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Abstract There is a rapidly growing demand for fluorescent single-chain Fv (scFv)
antibody fragments for many applications. Yeasts have developed into attractive hosts for
recombinant production of these functionalized proteins because they provide several
advantages over prokaryotes and higher eukaryotes as expression systems, e.g., being
capable of high-level secretion of heterologous proteins. In this study, we report
Schizosaccharomyces pombe as a new host organism for secretory production of scFv-
green fluorescent protein (GFP) fusions and compare it with previously described yeast
expression systems. We cloned a plasmid for the expression and secretion of the anti-p24
(human immunodeficiency virus 1) CB4-1 scFv fused to GFP. After expression of the
scFv–GFP fused to an N-terminal Cpy1 secretion signal sequence, fluorescence microscopy
of living yeast cells indicated that the heterologous protein entered the secretory pathway.
Western blot analysis of cell-free culture supernatants confirmed that the scFv–GFP was
efficiently secreted with yields up to 5 mg/L. In addition, fluorescence measurements of
culture supernatants demonstrated that the GFP moiety of the scFv–GFP protein is fully
functional after secretion. Our data suggest that S. pombe has the potential for being used as
alternative expression host in recombinant antibody fragment production by ensuring
efficient protein processing and secretion.

Keywords Fission yeast (Schizosaccharomyces pombe) . Heterologous protein production .

Secretion . Cpy1 . Recombinant antibodies . Single-chainFv(scFv) fragments . CB4-1 . Green
fluorescent protein (GFP) . Functionalized scFv

Introduction

Fluorescent single-chain Fv (scFv) antibody fragments have a variety of applications, and
in several experimental situations, they display a number of distinct advantages in
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comparison with conventional antibodies. Since its fluorescence property is preserved in
chimeric fusion proteins, GFP has become a very popular reporter tag for specific scFv
antibody fragments. There are many reports describing the expression of scFv–GFP
fusions, which can be used for tumor assessment, drug screening, and for studying
intracellular localization and dynamics of gene products in both in vitro and in vivo
biological systems [1–13]. Although many applications make use of fluorescently labeled
antibody fragments for immunological detection purposes, direct conjugation of scFvs with
autofluorescent GFP can also be used for visualization and quantification.

Typically, scFv–GFP fusion proteins are expressed in Escherichia coli [2, 3, 5, 8, 9, 12],
but several problems can occur that may render the production technically difficult and
expensive. For instance, in many cases it is not possible to reproduce complicated
posttranslational modifications of eukaryotic proteins after expression in prokaryotes. Also,
expression in the reducing environment of the cytoplasm may not be universally possible for all
scFvs because many scFv fragments are only correctly folded if intramolecular disulfide bonds
are properly formed, which usually is not the case after cytoplasmic expression [14]. A strong
expression in bacteria tends to lead to insoluble inclusion bodies, which require resolubilization
and additional processing to retrieve functional proteins. Additionally, the yields of 100 to
200 μg/L culture of recombinant scFv–GFP proteins expressed in E. coli were rather low in
the published cases as compared with other recombinant antibodies or antibody fragments
[15]. In conclusion, it is often difficult to produce scFv–GFP fusion proteins in E. coli in
sufficient quantities in an economic manner using the published procedures.

Mammalian and insect cells have also been used for the expression of scFv–GFP fusion
proteins [4, 7, 13]. Eukaryotic expression systems are expected to be better suited for
efficient folding of this kind of complex proteins due to the presence of eukaryotic
chaperones that are missing in E. coli. Animal cells allow the production of eukaryotic
proteins in their natural steric structures and with typical posttranslational modifications,
but these cells are more difficult to handle than microorganisms and their culture is costly.

Yeast expression systems combine some of the advantages of mammalian and bacterial
cultures in providing a eukaryotic cell system that can be handled in a similar way as bacteria,
allowing for economic production of proteins, and several yeast species have been described as
well suited expression systems for scFv–GFP fusions [1, 6, 10, 11]. Apart from protein
production as such, secretion of the recombinantly expressed proteins is generally advantageous
since protein purification from a culture supernatant is considerably more convenient than from
a total cell lysate. Moreover, secretion may also reduce deleterious effects that intracellular
overexpressed heterologous proteins may have on the host cell. Finally, by secretory production
of a naturally exported foreign protein, the product is often identical or similar to its naturally
occurring counterpart because the protein enters the secretory pathway in the host cells and
undergoes appropriate processing such as formation of disulfide bonds and glycosylation.

