feldhaus et al. 2003).

However, during FACS analysis, surface-display-
ing P. pastoris cells appear as only one population of
cells, i.e. a non-expressing population like that seen in
S. cerevisiae is absent, and all cells express, but to
different extents. Although both yeasts belong to the
Saccharomycetaceae family, certain structural, bio-
chemical and metabolic differences between them can
explain this difference. For example, the S. cerevisiae
Golgi apparatus differs considerably from the more
human-like Golgi of P. pastoris (Mogelsvang et al.
2003; Losev et al. 2006), which might affect the
secretion and glycosylation machineries and the cell
wall composition.

A second difference between PSD and YSD lies in
the characteristics of the vectors used with them.
YSD in its most commonly used form relies on
episomal vectors, and the high transformation effi-
ciencies that can be achieved are beneficial, for
example when constructing libraries. However, these
vectors may be lost when cells are grown under non-
selective conditions, and so the cells should not be
grown in rich media. In contrast, PSD uses integrative
vectors, resulting in stable transformants that do not
require continuous selective pressure to prevent
plasmid loss, and can be grown in both rich and
minimal media. The current Pichia transformation
procedure (Cregg and Russel 1998) allows construc-
tion of libraries of larger size (5 x 10" to 10® clones;
our unpublished results).

A third major difference between PSD and YSD is
the availability of glycoengineered Pichia strains
with wild type growth characteristics that can modify
glycoproteins with fully humanized N-glycans. Com-
bination of PSD and glycoengineered strains with a
fully humanized N-glycosylation pathway opens the
door for new biotechnological and therapeutic
applications.

@ Springer



2180

Biotechnol Lett (2008) 30:2173-2181

Fig. 5 Trans-sialidase a
surface expression—V5
versus Xpress. Surface
expression levels of T. cruzi
trans-sialidase in the Man5
strain in the absence (a) and
presence (b) of protease
inhibitors. Cells were
labeled with an anti-Xpress
or an anti-E-tag antibody.
Addition of protease
inhibitors during induction
clearly results in improved
E-tag signals, while the
Xpress signal remains the
same

200
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Conclusions

In recent years, extensively glycoengineered P. pasto-
ris strains have been generated both by our group and
by researchers at GlycoFi Inc. (recently acquired by
Merck). Several of these strains homogeneously mod-
ify their glycoproteins with a high-mannose, a hybrid,
or a complex human-like N-glycan structure. Here we
have shown that our PSD technology is compatible
with at least one of these strains (Man5). We are now
testing how more extensively glycoengineered strains
behave when they display heterologous proteins on
their cell surface. The availability of these glycoengi-
neered strains to the scientific community might pave
the way for new applications that are not feasible using
the S. cerevisiae based yeast surface display system.
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