BIOCHIMICA ET BIOPHYSICA ACTA

BB

ELSEVIER

Biochimica et Biophysica Acta 1410 (1999) 287-298

The green fluorescent protein targets secretory proteins to the
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Abstract

The green fluorescent protein (GFP) was used as a marker to study the intracellular transport of vacuolar and secretory
proteins in yeast. Therefore, the following gene constructs were expressed in Saccharomyces cerevisiae under control of the
GAL1 promoter: GFP N-terminally fused to the yeast secretory invertase (INV-GFP), the plant vacuolar chitinase (CHN-
GFP) and its secretory derivative (CHNAVTP-GFP), which did not contain the vacuolar targeting peptide (VIP), both
chitinase forms (CHN and CHNAVTP), GFP without any targeting information and two secretory GFP variants with and
without the VTP of chitinase (N-GFP-V and N-GFP). Whereas chitinase without VTP is accumulated in the culture medium
the other gene products are retained inside the cell up to 48 h of induction. Independently of a known VTP they are
transported to the vacuole, so far as they contain a signal peptide for entering the endoplasmic reticulum. This was
demonstrated by confocal laser scanning microscopy, immunocytochemical analysis and subcellular fractionation
experiments as well. The transport of the GFP fusion proteins is temporary delayed by a transient accumulation in
electron-dense structures very likely derived from the ER, because they also contain the ER chaperone Kar2p/Bip. Our
results demonstrate that GFP directs secretory proteins without VTP to the yeast vacuole, possibly by the recognition of an
unknown vacuolar signal and demonstrates, therefore, a first limitation for the application of GFP as a marker for the
secretory pathway in yeast. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The green fluorescent protein (GFP) from the jelly-
fish Aequorea victoria is a vital and convenient re-
porter molecule to localise proteins, to follow their
intracellular movement or to study the dynamics of
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the subcellular compartments to which these proteins
are localised [1-4]. Several mutant variants [5-12] of
GFP have been developed with optimised excitation,
emission characteristics and codon usage to do jus-
tice to requirements of the various expression and
detection systems. In this study the re-engineered
GFP variant, SGFP-TYG, was used [13]. In this
modified GFP mutations in the chromophore (re-
placement of serine at position 65 by a threonine)
resulted in a more than a 100-fold brighter fluores-
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cence signal upon excitation at 490 nm and swifter
chromophore formation compared to the wild-type
GFP [11].

In many examples it has been demonstrated that
GFP-tagged proteins were transported to their cor-
rect cellular compartments of yeast, plant and mam-
malian cells including the cytoskeleton [14-16], secre-
tory vesicles en route to secretion [17-19], the
endoplasmic reticulum [20,21], the trans-Golgi net-
work [17], the endosomal compartment [22], the plas-
ma membrane [23,24], the nucleus [11,25-27] as well
as mitochondria [28,29], peroxisomes [30,31] and
plastids of plants [11]. However, so far the default
pathway for secretory proteins without any retention
signals has not been visualised yet using GFP-tagged
proteins.

Chitinase (CHN) of class I of tobacco Nicotiana
tabacum is a vacuolar protein and has been function-
ally expressed in the yeast Saccharomyces cerevisiae.
We have previously shown that its N-terminal signal
peptide (NSP) and its vacuolar targeting peptide
(VTP) are necessary and sufficient to direct the het-
erologous protein to the yeast vacuole [32]. We have
now fused the tobacco CHN, its truncated form
without the VTP (CHNAVTP) as well as invertase
(INV) as a typical secretory yeast protein to the N-
terminus of the GFP (CHN-GFP, CHNAVTP-GFP,
and INV-GFP, respectively) and compared the intra-
cellular transport of these fusion proteins with two
engineered GFP variants equipped with the chitinase
NSP alone (N-GFP) and in addition with the VTP
from the CHN (N-GFP-V). All GFP-containing gene
products, which can enter the endomembrane sys-
tem, are transported to the vacuole. This vacuolar
deposition did not depend on an appropriate target-
ing signal. The exact translocation mechanisms of the
three fusion proteins occur similar to that of the
CHN, but differ from that of the secretory GFP
variants in a temporary delayed transport to the vac-
uole.