Fission yeast Schizosaccharomyces pombe is considered to be closer to higher
eukaryotes in various properties, such as regulation of cell cycle, transcription,
chromosomal organization, and RNA splicing than other yeasts [16–20], and some
posttranslational modifications of proteins produced in S. pombe are apparently similar to
those in mammalian cells [20–23]. Furthermore, the quality control mechanism of
glycoprotein folding seems to be similar in S. pombe and mammalian cells, while the
respective mechanism in Saccharomyces cerevisiae is probably substantially different [24].
Thus, the use of S. pombe as a host for expression of secreted mammalian proteins may be
likely to provide a protein that is close to its native form. For these reasons, S. pombe has
emerged to be an attractive host for the expression and secretion of heterologous proteins
that are therapeutic and commercially relevant [25].
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It was the aim of this study to investigate whether S. pombe is also generally adapted as
expression system for secretory production of scFv–GFP fusion proteins and to compare its
production range with that of the established production systems for exported scFv–GFP.
As a model antibody, the CB4-1 scFv fragment which recognizes the envelope protein p24
of the human immunodeficiency virus 1 (HIV-1) was employed. The CB4-1 scFv was N-
terminally fused to the Cpy1 secretion signal sequence [26] and C-terminally fused to GFP.
Expression of CB4-1 in E. coli has been reported but faced some difficulties that are
reflected by a production yield of 1–3 mg/L [27]. Both its extensive characterization and
the set of problems with expression in E. coli make this scFv fragment an interesting albeit
presumably challenging model for the production of a secreted antibody fragment in fission
yeast. We show here that as expected, the scFv–GFP fusion proteins entered the secretory
pathway of the yeast cell; fluorescence microscopy as well as SDS-PAGE and Western
analysis of cell-free culture supernatants confirmed that the scFv–GFP was efficiently
secreted into the culture medium. In addition to these results, fluorescence measurements
allowed the quantification of fluorescent scFv–GFP proteins in culture supernatants and
demonstrated that the predominant fraction of secreted scFv–GFP is functional with respect
to GFP fluorescence. Taken together, our data indicate that the fission yeast S. pombe is a
promising new tool for the efficient secretory expression of scFv–GFP fusions.

Materials and Methods

Substrates, Chemicals, and Reagents

Chemicals and biochemicals used were obtained from Roth (Karlsruhe, Germany) and were
of analytical grade. The molecular weight standard was from New England Biolabs
(Frankfurt, Germany).

Construction of Fission Yeast Strain JMN6

CB4-1 scFv cDNA and Vectors

General DNAmanipulationmethodswere performed using standard techniques [28]. The fission
yeast vector pREP42GFPC [29] allows expression of proteins with a carboxyterminal fusion to
GFP. The expression of fusion proteins is regulated by the T4 mutated form of nmt1 promoter
[30]. For construction of pJMN6, we PCR-amplified the CB4-1 scFv cDNA to introduce a 5′-
terminal NdeI site and a Strep-tag II [31] as well as a BamHI site on the 3′-terminus. The
resulting PCR product was cloned into a pCAD1 [32] vector that contained a Cpy1 secretion
sequence [26] to yield pJMN1. Plasmid pJMN1 was used as template to amplify the Cpy1-
scFv fragment without Strep-tag and stop codon, resp., but with flanking AseI and BamHI sites.
The Cpy1-scFv was subcloned into pGEM-T vector II (Promega; Mannheim, Germany) and
then cloned into pREP42GFPC using AseI and BamHI to yield pJMN6. Sequencing of the
Cpy1-scFv cDNA revealed no alterations compared with the original sequence [27].

Strains and Media

The preparation of media and basic manipulation methods of S. pombe were carried out as
described [33]. Fission yeast strain NCYC2036 [34] with the genotype h- ura4.dl18 was
used for transformation by pJMN6. Transformation was done by the lithium acetate method
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[35] to yield the new strain JMN6. Transformed cells were plated on Edinburgh minimal
media (EMM) with 5 μM thiamine and incubated at 30°C. Cells were grown in EMM with
supplements as necessary. Permanent cultures were stored in double concentrated yeast
extract with supplements (YES) and 25% glycerol (vol/vol). For biomass production, cells
from permanent cultures were streaked on EMM dishes containing 5 μM thiamine and
grown for 3 days at 30°C. Cell material from a plate was transferred to a 10-mL EMM
preculture in the absence of thiamine. All subsequent cultures were also done in the absence
of thiamine to keep the nmt1 promoter in an active state. For main cultures, 100 mL EMM
were inoculated with a 10-mL preculture. Usually, the final cell density was around 5×
107 cells/mL. Cells were generally centrifuged at 5,000×g at room temperature for 5 min.
For production of secreted scFv–GFP protein, cells from 100 mL cultures were harvested
after 24-h incubation, resuspended in 15 mL EMM containing 100 g/L glucose, and
incubated as before for further 48 h. While this work was under way, the fission yeast strain
JMN6 was also used in an analysis of protein secretion from single cells [36].

Fluorescence Microscopy

Cells from 100 mL cultures were harvested after 24- and 72-h incubation, washed twice in
PBS (pH 7.4) and finally resuspended in 10 mL PBS. Fluorescence microscopic images
were obtained with a cooled charge-coupled device camera as image detector attached to a
DM LB HC fluorescence microscope (Leica; Wetzlar, Germany) with standard GFP
settings (excitation wavelength, 488 nm; emission filter, 515 to 550 nm). Data collection
was controlled by the analySIS image acquisition and processing program (Olympus Soft
Imaging Solutions; Muenster, Germany).

SDS-PAGE and Western Blot Analysis

SDS-PAGE and Western blot analysis were performed using standard techniques [28].
Proteins from culture supernatants were separated by SDS-PAGE (12%) and electroblotted
to nitrocellulose membrane (Schleicher & Schuell, Dassel, Germany). A monoclonal mouse
anti-GFP antibody (at a dilution of 1:1,000) obtained from Roche (Mannheim, Germany)
and a secondary peroxidase coupled rabbit anti-mouse antibody (1:1,000; Acris; Herford,
Germany) were used for immunologic detection. Visualization was done using the ECL
Advance Western blot detection kit from Amersham (Piscataway, NJ, USA).

Quantification of Secreted scFv–GFP Protein

For scFv–GFP quantification, 12 mL of culture supernatants were concentrated by
ultrafiltration with centrifugal filter devices (Amicon Ultra 10K NMWL; Millipore,
Carrigtwohill, Ireland). Supernatant concentrated by the factor of eight was used for
further analysis. All experiments were done in triplicate.

Quantification by Western Blot Analysis

For estimation of the total amount of scFv–GFP in culture supernatant, concentrated
supernatant proteins as well as purified eGFP (BioVision, Mountain View, CA, USA) in
known concentrations were separated by SDS-PAGE and Western blotted as described
above. After visualization, GFP concentration in culture supernatants was compared with
that of the references.
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Quantification by Fluorescence Measurement

For quantification of the functionally secreted scFv–GFP, the fluorescence of volume-
reduced culture supernatants in microtiterplates was measured by a Tecan Genios reader
(Tecan, Männedorf, Switzerland; excitation and emission wavelength 485 and 535 nm,
respectively). Dilutions of pure eGFP in culture supernatant of the parental strain
NCYC2036 were used for calibration. For the calculation of the scFV–GFP concentration
from GFP calibration line, the measured fluorescence values were normalized to
NCYC2036 background fluorescence; furthermore, the approximately double size of the
fusion protein compared with GFP had to be taken into account.

Results

Expression of scFv–GFP Fusion Proteins in Fission Yeast

Fission yeast strain NCYC2036 was transformed using pJMN6 as described in materials
and methods to yield strain JMN6 (h- ura4.dl18/pJMN6). After 3 days, colonies grown on
selective media were tested for the presence of Cpy1-scFv DNA by PCR. In order to
analyze the subcellular localization of the scFv–GFP protein, strain JMN6 was grown in the
absence of thiamine to induce the nmt1 promoter, and cells from this strain as well as from
the parental strain NCYC2036 were examined by fluorescence microscopy (Fig. 1). The
fluorescence pattern of the fusion protein was characteristic for a protein that has been
translocated to the ER lumen and, hence, entered the secretion pathway [26, 37, 38];
intracellular GFP fluorescence was predominantly detected in the ER and Golgi system as
well as at the cell surface, but also in other intracellular regions, suggesting that a large
fraction of the scFv–GFP accumulates in the secretion pathway (Fig. 1 a). After prolonged
cultivation for 72 h, the overall appearance of the cells was similar, but the scFv–GFP
protein was also found in large spots with intense fluorescence that were often distinctly
visible on the cell poles (Fig. 1 b). In comparison, cells of the parental strain NCYC2036
hardly displayed any fluorescence at all (Fig. 1 c, d).