2. Materials and methods

2.1. Strains

Escherichia coli TOP 10 F'[mrc A A (mmr-
hsdRMS-mcrBC) F80 AlacZ DMI15 DlacX74 deoR

recAl araDI39 A(ara leu) 7697 galU galK I~ rpsL
endAl nupG F')] from Invitrogen, San Diego, CA,
was used as host strain for bacterial transformation
and for plasmid propagation. The strain S. cerevisiae
CI3ABYS86 (leu2, ura3, his, pral, prbl, prcl, cps)
described by Broker et al. [33], lacking several of
the major vacuolar proteases, was used for heterolo-
gous expression of GFP constructs. The strain S288C
(MATa, SUC2, mall, gal2, CUP1) was taken for the
1solation of chromosomal DNA, which was used as
template for the polymerase chain reaction (PCR) to
amplify the gene SUC2. Transformed strains were
grown under selective conditions at 28°C using min-
imal salt medium (SD medium) with 2% glucose or
2% galactose as carbon source and the appropriate
amino acids as described by Rose et al. [34].

2.2. Plasmid constructs and transformation procedures

Different gene constructs, listed in Table 1, were
inserted into the yeast-E. coli shuttle vector pYES2
(Invitrogen, San Diego, CA), between the S. cerevi-
siae GAL1/10 promoter and CYCI terminator se-
quences.

Insertion of the chitinase genes FB7-1 and FB7-
IAVTP into the vector pYES2 were described by
Kunze et al. [32]. To fuse the chitinase genes FB7-1
and FB7-1AVTP to the GFP gene the chitinase genes
were flanked directly by Ncol/BamHI and Ncol
cleavage sites. The plasmid pYES2 containing the
FB7-1 gene [35] was the template in the PCR experi-
ments to insert the bold-type sequences, indicated in
the following oligonucleotides: (1) 5'-CCATGGA-
TCCATGAGGCTTTGTAAATTCACAGC-3' (nu-
cleotide positions 1-32; Ncol and BamHI restriction
sites are in bold type), and (2) 5'-CCATGGC-
CATAGTATCGACTAAAAGTCCATTTCCAAA-
AGAC-3' (nucleotide positions 955-985 of the gene
FB7-1; Ncol restriction site is in bold type) for the
gene FB7-1 and the first oligonucleotide together
with the oligonucleotide 5'-CCATGGCATTTC-
CAAAAGACCTCTGGTTGCCGC-3' for the gene
FB7-1AVTP (nucleotide positions 955-964 of the
gene FB7-1, Ncol restriction site in bold type). The
Ncol fragments containing the complete chitinase
gene or the gene without the VTP sequence were
inserted into the Ncol restriction site situated directly
before the GFP gene contained in the construct ‘blue-
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Table 1
Genes and encoded gene products used in this study

Gene Gene product Protein structure Targeting | Reference
signal
FB7-1 CHN VTP NSP VTP |[35]
NSP CHN i
FB7-14VTP CHNAVTP I NSP I CHN %& NSP? [32]
a -
FB7-1-GFP CHN-GFP | NSP I CHN %} l SGFP-TYG $§ l NSP, VTP | this study
3 -
FB7-14VTP-GFP |CHNAVTP-GFP NSP CHN S l SGFP-TYG Es | NSP this study
SUC2-GFP INV-GFP - SGFP-TYG NSP° this study
N-GFP-V N-GFP-V NSP I SGFP-TYG & . NSP?, VTP |this study
N-GFP N-GFP | NSP | SGFP-TYG §§ I NSP? this study
GFP GFP SGFP-TYG none [13]

a - NSP of the chitinase; b - NSP of the invertase.

SGFP-TYG-nos KS’ [13]. The BamHI fragments
containing the gene fusions, FB7-1-GFP or FB7-
1AVTP-GFP were inserted into the BamHI restric-
tion site of the plasmid pYES2.

To fuse the invertase gene SUC2 to the GFP gene
the SUC2 gene was firstly flanked by Xhol/Bg/Il and
Sall cleavage sites by a PCR. Chromosomal DNA of
the strain S288C was used as template with the fol-
lowing oligonucleotides: (1) 5'-CTCGAGAGA-
TCTATGCTTTTGCAAGCTTTCCTT-3" (nucleo-
tide positions 1-32; Xhol and Bgl/ll restriction sites
are in bold type) and (2) 5'-GTCGACTTTTAC-
TTCCCTTACTTGGAA-3" (nucleotide positions
1580-1606 of the gene SUC2; Sall restriction site is
in bold type). The SUC2 containing fragment was
cloned into the vector pCR2.1. The GFP gene was
inserted as a Sall/Sacl fragment directly behind the
invertase gene and the fusion was recloned as EcoR1/
Bglll fragment in the EcoR1/BamHI restricted vector
pYES2.

For the cytosolic GFP variant the GFP gene,

SGFP-TYG, was inserted as Hindlll/BamHI frag-
ment into the vector pYES2.

To fuse the sequences for the NSP as well as the
C-terminal VTP of the chitinase to the gene SGFP-
TYG the plasmid pYES2 containing the chitinase
gene FB7-1 [32] was used as template for the PCR
with the two oligonucleotides 5'-CGGTCGACG-
GATTAGAAGCCGCCGAGCGGGTGA-3"  (nu-
cleotide positions 1-32 of the GAL1 promoter, Sall
restriction site in bold type) and 5'-CTACTGC-
TTTCTGCCTCGGCAGAACCCATGGTCCTCTA-
GA-3’ (nucleotide positions 49-74 of the CHN gene,
Ncol and Xbal restriction sites are in bold type). The
resulting Sall-Xbal fragment containing the GALI
promoter and the sequence encoding the NSP of
the CHN gene, FB7-1, was inserted into the con-
struct ‘blue-SGFP-TYG-nos KS’ [13]. Subsequently,
this construct was used as template for a second
PCR to flank the NSP-SGFP-TYG-nos region with
BamHI restriction sites and with/without the VTP-
sequence at the 3’ end. Therefore, the oligonucleo-
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tides: 5'-CGGGATCCCGGGATGAGGCTTTGTA-
AATTCACAGCT-3' (nucleotide positions 1-24 of
the NSP-sequence, BamHI and Smal restriction sites
are in bold type) and 5'-GATCCTTACATAG-
TATCGACTAAAAGTCGCTTGTACAGCTCGT-
CCA-TGCCGTG-3" (nucleotide positions 711-743
of the GFP gene+VTP sequence of the CHN gene
FB7-1, BamHI restriction site in bold type) and 5'-
GGATCCTTACTTGTACAGCTCGTCCATGCC-
GTG-3' (nucleotide sequence 711-743 of the GFP
gene, BamHI restriction site in bold type), respec-
tively, were used. All constructs were verified by se-
quencing. S. cerevisiae strain C13ABYS86 was trans-
formed according to Dohmen et al. [36].
Transformation of E. coli followed the procedure
described by Hanahan [37].

2.3. Cell culture

The yeast transformants were grown in liquid SD
medium+2% glucose as sole sources of carbon and
energy at 28°C overnight to an ODyg between 0.6
and 1.2. Under these conditions the formation of the
introduced heterologous gene products was re-
pressed. Cells were inoculated in fresh SD me-
dium+2% galactose at 0.1-0.3 ODygg and cultured
at 28°C for different times, as indicated. For fluores-
cence microscopy cells were stained as described be-
low. For Western blot experiments cells were har-
vested and extracted in TNT buffer (500 mM
NaCl, 0.02% Triton X-100, 50 mM Tris-HCI, pH
8.0). Cells were frozen in liquid nitrogen, 3 glass
beads (4 mm in diameter) and 300 ul buffer were
added to the cell pellet. Subsequently, the cells were
vortexed for 3 min and frozen. Vortexing and freez-
ing steps were repeated twice. After centrifugation at
32000 X g for 15 min the crude extracts were used for
protein determination according to Bradford [38] us-
ing BSA as standard and for SDS-PAGE. The cul-
ture media were concentrated 100-fold by ultrafiltra-
tion using centricell units (Millipore, Bedford). 30 ug
protein of the cell extracts and 50 ul of the concen-
trated culture media were used for SDS-PAGE.