To confirm the successful secretion of the expressed scFv–GFP fusion protein, cells of
strain JMN6 as well as from the parental strain NCYC2036 were grown in the absence of
thiamine as described in “Materials and Methods”; proteins from culture supernatants were
concentrated by ultrafiltration and examined by Western blot analysis using an anti-GFP
antibody (Fig. 2). As expected, scFv–GFP could be detected in the culture supernatant of
JMN6, and its apparent molecular weight is in good agreement with the calculated mass of
55 kDa. No scFv–GFP could be detected in the growth medium of NCYC2036 cells
(control). These data show that S. pombe cells of strain JMN6 are not only able to express
the scFv–GFP but also to secrete it efficiently into growth medium.

Quantification of the Secreted scFv–GFP Protein

Comparison with several GFP standard samples of known concentrations in Western blot
analysis allowed a rough estimation of the total amount of secreted scFv–GFP protein to be
in the range of approximately 5 mg protein per liter of culture medium (data not shown). In
addition to immunological detection, the cell supernatants were also analyzed by
fluorescence measurements in order to determine the amount of functional GFP. For this
purpose, strain JMN6 was used for the production of the scFv–GFP fusion proteins as
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described in “Materials and Methods”, and the parental strain NCYC2036 was used as a
control (Fig. 3). In this way, the average concentration of the scFv–GFP fusion protein in
JMN6 culture supernatants was determined to be 4.5±1.2 mg/L, while the supernatant from
the parental strain only showed low background fluorescence. Thus, the corresponding
scFv–GFP protein amount is similar to the whole amount of secreted scFv–GFP proteins.
These data demonstrate that scFv–GFP is efficiently expressed and secreted by S. pombe
strain JMN6 and indicate that the predominant fraction of the secreted fusion protein is
functional in terms of GFP fluorescence.

Discussion

ScFv–GFP fusion proteins combine immunological and autofluorescent properties and thus
have many potential applications in diagnostics and analytics. It was the aim of the present
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Fig. 1 Expression of the scFv–GFP fusion protein in S. pombe. Fluorescence microscopy of fission yeast
cells after in vivo expression of scFv–GFP fused to the amino-terminal secretion signal Cpy1. Secretion strain
JMN6 (a, b) and the parental strain NCYC2036 (c, d) used as reference were grown for 24 h (a, c) and 72 h
(b, d), resp., under induced conditions in the absence of thiamine (bar, 10 μm)
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study to investigate the general adaptation of S. pombe as an expression system for
secretory production of scFv–GFP fusion proteins and to compare the production range
with that of the established production systems. The well-characterized anti-p24 (HIV-1)
CB4-1 scFv [27] was used as model antibody. GFP was C-terminal fused to this scFv, and
as N-terminal export signal, Cpy1 was used, which is known to function well for the
secretion of GFP in S. pombe [26].

Fig. 3 Quantification of the fluorescence of secreted scFv–GFP fusion proteins. Fluorescence measurements
(excitation wavelength, 488 nm; emission filter, 515 to 550 nm) of concentrated cell-free culture supernatants
of scFv–GFP secreting S. pombe strain JMN6 and its parental strain NCYC2036 (negative control) as well as
EMM culture medium and dilutions of pure eGFP (1 and 5 mg/L) in NCYC2036 supernatant. From these
data, the scFv–GFP concentration was calculated to be 4.5±1.2 mg/L

1 2 3

62 kDa

47.5 kDa
(55 kDa)

scFv-GFP

Fig. 2 Cpy1-driven scFv–GFP secretion in fission yeast. Western blot analysis of concentrated cell-free
culture supernatants probed with a monoclonal anti-GFP antibody was performed as described in “Materials
and Methods”. Lane 1 prestained marker protein standard, lane 2 supernatant of strain JMN6, lane 3
supernatant of the parental strain NCYC2036 (negative control). The position and calculated mass of the
scFv–GFP fusion protein is indicated
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The expression of the scFv–GFP protein in the new fission yeast strain was first
confirmed by fluorescence microscopy of whole cells. As shown in Fig. 1, strain JMN6
expressed the scFv–GFP under the appropriate culture conditions. The observed
fluorescence pattern inside living scFv–GFP-expressing yeast cells was characteristic for
a protein that enters the secretory pathway in S. pombe [26, 37, 38]. More specifically, GFP
fluorescence was detectable at the outer cell surface as well as peri-nuclearly and in a
vesicular pattern, suggesting that GFP was transported to the endoplasmic reticulum, the
Golgi apparatus, and secretory vesicles, compartments that are part of the secretory
pathway. However, the scFv–GFP proteins seemed to accumulate in the cells with
prolonged cultivation.