2.4. Staining procedures and confocal laser scanning
microscopy

The vacuolar membrane was stained with FM4-64

(Molecular Probes, OR) as described by Vida and
Emr [39]. The following conditions were used for
confocal microscopy (LSM 410, Zeiss, Jena, Ger-
many): excitation at 488 nm with a krypton-argon
laser (FT488/543) and detection using the BP510-525
nm emission filter allowed visualisation of GFP-
mediated fluorescence with no significant autofluo-
rescence background. 488 nm excitation and emission
filter BP575-640 were used to visualise the red fluo-
rescence of the dye FM4-64. Single images (512X 512
pixels) were collected using line-averaging eight
times, each for 1 s. Images were exported as TIFF
files, and were processed for printing on a Tektronix
Phaser II SDX using Adobe Photoshop.

2.5. Antibodies

Production of anti-chitinase antibodies of tobacco
(anti-CHN) were described by Kunze et al. [32]. The
polyclonal anti-GFP antiserum was obtained from
Molecular Probes (Eugene, OR).

2.6. Gel electrophoresis and immunoblot analysis

SDS-PAGE was carried out as described by
Laemmli [40] except that gradient gels from 11 to
20% polyacrylamide were used. Immune blots were
prepared by the method of Towbin et al. [41]. Pro-
teins were transferred electrophoretically to polyvin-
ylidene difluoride (PVDF) membranes and the mem-
branes incubated for 1 h at room temperature in
0.5% Tween 20 in TBS buffer (150 mM NacCl, 20
mM Tris-HCI, pH 7.5). All GFP-containing gene
products were detected by incubating the blots with
anti-GFP antiserum (Molecular Probes, OR) and
chitinases encoded by the genes FB7-1 and FB7-
IAVTP were identified by the anti-CHN antibody
[32]. Goat anti-rabbit IgG or anti-mouse IgG
coupled to alkaline phosphatase was used as second-
ary antibody. The blots were stained by Western
Blue Stabilized Substrate (Promega, Heidelberg, Ger-
many).

2.7. Subcellular fractionation experiments
Cells were grown for 20 h on SD medium to an

OD¢yy of approximately 0.6. After preparation of
sphaeroplasts as described by Maraz and Subik [42]
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by lysing enzyme (Sigma-Aldrich, Deisenhofen, Ger-
many) sucrose gradient centrifugations were per-
formed as described by Kunze et al. [32].

2.8. Immunocytochemistry

Cells in 0.1 M phosphate buffer (pH 7.2) were
either frozen without prefixation (see Figs. 4 and 6
below) or prefixed (see Fig. 5 below) with 3% form-
aldehyde and 0.5% glutaraldehyde for 1 h. The cell
material was then used for high pressure freezing in a
LEICA high pressure freezer HPF (Leica, Bensheim,
Germany). Freeze substitution with ethanol+3% GA
was carried out in an automated freeze substitution
unit AFS (Leica, Bensheim, Germany) at —90°C for
44 h. After transfer into fresh medium the substitu-
tion was continued for additional 116 h. Subse-
quently, the temperature was raised slowly (0.5°C/
min) to —35°C and the material washed twice in
pure ethanol for 1 h. After resin infiltration the sam-
ples were embedded in gelatine capsules and the resin
was hardened over a period of 70 h at —35°C by
UV-polymerisation. Sections of resin-embedded cell
material on grids were labelled as described earlier
[32] using anti-CHN and anti-Kar2p/Bip antibodies.
The grids were evaluated in a CEM 902A transmis-
sion electron microscope (Carl Zeiss, Oberkochen,
Germany) and pictures were taken on Kodak SO-
163 films (Kodak, Ostfildern, Germany). The EM
pictures were scanned from the photographical neg-
atives using an AGFA Duoscan scanner (Agfa-Gal-
vert, Ko6ln, Germany). Pictures were processed using
FotoFinish 3.0 (WATC, Atlanta, WV) and Word 6.0
(Microsoft, USA) software.

3. Results
3.1. GFP retains secretory proteins inside yeast cells

The following eight gene constructs (Table 1) were
introduced under control of the GAL1 promoter into
S. cerevisiae CI3ABYS86 [32] to study the suitability
of GFP as a marker for the intracellular transport of
vacuolar and secretory proteins in yeast: (1) three
GFP fusions comprising the yeast secretory inver-
tase, the plant vacuolar chitinase and its secretory
derivative C-terminally fused to GFP, (2) both chit-

Cells Medium
0 6 2448

0 6 2448 kDa

CHN

CHNAVTP

CHN-GFP

CHNAVTP-GFP

INV-GFP

N-GFP-V

-27

GFP ~&

Fig. 1. Detection of CHN, CHNAVTP, CHN-GFP,
CHNAVTP-GFP, INV-GFP, N-GFP-V, N-GFP and GFP in
cell extracts and concentrated media of transformants after
0 (1), 6 (2), 24 (3) and 48 h (4) of incubation in liquid SD me-
dium+2% galactose. 30 ug protein of cell extracts and 50 ul of
100-fold concentrated media were separated by SDS-PAGE and
immunoprobed with anti-CHN in case of CHN and CHNAVTP
and anti-GFP antibodies for all GFP derivatives.

inase forms, (3) GFP without any targeting informa-
tion, and (4) two secretory GFP variants with and
without the chitinase VTP. The mutant strain S. ce-
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revisiae CI3ABYS86 lacks activity of the vacuolar
proteases A, B and Y and should therefore be a
suitable host to study intracellular transport and ac-
cumulation of heterologous gene products. Firstly,
we wanted to know whether the gene products are
accumulated inside the cells or secreted into the cul-
ture medium. Therefore, stationary phase cells grown
on SD medium with 2% glucose were induced by
galactose containing SD medium (2%) for 0, 6, 24
and 48 h. At each time cell extracts and 100-fold
concentrated culture media were used for Western
blot experiments with the anti-chitinase antibody,
anti-CHN, to identify the CHN and CHNAVTP
and the anti-GFP antibody for all GFP derivatives
(CHN-GFP, CHNAVTP-GFP, INV-GFP, N-GFP,
N-GFP-V) (Fig. 1). In extracts of cells expressing
the CHN and the CHNAVTP one polypeptide of
approximately 32 kDa was visible. A high portion
of CHNAVTP was accumulated in the culture me-
dium, where two chitinase polypeptides of 32 and 37
kDa were detected, which was very likely due to a
partial glycosylation of the plant enzyme [32]. In
contrast, all three GFP fusion proteins and both se-
cretory GFP variants were retained inside the cells.
This retention inside the cells occurred obviously in-
dependently of a known retention signal.

In extracts of transformant cells expressing the fu-
sion protein CHN-GFP one polypeptide of approx-
imately 60 kDa was detected with the anti-GFP anti-
body. This indicates that CHN-GFP was not
processed at the VTP, because an appropriate cleav-
age would result in two single proteins of 32 kDa
(CHN) and 27 kDa (GFP).

The molecular mass of the GFP encoded by the
genes N-GFP and N-GFP-V was 27 kDa which was
identical to that of the cytosolic GFP (Fig. 1). That
means that the 23 amino acids long NSP of N-GFP
and N-GFP-V has been cleaved off, indicating their
passage through the endoplasmic reticulum.

3.2. GFP targets secretory proteins to the yeast
vacuole

Intracellular GFP-accumulation was firstly visual-
ised by confocal laser scanning fluorescence micro-
scopy. Transformant cells expressing the GFP deriv-
atives were incubated in SD medium+2% galactose
for 20 h and subsequently treated with the red fluo-

rescent dye FM4-64 (see Section 2) which stains the
tonoplast of yeast [39]. The overlays of red FM4-64
and green GFP-fluorescence clearly show the posi-
tion of the gene products in relation to the vacuole
(Fig. 2). GFP encoded by the genes N-GFP and N-
GFP-V was already completely inside the vacuole
after 20 h of incubation whereas the cytosolic GFP
variant was distributed homogeneously in the cyto-
plasm and was completely excluded from the vacuole
(Fig. 2). In contrast, all fusion proteins were found
inside the vacuole and additionally in concentrated
fluorescent spots outside the vacuole.