To further confirm that scFv–GFP is indeed secreted into the medium and not retained
within the yeast cells, culture supernatants of JMN6 were subjected to Western analysis. As
shown in Fig. 2, the secreted scFv–GFP was readily detected and appeared to have the
expected size of approximately 55 kDa. Based on direct comparison of the amount of scFv–
GFP secreted by JMN6 with GFP standard samples of known concentration that had been
loaded on the same immunoblot, it was estimated that Cpy1-driven scFv–GFP secretion
yielded approximately 5 mg protein per liter of culture medium (data not shown). Thus,
expression of the Cpy1-scFv–GFP construct resulted in high yields of extracellular scFv–
GFP. This rather efficient scFv–GFP secretion was also confirmed by the observation that
GFP fluorescence was detectable in cell-free concentrated culture supernatants (Fig. 3).
Furthermore, this study describes for the first time a correlation between GFP fluorescence
results and immunological detection for the quantification of the fraction of fluorescent (i.e.,
presumably correctly folded) GFP of the total amount of secreted GFP protein in S. pombe.
On the basis of a GFP calibration line, the average concentration of the scFv–GFP fusion
protein in JMN6 culture supernatants was determined to be 4.5±1.2 mg/L. These results
show that within variation limits, at least the predominant fraction of the secreted scFv–
GFP proteins is functional.

S. pombe has repeatedly been used for high-level heterologous protein production and
has also been reported to be a suitable host for the secretion of different types of
recombinant proteins, including proteins of human origin [25, 39] and others, with protein
secretion levels up to 115 mg/L culture medium [40–43]. In contrast, the secretion of GFP
or GFP fusion proteins with recombinant fission yeast was so far never reported to exceed
final protein levels of 5 to 10 mg/L [26, 37, 38, 44]. Our data reported in this study also fit
into this range. Literature data on scFv–GFP secretion efficiency in other host systems are
very heterogeneous, and a direct comparison is difficult, which is partly due to the fact that
secretion efficiency depends on the type of scFv under study and on the nature of the fusion
construct. Overall, the reported yields of secreted scFv–GFP fusion proteins recombinantly
expressed by insect and mammalian cells were in the range of 100 μg/L to 3 mg/L [13].
Somewhat higher values could in some instances be obtained with yeasts: For S. cerevisiae,
yields between 4 μg and 4 mg of scFv–GFP per liter of culture medium were reported [6].
The group of Markus Deckert developed a Pichia pastoris-based secretory production
system for an anti-A33 (colorectal carcinoma antigen) A33scFv::GFP fusion protein and
reached yields up to 12 mg/L [10, 11]. For S. pombe, there is one report on the successful
production of a biologically functional scFv–GFP fusion protein, but in that case, the fusion
protein was not secreted [1]. With about 5 mg/L, the total yield of secreted scFv–GFP
protein observed in this study is higher than all previously published yields for scFv–GFP
fusion protein production in S. cerevisiae, but lower than that reported for P. pastoris.
However, an optimization of the fission yeast-based scFv–GFP production and secretion
may well be possible. For instance, increased secretion levels might be reached by
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engineering host cells that provide optimized protein expression, folding, and secretion.
Wentz and Shusta already showed enhanced secretion of several single-chain antibody
fragments from S. cerevisiae by such an approach [45]. Moreover, it is known that
proteolysis occurring in the culture medium can sometimes be a serious problem for
production of secreted heterologous proteins. One promising approach to overcome this
difficulty is the creation of appropriate protease-deficient mutants. For example, the
production of protease-sensitive human growth hormone or human transferrin was found to
be significantly enhanced in S. pombe strains that lack single or multiple proteases [46–49].
In addition, it has been previously reported that modification of the growth medium
conditions clearly improved the secretion efficiency [37, 50]. Finally, the scFv–GFP
expression construct itself could be optimized in terms of secretion signal sequence, codon
usage, and promoter.

In summary, in this study, we approached the suitability of fission yeast as an expression
host for the production of recombinant antibody fragments. To the best of our knowledge,
we demonstrate here for the first time that fission yeast is capable of comparatively high-
yield secretion of a scFv–GFP fusion protein into culture medium with the fluorescence
marker of the exported protein being functionally active. These encouraging data support
the notion that S. pombe could be a well-adapted expression system for production of other
functionalized antibody fragments, for diagnostic or even therapeutic purposes, and should
be examined more closely in this regard.
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