The complete vacuolar accumulation of the fusion
proteins is temporary delayed. After 15 h of incuba-
tion in galactose-containing medium only 6-12% of
the fluorescent cells expressing the fusion CHN-GFP
show exclusive vacuolar fluorescence without detect-
able fluorescence outside the vacuole, whereas the
remaining 88-94% of cells showed fluorescence inside
as well as outside the vacuole. The portion of cells
with exclusive vacuolar fluorescence increased to 55—
65% after 20 h and reached 80-95% after 24 h of
induction. The time-dependent accumulation of
CHNAVTP-GFP and INV-GFP was very similar to
that of CHN-GFP.

If the synthesis of the fusion proteins was re-
pressed after 20 h of induction by adding glucose
to a final concentration of 2% the fluorescence was
completely accumulated inside the vacuole during the
next 8 h of incubation (not shown).

The vacuolar accumulation of both secretory
GFPs with and without the chitinase VTP (N-GFP-
V and N-GFP) and of one fusion protein (INV-
GFP) was confirmed by subcellular fractionation ex-
periments. Both transformants grown for 20 h in
galactose containing medium were gently lysed and
layered on top of a sucrose gradient. After centrifu-
gation, 20 fractions were collected from bottom to
top of the gradient and enzyme activities as markers
for different organelles were measured. In addition,
aliquots of fractions with odd numbers were used for
Western blot experiments with the anti-GFP anti-
body to identify GFP (Fig. 3A and B) and INV-
GFP (Fig. 3C). Most of the cytochrome ¢ reductase
activity was measured near the bottom of the gra-
dient indicating that the ER was represented there.
The cytosolic enzyme GAP-DH was found near the
top of the gradient, in fractions 15-19 of the trans-
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GFP FM4-64 Overlay Transmission

CHN-GFP

CHNAVTP-GFP

INV-GFP

N-GFP-V

GFP

Fig. 2. Confocal images of transformant cells expressing the fusions CHN-GFP, CHNAVTP-GFP, INV-GFP, the engineered GFP
variants N-GFP-V and N-GFP and the cytosolic GFP. Cells were cultured for 20 h in SD medium+2% galactose and subsequently
used for staining. The vacuolar membrane was stained by the specific fluorescent dye FM4-64 [39]. Bars represent 10 um.
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Fig. 3. (A, B, C) Subcellular fractionation of transformants ex-
pressing N-GFP-V (A), N-GFP (B) and INV-GFP (C). Enzyme
activities were normalised to those measured in an aliquot of
the mixture layered on the top of the gradient. After 20 h of
cultivation, cells were used for spheroplasting, gently lysed and
loaded on the top of a sucrose gradient (15-55%). After centrif-
ugation to equilibrium, fractions (500 pl) were collected from
the bottom and assayed for cytochrome ¢ reductase (Cyt. ¢ re-
duct.), o-mannosidase, and glyceraldehyde-3-phosphate dehy-
drogenase (GAP-DH). Aliquots were additionally used for
Western blotting with the anti-GFP antibody to identify the
gene products.

<

formant expressing N-GFP-V and 13-19 of the
transformant expressing N-GFP. The highest activity
of the a-mannosidase, which was used as a marker
for vacuoles, was measured in fractions 9-13. Only in
these fractions GFP was detected. This correlation
confirmed our hypothesis of the vacuolar localisation
of N-GFP-V and N-GFP.

The fusion protein INV-GFP was found in frac-
tions 1-13. These fractions contained the ER marker
cytochrome ¢ reductase (fractions 1-7) and the vac-
uolar marker enzyme o-mannosidase with the high-
est o-mannosidase activity in fractions 7-13. This
distribution over ER- and vacuolar fractions led us
to conclude that INV-GFP was partly accumulated
in the ER as well as in the vacuole after 20 h of
induction.

3.3. CHN and CHN-GFP are transiently accumulated
in an ER-dilated compartment

Immunocytochemical experiments using the anti-
CHN antibody were performed to analyse the intra-
cellular localisation sites of the proteins CHN-GFP
and CHN in more detail (Fig. 4A,B, Fig. 5A,B). In
cells of both transformants incubated for 1 day on
SD-medium with 2% galactose protein A gold par-
ticles were associated with the vacuole (Fig. 4B, Fig.
5A) and additionally with electron-dense structures
located in the cytoplasm (Fig. 4A, Fig. 5B). These
electron-dense structures also contained the protein
Kar2p/Bip (Fig. 6A,B), which is a chaperone of the
ER often found in association with misfolded pro-
teins to retain them in the ER [43].

Differential centrifugation experiments using trans-
formant cells expressing the fusion protein CHN-
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Fig. 4. (A, B) Immunocytochemical localisation of the CHN-
GFP fusion protein in two transformant cells (A and B) of S.
cerevisiae CI3ABYS86 with anti-CHN antibody after incubation
in SD medium+2% galactose for 1 day.

GFP after 15 h of induction confirmed its association
to membranes (not shown).

4. Discussion

GFP is worth to be a suitable tag to follow the
transport of proteins to their correct cellular com-
partment. However, analysis of the default pathway
of soluble proteins tagged with GFP are missing in
yeast and plants and are rare in animal cells [18] and

mammalian cells [44]. In insect cells, for example,
Laukkanen et al. [18] demonstrated that engineering
of a signal peptide to GFP is sufficient to cause se-
cretion of fluorescent GFP into the culture medium.
The authors used Trichoplusia ni (High Five) and
Spodoptera frugiperda (Sf21) cells for expression of
epitope (Flag)-tagged signal peptide-GFP. Thereby

.5 pm

SR

Fig. 5. (A, B) Immunocytochemical localisation of the CHN in
two transformant cells (A and B) of S. cerevisiaze CI3ABYS86
harbouring the gene FB7-1 with anti-CHN antibody after incu-
bation in SD medium+2% galactose for 1 day.
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Fig. 6. (A, B) Immunocytochemical localisation of the ER
chaperone Kar2p/Bip in two transformant cells (A and B) of S.
cerevisiae CI3ABYS86 expressing the fusion protein CHN-GFP
incubated in SD medium+2% galactose for 1 day.

the recombinant baculovirus-infected cells became
fluorescent and the High Five cells but not the Sf21
cells secreted GFP into the culture medium.

We expressed several GFP constructs in the strain

S. cerevisiae CI3ABYS86. Three GFP fusions com-
prising the yeast secretory invertase, the plant vacuo-
lar chitinase and its secretory derivative C-terminally
fused to GFP and two secretory GFPs engineered
with the NSP of the plant chitinase with (N-GFP-
V) and without the chitinase VTP (N-GFP). All GFP
derivatives were retained inside the cells and trans-
ported to the yeast vacuole so far as they contained a
NSP enabling them to enter the ER. This vacuolar
transport occurred independent of the presence of a
known VTP. This was surprising since soluble pro-
teins have been shown to require a targeting signal
for deposition in the vacuole [45]. Deletion or
changes of the targeting sequence from soluble vac-
uolar proteins resulted in a more or less efficient
secretion of the protein to the cell surface, which
was demonstrated for homologous proteins, e.g. vac-
uolar carboxypeptidase Y [46] as well as for heter-
ologous proteins like tobacco chitinase ([32], this
study) and phytohaemagglutinin (PHA), the major
seed lectin of the common bean, Phaseolus vulgaris
[47]. Sequences that are involved in the vacuolar
sorting bear homology to the carboxypeptidase Y
(CPY). This CPY homologous domain was sufficient,
but not strictly required, for vacuolar sorting of
PHA in yeast, because some mutations in different
PHA constructs did not result in the same increase in
secretion [47]. There are other reports that document
a vacuolar destination of heterologous proteins lack-
ing specific vacuolar targeting domains, e.g. the plant
protein sporamin, which, independently of the pro-
peptide, ends up in the vacuole [46]. A fusion be-
tween yeast secretory invertase and barley lectin lack-
ing the carboxy-terminal propeptide was retained
inside the cells, presumably in the vacuole [48] sug-
gesting that at least in some cases signals other than
those recognised in homologous hosts can be used in
yeast for vacuolar targeting.

Despite the common vacuolar destination for all
GFP-constructs containing a NSP differences in the
temporal manner of transport were observed between
the engineered GFPs (N-GFP-V and N-GFP) on one
hand and the GFP fusions (CHN-GFP, CHNAVTP-
GFP and INV-GFP) on the other hand. The later
ones were transported with the same temporal delay
as the plant chitinase. This delayed transport of the
chitinase and the GFP fusions by a transient accu-
mulation in extravacuolar compartments is not to
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explain by overexpression because the secretory GFP
variants equipped with the signal peptides of the chit-
inase (N-GFP-V) is exclusively accumulated inside
the vacuole after 20 h of induction. The same com-
partments also contain the ER chaperone Kar2p/Bip,
which is known to associate with newly synthesised
proteins until they reach their correct folding. Mis-
folded proteins often stay associated with Bip [43]
and are therefore retained in the ER for degradation
[43,46]. In yeast cells ‘ER degradation’ was de-
scribed, for example, by Finger et al. [49] for two
mutated vacuolar proteins, proteinase yscA (PrA)
and carboxypeptidase yscY (CPY) which are de-
graded rapidly after entering the secretory pathway.
However, misfolded soluble proteins can also be
transported to the vacuole. Hong et al. [50] have
recently shown, that the hybrid protein carrying the
wild-type repressor domain of o repressor protein
and the secreted protein invertase is mostly secreted
to the cell surface, whereas thermodynamically un-
stable hybrid proteins are transported to the vacuole.

The structure of the electron-dense vesicles accu-
mulating chitinase and chitinase GFP fusions resem-
bles to an ER subcompartment recently described by
Umebayashi et al. [51] for retention of misfolded
proteins like the analysed prosequence-deleted deriv-
ative of RNAP-I, an aspartic proteinase from a fila-
mentous fungus Rhizopus niveus. The intact protein
is secreted very efficiently in S. cerevisiae and it was
shown that the prosequence of this protein is impor-
tant for its correct folding and secretion. The mis-
folded protein is sorted from the ordinary ER lumen
to form aggregates so that the ER function would
not be grossly impaired, and the dilated ER may
represent an ER subcompartment where the mis-
folded protein are degraded. In contrast to our re-
sults, Umebayashi et al. [S1] did not found any vac-
uolar accumulation for their gene product.

We cannot exclude a partial misfolding of our
gene products, but we do not favour this hypothesis,
whether to explain the transient accumulation in ER-
dilated compartments (1) nor for the targeting of
secretory GFP-tagged proteins to the vacuole (2):

1. If the exact translocation mechanism of the fu-
sions CHN-GFP and CHNAVTP-GFP is deter-
mined by the chitinase itself one would expect
that its derivative CHNAVTP encoded by the

truncated gene without the VTP sequence (FB7-
1AVTP) should be accumulated in the same way.
But this is not the case, it is exported into the
medium.

2. GFP was shown to be correctly targeted to many
compartments and organelles in eukaryotic cells,
misfolding caused by GFP appears therefore un-
likely to explain the vacuolar deposition of the
GFP constructs, unless the N-terminal signal
processing in the ER leads to a partially mis-
folded, yet still fluorescent GFP. Since the GFP
structure is so highly compact and has not permit-
ted any major structural alterations at the C- and
N-termini without loss of chromophore forma-
tion.

Therefore, we favour instead a model which in-
volves as yet unknown peptide structures of GFP
in conjunction with the NSP which can be recognised
by the yeast vacuolar sorting machinery and, there-
fore, result in a deposition to the vacuole.

Taken together, our results demonstrate that GFP
directs secretory proteins to the yeast vacuole. This
occurs in absence of a specific VTP. Thus, a general
use of GFP as a marker for analyzing the secretory
pathway in yeast appears limited and has to be con-
sidered very carefully in the absence of any further
specific targeting information.
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